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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 Ca2+ antagonists. This list 

could go on for several pages. Thus the book edited 
by Sperelakis IS 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 required 
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 
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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 
Nuclei). 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 (contractile} vs con
ductive). For the purposes of this description, 
we have chosen to deal with cardiac muscle 

N. Spm/akiJ led. I. PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART 
All rights re.renltd. Copyright © 1984. 
Marti,IUS Nijhoff Publishing. Boston/The Haguel 
DordrechtILanca1ter. 

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 AVeS 
(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 Aves cells may be pro
found, or may be scarcely appreciable. 

Other comprehensive reviews of cardiac ul
trastruqure 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 

" 
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FIGURE \-l. 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 
longitudinal alignment of their major constituents; these include the myofibrils (Mf), which frequently exhibit branched 
profiles, mitochondria (Mi), which are arranged in intermyofibrillar rows for the most part, and nuclei, one of which 
(N) appears in this field. Regions of mitochondrion-rich myoplasm extend from each pole of the nucleus; examples of 
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 (lD). Scale bar represents 10 fLm. 
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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 intercalated discs, the extensive re
gions of adhesion which are obvious even with 
light microscopy {9, lOJ. 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-(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 A VCS 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 Purkinje 
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, 12J. There is general consen
sus that A VCS cells lack a system of T tubules, 
although they sometimes display pleimorphic 
sarcolemmal invaginations (see Nodal 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 
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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 /-Lm. 

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 lO /-Lm. 
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transmission electron {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 Interme'f'Zbranous 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 {l8, 
19}; 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 /-Lm, with diameters on the order of 
15-20 /-Lm. In fact, the flattened configuration 
of ferret ventricular cells establishes for them 
both major and minor "diameters" of 26.8 /-Lm 
and 8.3 /-Lm, respectively {l7}. 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 /-Lm length and 12 /-Lm diameter for isolated 
rat ventricular cells. On the other hand, Bishop 
and Drummond {21} record corresponding av
erage values of 94 /-Lm and 18 /-Lm, 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 Nuclei) and would be ex
pected to create different populations-in 
terms of cell size-in a number of mammalian 
species. 

FIBRILLAR COMPONENTS 

Myofibrils 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, 
McN utt 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-
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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-Iess central positions, and in one region a sizeable expanse of an intercalated disc (I D) 
is caught in section. Scale bar represents 5 11m. 
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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 fLm. 

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



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 /Lm. 
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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 /Lm. 
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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, helle 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., 4}, 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 tole 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 
(fig. 1-7) and atrial (fig. 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 cross bridges (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 f.Lm. Approximate values for the 
dimensions of the various sarcomere segments 
are: Z band, 80-160 nm; I band (each half) 
0.35 f.Lm; A band, 1.45-1.65 f.Lm; M band, 

FIGURE 1-9. Rhesus papillary. Stereoscopic pair of micro
graphs (200 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 IJ-m. 

FIGURE l-lO. 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 mirochondrial cristae, and the 
transversely sectioned microtubules (MT) in the myofi
brillar interstices. Scale bar represents 0.5 IJ-m. 

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 IJ-m. 
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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 /-Lm or less (much of the ac
tin filament being obscured in the relaxed sar
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 intercalatecl 
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 
[30} 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 1- 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 (lO-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 [29}, 
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 rCa + + 1i in the immediate vicinities 
of gap junctions, which in turn may affect the 
electrochemical functioning of such junctions 
{38, 39}. 

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 {43}. 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., 45}, 
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., 47}, 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 maior organ
elles (particularly myofibrils and mitochon
dria). Numerous infoldings and identations may 
be present in nuclear envelopes (fig. 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, 3D}. The lateral insertion 
and/or attachment of intermediate filaments 
{29} 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 
(figs. 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 fLm. 

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 o. 5 fLm. 
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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 f.Lm. 

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 f.Lm. 

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 jaJciae adherenteJ junctions (FA). Scale bar represents 0.5 f.Lm. 
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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 

Sur/ace Sarcolemma and Caveolae. 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 sur/ace or 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 sur/ace 
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 Ca2 + 

[49}, but the contribution of this particular ex-

ternal Ca2 + 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, 
56}. 

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 
[5 7}, 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, 
58}. 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 (fig. 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, 57}. 

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 "",m. 

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 "",m. 
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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, 59}), 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 (8}), various cardiac muscle cells 
of mouse, rat, and shrew providing the lower 
values, and ventricular cells of guinea pig (57}, 
seal [60}, 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-HzOz 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 further 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 /-Lm diameter) 
conducting system muscle cells lack a TATS 
[e.g., 5} 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 A VCS 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, 27}). 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 fLm. 
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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, 67}. 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 O-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 !Lm 
thick) longitudinal section (stereo separation of 12°) of 
tissue whose system of extracellular spaces has been infil
trated with opaque material by means of posdixation 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 
!Lm. 

FIGURE 1-21. A 2-!Lm-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 d("~·· 

orate the TATS along much of its profile are caveolae (C). 
Scale bar represents 2 !Lm. 

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 profilts (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, 68-70}, 
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 
{59}. 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 0 stereo angle) of mouse ventricular tissue treated in such a manner that 
OsFeCN posdixation results in opacification of the sarcoplasmic reticulum (SR). In this semithin (ca. 0.3 f.Lm) 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 f.Lm. 

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 f.Lm. 
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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 !Lm. 

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 
OG) 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 !Lm. 

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 !Lm. 
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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, 73}). 
Nevertheless it has been deemed likely that 
junctional processes of cardiac muscle, like 
those of skeletal muscle, are disposed in rows 
[5, 7}. 

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" (E)-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., 75} 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 ci + ion, and the 
pillarlike structures within couplings may be 
electromechanical devices whereby the action 
potential or other signals are relayed to the )
SR, thence to the rest of the internal SR mem
brane system which envelops the myofibrils 
[e.g., 59, 70}. 

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 E)-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 ad her
entes ("intermediate" junctions), (b) maculae ad
herentes (desmosomes), (c) maculae communicantes 
(gap junctions, nexuses), and (d) unspecialized 
or "general" sarcolemma [78}. 

For the most part, fasciae adherentes 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 adherens [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 subsarcolemrrial 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 [80J. 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" appear
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 adherentes (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 
{83}; 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}. 

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 adherentes, 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 
(1 O-nm) Filaments, myocardial desmosomes are 
frequently associated with intermediate fila
ments. As stated above, the specific intracellu
lar associate of the fascia adherens junction is the 
myofibril. We have recently demonstrated 
{37}, furthermore, that there may be gravita
tion of subsarcolemmal mitochondria to myo
cardial gap junctions (see Mitochondria). 

OTHER ORGANELLES 

Goigi 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 fasciae adherentes 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 fLm. 

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 fLm. 
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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 (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
buIes 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 Nuclei). 

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

above (Goigi apparatus and associated structures), 
small coated vesicles are characteristically asso
ciat.ed 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 (figs. 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 [5}, 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 20 20 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; 13 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 ex particles 
appear in developing and neonatal hearts, and 
in some conductive cells [91}, but are not a 
common feature of mature working myocytes. 
McNutt and Fawcett [4} have noted the rather 
specific disposition of 13 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 Aves, 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 adherens (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 fLm. 

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 left 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 fLm. 

FIGURE 1-31. Mouse ventricle. Freeze-fracture replica of 
lateral sarcolemmal region of intercalated disc (cf. fig. 
1-27). In addition ro 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 (GJp); atop these aggre
gates appear small portions of the gap junctional E face 
(GJe)' 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 fLm. 

atrioventricular (AV) nodes. The two are con
nected by pathways often dismissed as practi
cally being more physiologic than anatomic; 
the A V 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, 
95}). 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 Inter
membranous junctions) can usually be identified, 
but opinion has it that nexuses do not occupy 
a major portion of nodal cell sarcolemma {5}. 

The 2 substance of myofibrils in SA and A V 
nodal cells often displays unusual morpholo
gies. In some instances circular perforations ap
pear in transversely cut 2 discs (fig. 1-40). 
Longitudinal sections confirm the discontinuity 
of the 2 bands across the widths of some myo
fibrils. An additional oddity of conductive cell 
myofibrils is the occasional presence of prolif
erated 2 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 
{97}. Such "2 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 Aves, 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 sub sarcolemmal 
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 Aves. 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 (Y), largely associated with the forming, 
concave Golgi saccules. Coated vesicles (CY) 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 f.Lm. 

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 f.Lm. 

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

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 (P]-SR). Two atypical vesicles are pres
ent (*), one of which exhibits an opaque core. Scale bar 
represents 0.1 f.Lm. 

less a number of observations suggest that a va
riety of invaginations can form in such cells. 
For example, Osculati and Garibaldi (100, 
101}, 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 ] -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 Aves 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. 

PURKIN]E 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 (9S}). The term continues to be readily 
recognized, however, even though exact defi
nition seems yet forthcoming. Suffice it to say 
that the Aves 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 {lOS, 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-.,8. 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 /-Lm. 

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) are smaller and less numerous than in working ventricular cells 
(e.g., cf. fig. 1-7). The lower degree of organization of these aerial 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 /-Lm. 

FIGURE 1-38. Golgi region, illustrating forming and mature aerial specific granules. Scale bar represents 0.5 /-Lm. 
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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 /-Lm. 

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 /-Lm. 

FIGURE 1-41. Cat SA node. Certain nodal cells exhibit definite sarcolemmal infoldings (arrows) which are filled with 
surface-coat mete rial. 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 /-Lm. 
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FIGURES \-42 and \-43. "Purkinje" cells from ventricular subendocardial network of conductive cells in rhesus monkey 
heart. 

FIGURE \-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 (Ee). Scale bar represents 5 fLm. 

FIGURE \-43. Transverse section of subendocardial "type J" {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 fLm. 
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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 {l09} and dog {l1O}. 
Myofibril-poor cells (probably equivalent to the 
type-I cells described by Vinigh 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-l-Lm 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 ro form "Z rods" (ZR). Scale bar represents 1 ILm. 

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

FIGURE 1-46. Detail of "clear" Purkinje cell. The nucleus exhibits a prominent nucleolus (Nu) and a crenated envelope. 
M yofibrillar 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 O-SR) undulates into and away from contact with the surface 
sarcolemma. Scale bar represents 1 ILm. 
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2. BASIC PATHOLOGIC PROCESSES 

OF THE HEART 

Relationship to Cardiomyopathies 

1. 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, 2J. 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 
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disease which impairs coronary perfusion by ac
cumulation of atherosclerotic plaque and 
thrombus [2J. 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 J. 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-

43 
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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). {I-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-

SPASM 

PLATELET AGGREGATION 

OTHER PREDISPOSING OR 
PRECIPITATING CARDIO· 
VASCULAR ALTERATIONS 

INCREASED MYOCARDIAL 
OXYGEN DEMAND 

ANGINA PECTORIS 

PRIMARY ARRHYTHMOGENIC 
SUDDEN DEATH 

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 mayor 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 playa 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. AI-

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 Az, 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 Az, 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; 
1. 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 .-CI. Chr., nucleus with clumped 
chtomatin; 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, II}. 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 [l}. 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 
[l7}. 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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Toxic or Allergic 
Cardiomyopathy 

Cardiomyopathy Cardiomyopathy Cardiomyopathy 

I" ~I 

Drug or Most Daunorubicin, Cobalt Ethyl alcohol 

Chemical cardiotoxic Adriamycin 

drugs 
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death 

Pathology Multifocal Cardiomegaly with Cardiomegaly with Cardiomegaly with 

myocardial lesions mural thrombosis, mural thrombosis, mural thrombosis, 

without generalized interstitial fibrosis interstitial fibrosis interstitial and 

cardiomegaly and myocardial 
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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 [lI}. 

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 

and myocardial replacement fibrosis, 

degeneration and myocardial 
degeneration 

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). 
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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 (33-3 7}. 

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 (52-55}. 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 Ca2 + from the 
sarcoplasmic retriculum with the potential re
sult that less Ca2 + 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, 5 7}. 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 0/ 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 (Lmax) [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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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, 59}. 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-

Eccentric 
Hypertrophy 

(650gm) 

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 



52 I. CARDIAC MUSCLE 

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 
c) 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 multi organ 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, 49} 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. 



2. BASIC PATHOLOGIC PROCESSES OF THE HEART 53 

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 are 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}. 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/m2 of 
the drug [25}. Further study is needed regard
ing the roles of chemical agents, including 
drugs (Fig. 2-3), and immunologic phenomena 
[32-37J 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
tures, 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 pO}. 
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 {7I}, 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, 74}. 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 chtonic 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 Ca2 + slow channels 
in the cell membrane available for voltage ac
tivation, and hence increasing the Ca2 + ion in
flux per each cardiac cycle. A greater Ca2+ 
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 (m V) -80 to 90 -80 to 90 - 50 to 60 -60 to 70 -90 to 95 
Action potential 

Magnitude (m V) 110-120 110-120 60-70 70-80 120 
Overshoot (m V) 30 30 0-10 5-15 30 
Duration (ms) 200-300 100-300 100-300 100-300 300-500 
Maximal rate of rise (Vis) 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 (f.Lm) 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 .... m 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 (N a, 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 Ca2 + 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 (Cm) of 0.4-1.0 J.LF/cm2 , 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 (Cm) of 0.7 J.LF/cm2 , and assuming a di
electric constant (E) of 5, gives 63 A: 

C _E _A...::m'--.l_ 
m = /) 471"k 

where Am is the membrane area (in cm2) and k 
is a constant (9.0 X 1011 cm/F). Most oils 
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Receptor 

(Ne, K)-ATP ... 'Ion 
Channel 
Protein 

FIGURE 3-\. 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 50-100 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 of81). 

The artificial lipid bilayer membrane, on the 
other hand, has an exceedingly high ionic resis
tivity (Rm) of 106_109 O-cm2 , which is several 
orders of magnitude higher than the biologic 
cell membrane (about 103 O-cm2). But if the 
bilayer is doped with certain substances, such 
as macrocyclic-polypeptide antibiotics (known 
as ionophores), Rm 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 Cm com
ponent is due to the lipid bilayer matrix, and 
the Rm 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. Ca2 + and Mg2+ 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 packing of the phospholipid tails is 

0 2 
about 20-30 A per chain, and the average 
packing of the head group is about 60 A 2 {1}. 

Membrane fluidity changes occur in muscle de-



62 I. CARDIAC MUSCLE 

Ca -Pump 
(Ca-ATPa •• ) 

2-4Na+ 

2K+ Ne-K Pump 
(Ne, K)-ATPe •• 

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 gNa and gK, 
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 100,0001 
IJ-m2 . 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-ATPasel 
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 [3}. 

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 m V. The resting potential or maximum 
diastolic potential in the Purkinje fibers is 
somewhat greater (about - 90 m V), whereas 
that in the nodal cells is lower (about - 60 
m V). 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 Ca2 + concentra
tion is about 2 mM. In contrast, the intracel
lular fluid has a low concentration of Na + 
(about 15 mM or less) and Cl- (about 6 mM), 
but a high concentration of K+ (about 150 
mM). The free intracellular Ca2 + concentration 
([Cal) is about 10- 7 M or less, but during con
traction it may rise as high as 10 - 5 or 10 - 4M . 
The total intracellular Ca2 + 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 K + 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}o 
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 (Em) 
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 [Edifd alone.) Under normal 
steady-state conditions, the contribution of the 
Na + electrogenic pump potential (Vep) to Em 
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 Mg2 + for activ
ity, and it is inhibited by Ca2+. ATP, Mg2 + , 
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 [3J). 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 Em: a 
small depolarization of about 2-6 m V, repre
senting the contribution of Vcp to Em. 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 Em 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 +, Cl-, and 
Ca2 + and to lose K+), and these ions must be 
repumped. The factors that control the rate of 
Na-K pumping include [Na}i and [K}o. In cells 
that have a large surface area to volume ratio 
(such as small diameter heart cells), [Nal 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 
Km for K + is about 2 mM). 

Cl- DISTRIBUTION 

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

Ca2+ DISTRIBUTION 

Need for Calcium Pumps. For the positively 
charged Ca2 + ion, there must be some mecha
nism for removing Ca2 + from the myoplasm; 

otherwise the myocardial cell would continue 
to gain Ca2 + until there was no electrochemical 
gradient for net influx of ci +. This would oc
cur until the free [Cali 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 Ca2 + pumps 
in effect. The SR membrane contains a Ca2 +_ 
activated ATPase (which also requires Mg2 +) 
that actively pumps Ca2 + from the myoplasm 
into the SR lumen at the expense of ATP, and 
is capable of pumping down the Ca2+ to less 
than 10- 7 M. This sequestration of Ca2 + by 
the SR is essential for muscle relaxation. (The 
mitochondria also can actively take up ci+ [to 
about the same degree as the SR}, but this 
Ca2+ pool probably does not play an important 
role in normal excitation-contraction coupling 
processes.) However, the resting ci+ influx 
and the extra Ca2 + 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 Ca2+ 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 ci+ 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 Ca2 + taken up by the SR with the ISF 
space. 

Ca-Na Exchange Reaction. The Ca-Na ex
change reaction exchanges one internal ci + 
ion for 2, 3, or 4 external Na + ions via a mem
brane carrier molecule (for references, see Sper
elakis [3J) (fig. 3-2). This reaction is facilitated 
by ATP, but ATP is not hydrolyzed. Instead, 
the energy for the pumping of Ca2 + 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 (Rm) being in parallel with the 
membrane capacitance (Cm). Resting potential (Em) is represented by an 80-mV battery in series with the membrane 
resistance, the negative pole facing inward. (B) Membrane resistance is divided inro its four component parts, one for 
each of the four major ions of importance: K +, cr-, Na +, and Ca2 + . Resistances for these ions (RK , RCI> RNa> and Rc.) 
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 (gK, gCl, gN .. 
and gca). Equilibrium potential for each ion (e.g., EK), 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 m V is determined by the equilibrium potentials and by the relative conductances. (C) Equivalent circuit is futther 
expanded ro illustrate that for the voltage-dependent conductances there are at least two separate K + -conductance path
ways (labeled here g~ and g~). Arrowheads in series with rhe K + conductances represent recrifiers, the arrowhead points 
giving the direction of least resistance ro current flow. Thus g~ allows K + flux ro occur more readily in the outward 
direction (so-called outwardly directed rectification, whereas g~ allows K + flux ro occur more readily in the inward 
direction (inwardly directed rectification). There are two separate Na + -conductance pathways, one a kinetically fast Na + 

conductance (g~a) and the other a kinetically slow Na + conductance (g;',). In addition, there is a nonspecific kinerically 
slow pathway that allows both Na + and CaB to pass through, perhaps by competition with one another. CaB -selective 
pathway (g~,) 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 anyone 
type of cell. Redrawn from Sperelakis {3}. 

uphill transport of Ca2 + is coupled to the 
downhill movement of Na + . Effectively, the 
energy required for this Ca2 + movement is de
rived from the (Na, K)-ATPase. Thus, the 
Na-K pump, which uses ATP to maintain the 
Na + electrochemical gradient, indirectly helps 
to maintain the Ca2 + electrochemical gradient. 
Hence, the inward Na + leak is greater than it 
would be otherwise. The energy cost (AGe .. in 
joules/mol) for pumping out Ca2+ ion is di-

rectly proportional to its electrochemical gra
dient, namely, AGea = zF(Em - Eea). The 
energy available from the Na + distribution is 
directly proportional to its electrochemical gra
dient [AGNa = zF(Em - ENa)} . Depending on 
the exact values of [Nal and {Cali at any time 
during the cardiac cycle, the energetics would 
be adequate for an exchange ratio of 2 Na + : 1 
Ca2+ or 3 Na + : 1 Ca2+. An exchange ratio of 
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 Ca2+ and Na + on each side of the 
membrane and on relative affinities of the bind
ing sites to Ca2+ and Na +. Because of this Ca
Na exchange reaction, whenever the cell gains 
Na + it will also gain Ca2 + because the ex
change reaction becomes slowed (e.g., the Na + 

electrochemical gradient is reduced). In addi
tion, when an elevated {Na]j occurs, some of 
the exchange carriers will exchange the ions in 
reverse (internal Na + for external Ca2 +) and 
thus increase Ca2+ influx. The net effect of 
both mechanisms is to elevate {Ca]j' 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): Ej = 
- 61 m Viz log (C/Co)] where Cj is the internal 
concentration of the ion, Co is the extracellular 
concentration, and z is the valence (with sign). 
The Nernst equation gives the PO (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 PO(Em = Q/Cm , 

where Cm is the membrane capacitance). For 
the ion distributions given previously, the ap
proximate equilibrium potentials are EN. = 
+60 mY, Ec. = + 129 mY, EK = -94 
mY, and ECI = -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 
mY) is off equilibrium, and therefore must ef
fectively be pumped at the expense of energy. 
In the myocardial cell, only Cl- ion appears to 

e ~ 
-~IL~ 

N QIII.T aQUATlDN 

N. ......... 
...... N.· CI -) c, · 

,,' III NoC' 0.0'111 Noel 
ee 

:f!l ~ I- I ' I C2 

_'''VI .. ~ c.. 
.,01 1 .' 01 2 

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 O}. 

be at or near equilibrium, whereas Na + , Ca2 + , 

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 Ionic Currents 
The electrochemical driving force for each spe
cies of ion is the algebraic difference between 
its equilibrium potential, Ej, and the mem-
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FIGURE 3-5. Representation of the electrochemical driv
ing forces for Na + , Ca2 + , K + , and CI- . Equilibrium 
potentials for each ion (e.g., EN.) are positioned vertically 
according ro 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 ro be - 80 m V. Electrochemical driv
ing force for an ion is the difference between its equilib
rium potential (E,) and the membrane potential (Em), that 
is (Ei - Em). Thus, at rest, the driving force for Na + is 
the difference between EN. and the resting Em; if EN. is 
+ 60 m V and resting Em is - 80 m V , the driving force 
is 140 m V ; 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 Ca2 + (about 210 m V) is even g reater 
than that for Na + , whereas that for K + is much less 
(about 14 mY). 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 Ca2+ is inward. If CI - is passively distributed, then 
its distribution across the cell membrane can only be de
termined by the net membrane potential; for a c ell sitting 
a long time at rest, Eu = Em and there is no net driving 
force. Redrawn from Sperelakis [3} . 

brane potential, Em . 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 (Em - ENa) = - 80 m V - (- 60 
mY) = - 140 mY. The negative sign means 
that the driving force is directed to bring about 
net movement of Na + inward. The driving 
force for Ca2+ is (Em - ECa) = - 80 m V -
(+ 129 mY) = - 209 mY. The driving force 
for K + is (Em - EK) = - 80 m V - (- 94 
mY) = + 14 mY; hence, the driving force for 
K + is small and directed outward. The driving 
force for CI- is zero for a cell at rest: (Em -
ECI) = -80 mV - (-80 mY) = O. How
ever, during the AP, when Em is changing, the 
driving force for CI - 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 N a + and Ca 2 + decrease. 

The net current for each ionic species (Ii) is 
equal to its driving force times its conductance 
(gi , reciprocal of the resistance) through the 
membrane. This is essentially Ohm's law, I = 
VIR = 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 = gNa (Em - ENa), ICa = gCa (Em -
Eca), IK = gK (Em - EK)' and ICI = gCl 
(Em - ECI). In a resting cell, Cl - and Ca2 + 

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: IK = - INa' Thus, although 
in the resting membrane the driving force for 
Na + is much greater than that for K + , gK is 
much larger than gN., 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 + IK + driv
ing forces (- 140 mV/ - 14 mY) is lO, the ra
tio of conductances (gN.lgK) will be about 
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1: 10. The fact that gK is much greater than 
gNa accounts for the resting potential being 
close to EK and not ENa. 

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 gK) 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 gK that terminates the 
cardiac AP. 

Determination of Resting Potential and Net 
Diffusion Potential (Ediff) 

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 m V) is 
close to EK (about - 94 m V) because gK > > 
gNa or PK > > PNa' From simple circuit analy
sis (using Ohm's law and Kirchhoffs 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 EK, whereas in 
the excited membrane it will be ENa (or Eca) 
because there is a large increase in gNa (and gCa) 
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 Em. For 
example, washout of Cl- 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 Ca2+ dis
tribution has only a relatively small effect on 
the resting Em, 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): 

This equation shows that for a given ion distri
bution, the resting Em is determined by the 
PNa/PK ratio, the relative permeability of the 
membrane to Na + and K +. There is a direct 
proportionality between PK and gK and between 
PNa and gNa at constant Em and concentrations. 
For myocardial cells, the PN.lPK 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}i term {since (PN.lPK ) 

{Nal will be very small}, whereas the denomi
nator will be affected by both the {K}o and 
(PNa/PK ) {Na}o terms. This relationship thus 
accounts for the deviation of the Em versus log 
{K}o curve from a straight line (having a slope 
of 61 m V/decade) in normal Ringer solution 
(fig. 3-6). When {K}o is elevated ({Na}o re
duced by an equimolar amount), the denomi
nator becomes more and more dominated by 
the {K}o term and less and less by the (PNa/PK ) 

[Na}o term. Therefore, in bathing solutions of 
high K +, the constant-field equation ap
proaches the simple Nernst equation for K + , 

and Em approaches EK. As {K}o is raised, EK 
becomes correspondingly reduced since [Kl 
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: 

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 gK/ gN. determines the 
resting potential. When gK > > gN., then Em 
is close to EK; conversely, when gN. > > gK (as 
during the spike part of the cardiac AP), Em 
shifts to close to EN •. 

When {K}o 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 PN.lPK ratio 
(due to low PK) and therefore a low resting Em, 
such as in young embryonic hearts. This hyper
polarization could be explained by several fac
'ors: (a) stimulation of the electrogenic Na + 
Jump (Vep), (b) an increase in PK (and therefore 

FIGURE 3-6. Theoretical curves calculated from the Gold
man constant-field equation for resting potential (Em) 

as a function of (K}a' Family of curves is given for various 
PN,IPK ratios (0.001 , 0.01, 0.05, 0.1, and 0.2). K+ 
equilibrium potential (Ed 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 (K}o + (Na}a constant at 154 mM; i.e., 
as (K}a was elevated, [Na}o was lowered by an equimolar 
amount. Change in PK as a function of [K}o was not taken 
into account for these calculations. Point at which Em is 
zero gives (K};. The potential reverses in sign when (K}o 
exceeds [K},. Modified from Sperelakis (3}. 

gK), and (c) an increase in gK (but not PK) 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 EK 
and EN. become smaller. The cells thus become 
depolarized (even if the relative permeabilities 
are unaffected), which causes them to gain CI 
and therefore also water (cells swell). In sum
mary, in the presence of ouabain (short-term 
exposure only) to inhibit Yep, the resting po
tential or net diffusion potential Ediff is deter
mined by the ion concentration gradients for 
K + and N a + 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 Yep to the resting Em of about 
3-6 mY 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-+- (EK ) and Na + (EN.) are 
about - 94 mY and + 60 mY, respectively. 
The resting potential value is usually near EK , 

because the K -+- permeability (PK ) is much 
greater than PN. in a resting membrane. The 
exact resting membrane potential (Em) depends 
on the PN./PK ratio, myocardial cells having 
PN./PK ratios of 0.01-0.05, whereas smooth 
muscle or nodal cells of the heart have a ratio 
closer to O. 15. In the various types of heart 
cells, the resting Em has a smaller magnitude 
(i.e., is less negative) than EK by 10-30 mY. 
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 Em 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 
mY, depending on the type of heart cell. That 
is, the contribution of an electrogenic pump to 

the measured resting Em 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} is abnormally high-,-the direct electro
genic contribution of the pump to the resting 
potential can be much greater, and Em can ac
tually exceed EK by as much as 30 mY 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 Em can exceed 
the calculated EK (e.g., by 10-20 mY) 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 (Ediff' function of ion 
equilibrium potentials and relative conductances) is - 80 
mY, yet exhibits a measured membrane resting potential 
(Em) that is greater. Difference between Em and Ediff 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 (Em - Ediff) 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 Em to build back up as a func
tion of time. Buildup in Em occurs faster than buildup in 
EK , as illustrated. Whenever Em is greater (more negative) 
than the K + equilibrium potential (EK), the difference 
(V;) must reflect (as a minimum) the contribution of the 
sodium pump potential. The actual pump potential may 
be represented by V~. From Sperelakis [3J. 
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Na-K-linked pump to operate; Km 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 
m V). 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 a maximal rate, because the major 
control over pump rate is [Nal. (The low ini
tial Em also might stimulate the pump rate, 
because the energy required to pump out Na + 
is much less.) The measured Em of such Na + 
preloaded cells increases rapidly and more rap
idly than EK, as shown in figure 3-7. After 
this transient phase, however, a crossover of the 
two curves occurs, so that EK again exceeds Em, 
as in the physiologic condition. Any method 
used to increase ~embrane resistance (Rm) en
hances the electragenicity of the pump (fig. 
3-8). Cardiac glycoside reverses the transient 
hyperpolarization beyond EK [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 EK (a differ
ence of about 25 mY) [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 (NaiK 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 EK 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 gK or a de
crease in gNa) cannot account for the observed 
hyperpolarization. This possibility could be 
ruled out whenever Em exceeds (is more nega
tive than) EK. 

It has been suggested that the electrogenic 
Na + pump may be influenced by the mem
brane potential. From energetic 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 EK, 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 CI- lowering of 
the magnitude of the pump potential could be 
caused by the lowering of membrane resistance 
in the presence of Cl-. The greater Rm is, the 
greater is the electrogenic pump potential. 

The density of Na-K pump sites, estimated 
by specific binding of eH} ouabain, is usually 
about 1000/J.Lm2 • The turnover rate of the 
pump is generally estimated to be 20-100 s - 1. 

The pump current (Ip) has been estimated 
(Ip = VpfRm' where Vp is the pump potential), 
and values of about 10 pmol/cm2 -s were ob
tained. A density of 1000 sites/J.Lm2 (1011 sites/ 
cm2) times a turnover rate of 20/s gives 2 X 
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1012 turnovers/cm2 -So If 3 Na + are pumped 
with each turnover, this gives 6 X 1012 Na + 
ions/cm2 -s; dividing by Avogadro's number 
(6.02 X 1023 ions/mol) yields 10 X 10- 12 

mol/cm2 -s, which is the same value as the 10 
pmol/cm2 -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 {Nal or 
{K}o, for a given coupling ratio (e.g., 3: 2), the 
electrogenic pump potential contribution to Em 
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 + IK + coupling ra
tio increases as {Na}i 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/Pi 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 Em is the difference in Em 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 p) were in series with the 
net cationic diffusion potential (Ediff): 1 

where ip is the electrogenic component of the 
pump current. (Ediff is the Em 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 Em is the sum of Ediff and a voltage drop 
produced by the electrogenic pump. It seems, 
however, that the pump potential should be 
considered to be in parallel with Ediff (fig. 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 Rm (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 
dEm 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 d V). 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 Ediff. A 
relatively fixed resistance of moderate value in 
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m -84.5mY (if Rm=SOOO) 

FIGURE 3-8. Hypothetical electrical equivalent circuit for 
electrogenic sodium pump. Model consists of a pump 
pathway in parallel with the membrane resistance (Rm) 
pathway and the membrane capacitance (em) 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 (EdifT' determined by the ion equilibrium poten
tials and relative conductances) of - 80 m V is depicted in 
series with Rm. Pump leg is assumed to consist of a bat
tery in series with a fixed resistor (pump resistance, Rp) 
that does not change with changes in Rm and whose value 
is not much different ftom Rm. Pump battery is charged 
up to some voltage (Vep of - 85 m V, 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, Rm of 1000 0, 
EdifT of -80 mY, Rp of 5000, and Yep of -85 mY), it 
may be calculated by circuit analysis that the measured 
membrane potential (Em) is -83.3 mY; that is, the di
rect electrogenic pump potential contribution to the rest
ing potential is - 3.3 mY. If Rm were raised to 5000 ° 
(e.g., by placing the membrane in Cl- -free solution, or 
by adding BaH ion to decrease PK , or both), then the 
calculated Em would be -84.5 mY, i.e., much closer to 
Yep (-85 mY). Modified from Sperelakis [3}. 

series with the pump (Rp) gives the circuit the 
feature that the observed pump potential con
tribution to Em (d V) is a function of membrane 
resistance (Rm): the higher Rm is (Rp constant), 
the more nearly Em approaches Vp. 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 Rm with a time constant of (Rp + 
Rm)Cm. If Vp < Edifd-80 mY), then Em = 
-80 mY; i.e., the pump potential is masked 
by Ediff. If V p > Ediff' then Em is somewhere 
between Ediff and V p' The exact Em measured 
depends on the magnitude of Vp and on Rm. 
Using circuit analysis for the values of the pa
rameters given in figure 3-8, Em would be 
-83.3 mY, i.e., moderately close to the value 
of Vp (- 85 mY) (table 3-2). If Rm is raised 
fivefold (to 5000 fi), Em would be -84.5 mY, 
i.e., closer to Vp (table 3-2). Thus, this circuit 
clearly gives a pump potential contribution to 

Em that is dependent on Rm. Another way to 

state this is that the higher Rm is (relative to 
Rp), the more Em reflects V p' because of less 
short-circuiting of Vp by Rm. If Ediff is made 
smaller (e.g., in cells with a higher PN/PK ra
tio or if EK were lowered by the elevation of 
{K}o), then the relative contribution of the 
pump potential to Em becomes greater. For ex
ample, for the same values indicated in figure 
3-8, if Ediff is changed from - 80 mV to - 50 
mY, then Em would be -76.7 mV (table 3-
2); i.e., the dV is now much larger: 26.7 mV 
vs 6.7 m V (table 3-2). As expected, an in
crease of V p (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 p is greater when Ediff is smaller 
(compare Hand 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 Ctu
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 (Em) for a model having 
an electrogenic pump potential (V p) in parallel with the net diffusion potential (Ed iff) 

Resting AV 

Ediff Rm Rp Vp Em (Em Ediff) 

(mV) (D_cm2) (D-cm2) (mV) (mV) (mV) 

(1) -80 1000 500 -85 -83.3 - 3.3 
(2) -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 
(7) -80 4000 500 -85 -84.5 -4.5 
(8) -80 500 500 -85 -82.5 -2.5 
(9) -80 1000 1,000 -85 -82.5 -2.5 

(10) -75 1000 500 -85 -8l.6 -6.6 
(11) -75 1000 1,000 -85 -80.0 -5.0 

Rm = membrane resistivity; Rp = pump resistance; flV = contribution of Vp co the measured Em. Em was calculated from the following equation: 

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 Em, 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}i' For example, the firing of several APs 
should raise {Na}i (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}i 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 {lO} 
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 {II, I2}. 

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 Ca2 +), 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 Ca2 + 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 IK 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 gK occurs following an AP and hy
perpolarizing afterpotential, then IK decreases 
and the membrane depolarizes (gNa/ gK 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 (gCl)' This condition holds true for all or 
most cell types in the heart. A high gCl acts to 
clamp Em, making it difficult for a pacemaker 
potential to be developed. For example, addi
tion of Ba2 + (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 gCl to zero, Bi + produces a 
prompt depolarization, an increase in Rm, and 
automaticity [l3}. Another way to view this 
effect of Cl- is by Cole's [14} parallel capaci
tance-inductance (CmLm) circuit for an excita
ble membrane that tends to oscillate sponta
neously when the RCl shunt resistance (and 
RNa) is very high. The membrane inductance 
Lm arises because of the peculiar behavior of the 
K + resistance: namely, anomalous rectification. 
This rectifier causes an instantaneous decrease 
in gK with depolarization or increase with hy
perpolarization. 

During the time course of the pacemaker po
tential V P' Rm, increases progressively due to a 
decrease in gK [15, 16}. There is a progressive 
turnoff of the gK 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 gK 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 (Vth) 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, 
19}. 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 Bi + to decrease their gK and de
polarize them develop automaticity [18, 19, 
22, 23}. Ventricular muscle depolarized by the 
application of current also fires spontaneously 
during the current pulse {16, 24-26}; that is, 
when Em 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 Em. 
The further Em is above EK (within limits), the 
greater the degree of automaticity (and of 
anomalous rectification). A low gK, which also 
means a relatively lower resting Em, facilitates 
automaticity. Elevation of {K}o, which in
creases gK although it depolarizes, suppresses 
automaticity {22, 27}. 

Under normal circumstances in the heart, 
the hierarchy of automaticity capability is: SA 
nodal cells> A V 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 



76 1. CARDIAC MUSCLE 

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 nor
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}i 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 Em is brought 
to the threshold potential V,h. This could re
flect a homogeneous population of ionic chan
nels with nearly identical voltage-sensitive gat
ing, the low gCl (less clamping effect of Cl-), 
and the decrease in gK 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 mVand -10 mY). 

Automaticity of the heart (nodal cells) is 
normally under control of the autonomic 
nerves. The release of ACh from the parasym
pathetic nerves increases gK and thereby hyper
polarizes (toward EK ) 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 mY, 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 Em 
(or takeoff potential) on maximum rate of rise 
( + V max) of the AP is based on the sigmoidal 
hoo versus Em curve. In Hodgkin-Huxley nota
tion, h is the inactivation variable for the fast 
Na + conductance; it is a probability factor that 
deals with the open (h = 1.0) versus closed (h 
= 0) positions of the inactivation (I) gate of 
the channel (figs. 3-9 and 3-10). The value of 
h is a function of Em and time (I), and hoo is 
the h value at steady state or infinite time 
(practically, I > 20 ms). hoo is 0.9-1.0 at the 
normal resting potential (- 80 mY) and di
minishes with depolarization, becoming zero at 
about - 50 mY. 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 m V and is not complete 
until about 0 m V {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 (left) 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 (1) 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 mourh. Verapamil and 
Mn2+ block the slow channel. Redrawn from Sperelakis {43}. 

vated [K}o (25 mM; Em of about - 40 m V), 
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 hoo variable (often termed 
the /00 variable for myocardial slow channels), 
with depression of + V max beginning at - 45 
m V and going to zero at about - 20 m V. (The 
apparent discrepancy between the Em values at 
which /00 = 0 and at which + V max = 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}o is used to depolarize the cells, the 
AP is usually shortened. (Under special condi
tions, such as CI- -free solution, the AP may 
be prolonged with elevation of (K}o DO}). One 

important determinant of the AP duration is 
the K + conduction (gK)' Agents or conditions 
that increase gK, such as elevation of {K}o, tend 
to shorten the duration. In contrast, agents 
that decrease gK or slow the activation of gK, 
such as Ba2+ ion or tetraethylammonium ion 
(TEA +), tend to lengthen the AP duration. 
Due to anomalous rectification (i.e., a decrease 
in gK 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 (lsJ 
also affect the AP duration. Prolongation or 
stimulation of lsi tends to prolong the AP; con
versely, agents that depress lsi, such as verapa
mil or Mn2+, slightly shorten the AP. Agents 
that depress metabolism of the heart, such as 
valinomycin or hypoxia, primarily depress lsi 
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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 
[Cali (resulting from increase in [Nal) produces 
an increase in resting gK and enhances gK acti
vation kinetics (the Gardos-Meech effect) [39~ 
41} ; (b) K + accumulates outside the cell mem
brane, thereby increasing gK; and (c) recovery 
of the slow channels is incomplete, thereby de
pressing lsi' 

Potential Profile across Membrane 
The cell membrane has fixed negative charges 
at its outer and inner surfaces. The charges arf 
presumably due to acidic phospholipids in th 
bilayer and to protein molecules either embed 
ded in the membrane (islands floating in thl 
lipid bilayer matrix) or tightly adsorbed to the 
surface of the membrane. Most proteins have 
an acid isoelectric point, so rnal 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 ro 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 Ca2+) channels . (A) hoo 

inactivation facror of Hodgkin-Huxley (gN. = gN.m3h, 
where gN. is the Na + conductance, m and h are probabil
ity variables, and overbar means maximal) for fast Na + 

channels or the comparable f oo facror for slow channels as 
a function of resting potential (Em). The hoo or f oo repre
sents h or f at t = infinity or steady state (practically, 
after 20 ms for h and after 1 s for f) . This graph illus
trates that fast Na + channels of myocardial cells begin ro 
inactivate at about - 75 m V, and complete inactivation 
occurs at about - 50 mV (h = 0). In contrast, slow 
channels inactivate between about - 45 m V (/ = about 
1.0) and -25 mV (/00 = 0). (B) Maximal rate of rise of 
the action potential (+ Y m,,) as a function of resting Em 

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 
ro about -45 mY). +Ym " 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 PO 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 
(Em) is the potential of the outer solution (tVo, 
the reference electrode) minus the potential of 
the inner solution (tVi' the active microelec
trode): Em = tVo - tVi. The true PO across the 
membrane (E:r,), however, is really that PO di
rectly across the membrane, as shown in the 
figure. If the surface charges at each surface of 
the membrane are equal, then E:r, = Em. If the 
outer surface charge is decreased to zero by ex
tra binding of cations, such as Ca2 +, then the 
membrane becomes slightly hyperpolarized 
(E:r, > Em), 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:r, < Em); again this 
change is not measurable by the microelec
trode. 

Because the membrane ionic conductances 
are controlled by the PO directly across the 
membrane (i.e., by E,'", and not by Em), 
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 Em 
vs h", curve. For example, elevated (Ca)o 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 Em 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 Ca2+ by this mechanism comes from the 
(Na, K)-ATPase. The Ca-Na exchange reaction 
exchanges one internal Ca2 + 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 
ionic 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 PN.lPK ratio (or gNa/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 +, Ca2 +, and 
Cl-. The Ca2 + electrochemical gradient has 
only a small direct effect on the resting poten
tial, although low external Ca2+ 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. 1/10 is the electrical poten
tial of the outside solution, 1/1; is that of the inside so
lution, and membrane potential (Em) is the difference 
(1/10 - I/I;l. Em 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 ttue for the 
present purpose. If the outer surface potential IS 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 (Em). (B) If the 
outer surface potential is different from the inner poten
tial, in this example done by elevating the extracellular 
Ca2+ concentration to bind Ca2 + to more of the negative 
charges, then the E:" is greater than the measured Em. 
Diminution of the inner surface charge decreases E:". The 
membrane ion channels are controlled by E:" . From Sper
elakis {3J . 

ions, such as Na + and K +. (Elevation of inter-
I C 2+ .. h na a can sometimes lllcrease t e 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 [Cll is about two or three times 
as great as that predicted according to the Em, 
thus giving an ECl value of about - 35 to - 50 
m V compared to a resting potential of about 
- 80 m V. Before one can conclude that there 
is a Cl- pump directed inward, however, the 
calculated ECl (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 CI
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 Em, particularly 
when gCl is high. 

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

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 depolar
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 (Ed iff, 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 Em, is controlled by [Nal and 
by [K}o, 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 E diff. 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 (iii,), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART, 
All righu ,.,,"Ied, Copyright <!:l 1984. 
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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 
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special conducting tissue that resembles ven
tricular Purkinje fibers [lJ. Electrical activity 
in the atrium is conducted into the ventricles 
through the atrioventricular (A V) 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 
A V 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 mls (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 Crane field [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 m V) 
to a value greater than 0 m V 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 
m V, 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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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 Vis, reflects the magnitude of the 
current that generates the voltage change (see 
eq. 4.4). 

Electrical activity of cells in the A V 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 Vis, and 
MDP is around - 60 m V. 

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 m V) and the maximum rate of depolari
zation is much greater (500 Vis) 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 m V 
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 m V to 0 m V 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 m V, 
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. 
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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 
(Cm ) 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 f.1F em - 2). 
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
i ty, current that is related to the rate of change 
in voltage across the membrane capacitance 
(Cm ) as follows: 

(4.1) 

According to this expression, membrane poten
tial (V m) 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 movt down thea 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 (Im) divides between capac
ity current (that changes the voltage across the 
membrane) and ionic current (Ii) that flows 
through the conductive pathways shunting the 
membrane capacitance. Total membrane cur
rent is thus the sum of these two components: 

(4.2) 

or, using equation 4.1 for Ie> 

(4.3) 

Measurement of Ionic Current 
Two important experimental conditions can be 
imposed to simplify equation 4.3 and permit 
analysis of membrane current. 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 

(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 (l0} and the introduction of single 
isolated cardiac cells that can be voltage 
clamped ell}. 

The Ionic 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 m/dt. 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 
(Gi) and a driving force (V m - Vi): 

Ii = G i X (V m - V,) (4.5) 

where Vi is the equilibrium potential for a 
given channel (see chapter 3) and Em is mem
brane potential. In general, the conductance Gi 
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 Vis) up
strokes; whereas in the second group (SA and 
AV nodal fibers), the action potential rises with 
a markedly slower upstroke (10 Vis). 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 mN 
cm2). 

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 {ll, 12, 16-18]. These currents appear 
similar to sodium currents in nerve and skeletal 
muscle. When the cell membrane is depolar
ized beyond - 65 m V, 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. 
(AJ 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 m V) 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 (e). Data 
from Colatsky {l6}. 

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 A V 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 Vis) 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 (lsi). 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'i. Voltage-clamp in
vestigations in Purkinje fibers (30, 31} and 
other preparations (32-34} demonstrated the 
existence of a calcium-sensitive inward current 
(lSi). This current has many of the properties 
suggested by slow-response experiments: it is 
enhanced by catecholamines and blocked by 
Mn2+ and other metallic cations, and it has a 
voltage dependence distinct from INa. 

In intact preparations, lsi 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 (36-391 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" = G" *d*f* (Vm - V,;) (4.6) 

Gsi is the conductance when all lsi channels are 
fully open, d is the activation parameter, f, the 
inactivation parameter, and Vsi 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 lsi inactivation is so different 
from INa 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 lsi 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 La3 +, Mn2 + , 
Co2 + , and Ni2+ as well as several organic 
agents such as D600, 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 lsi is to increase the maximal conductance 
(Gs) of this channel. This can occur either by 
increasing the maximal conductance of each lsi 
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 lsi 

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 
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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 lOom V intervals 
from 0 to 60 mY. 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 Ix 
and expressed as the sum of its two compo
nents : 

(4.7) 

Ixl is the faster component and Ix2 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 
Ix taken from Noble and Tsien [50}. 

Computer-generated reconstruction of the 
Purkinje fiber action potential confirmed that 
Ix 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 Ix in 
the sheep Purkinje fiber. Depolarizations to - 20 mV and 
- lO mV produce slow increase in outward current. Hy
perpolarization decreases the cutrent. The tails of current 
that follow these pulses are used to monitor changes in 
the amount of Ix 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 m V. 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 {29}, 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. 

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

-1.0mV 

0.5 sec 

of quaternary ammonium compounds {56}. It 
is also very sensitive to norepinephrine {5 7}, 

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 INa along with the 
activation and subsequent inactivation of a 
large outward current. 

Early voltage-damp 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, 59}, but these effects 
of chloride substitution were later attributed to 
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indirect effects on intracellular Ca activity 
[60}. 

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 Iqr but now 
is referred to as 1m (for transient outward cur
rent). Its kinetic properties have not been com
pletely analyzed, but it is clear that 1m activates 
quickly and inactivates, at least partially, with 
time constants near 50 ms. Recent studies have 
suggested that Ito may also consist of two com
ponents: one sensitive to intracellular calcium 
and a second component that is not calcium 
activated [64}. 

Ito 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 
1m is, at least in part, such a current. Siegel
baum et al. (66} first demonstrated a possible 
role of Cai in regulating the conductance of the 
1m channel. and this work has been supported 
by further studies (64, 67). In this view, the 
time-dependent changes in 1m are not entirely 
due to modulation of the Ito 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 (Ix) 
have suggested that it too may be a calcium
activated current. Calcium influx (Is) precedes 
the slower onset of Ix, and several compounds 
that block lsi also reduce Ix (44}. In addition, 

catecholamine-induced increases in lsi are ac
companied by dramatic increases in Ix. How
ever, recent experimental evidence has shown 
that Ix activation can be separated from lsi ac
tivation by a new calcium channel blocker, ni
soldipine [45}. Nisoldipine, as well as 0600, 
also prevents the increase of lsi, but not lx, by 
norepinephrine (48}. Thus it is not likely that 
Ix 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 current. 
Weidmann (see Tsien et al. (69}) suggested 
three possible explanations: 

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

and 
3. a slow decline in outward current carried by 

an Na pump (see below). 

Vassalle PO} combined voltage-clamp and cur
rent clamp techniques and found support for 
explanation 2. Later, Noble and Tsien Pl}, in 
a very detailed investigation, characterized the 
properties of this pacemaker current, which 
they called IK2 . 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 m V, 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 (IK2 ) 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 [7 I}. 

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 (72-7 4}. 
Di Francesco {75} has suggested that IK2 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. Nor
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 IK2 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 lsi also contribute to the faster 
pacing in these cells. Similarly the slowing of 
nodal pacing by acetylcholine is due, in part, 
to is inhibirory 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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NODAL EXPERIMENTS 
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and Y. Kurachi 

Introduction 
The atrioventricular (A V) 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 {l, 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 A V 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 A V 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 A V node 
were thoroughly studied. Today, almost all of 
the basic concepts of A V 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 
A V nodal cell or the propagated action poten
tial. Does slurred upstroke with steps or 
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All rights rnerved. Copyright © 1984. 
MartinNS Nijhoff Publhhing, Boston/The Hague! 
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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 A V 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 A V node lies between the ostium of the 
coronary sinus and the leaflet of the tricuspid 
valve P}. 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 Vis, 
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 

v 
--+-----'>,----- Om V 

50mV 

150msec 

FIGURE 5-1. (A) Photograph showing the A V 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 A V nodal specimens 
I, III, and V correspond to those of I-B, III-B, and V-8 
in figure 5-1A. From Kokubun et al. nO}. 

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 (8], 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, 
III-B, and V-B in figure 5-1A. From Kokubun et al. 
(30]. 

[l0}, indicating that the region we investi
gated was in fact the A V node defined by the 
previous authors. 

We then transected the A V nodal region 
perpendicularly to the AV ring into five I-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 A V nodal specimens, the action po
tential parameters from the small A V 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, 1O} 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 {ll}). 

The resting potential of the small A V nodal 
specimen was approximately - 44 m V, and 
this value was obviously more positive than the 
resting potential in the intact A V nodal speci
men (- 62 m V in three quiescent specimens). 
The latter value is in good agreement with the 
data reported by other investigators {8-1O}. 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 A V nodal specimen, action poten
tials recorded from three different sites coin
cided well, indicating a synchronous excitation 
within the specimen. 

In the small A V nodal specimen, acetylcho
line hyperpolarizes the membrane in a same 
manner as in the SA nodal cell (fig. 5-3). 
Membrane hyperpolarized by the superfusion of 
acetylcholine (l0 -7 gl ml) and cessation of the 
spontaneous activity was observed. 
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RESPONSE TO THE CURRENT INJECTION 

The membrane potential of the small A V 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 {II} 
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 {I5}, 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 A V nodal specimen, any por
tion of the A V 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 m V, 
which was close to the resting potential of the 
intact quiescent A V nodal specimen. 

4sec 

FIGURE 5-3. Effect of acetylcholine on the small A V no
dal specimen; 10- 7 g/ml acetylcholine was superfused. 
Original trace by S. Kokubun. 

PRESENCE OF ELECTROGENIC Na PUMP 
IN THE SMALL A V NODAL SPECIMEN 

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

jomv 

50mV 

~ ___ ]20nA 

]20nA 
1 sec 

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. nO] . 
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2 .7~L ____ .Q _~- 2 min 

-------- --

FIGURE 5-5. Effect of 50 mM K solution on transient 
hyperpolarization. The experiment was carried out In 

10- 6 glml 0-600 solution. From Kurachi et al. {l6]. 

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 
m V, which is obviously more negative than the 
K equilibrium potential of - 28 m V when in
tracellular K concentration was 150 mM. This 
transient hyperpolarization was abolished after 
the application of 10 - 5M 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 A V nodal cells shares common character
istics with those other excitable tissues and 
confirm that the small A V nodal specimen 
maintains normal physiologic characteristics 
well even after the repeated trimming proce
dure. 

MEMBRANE CURRENTS IN THE A V 
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-

50K 2.7K jomv 

-40 

30 sec 

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 A V nodal cells. In the 
following, we summarize these results. 

For the purpose of the voltage-clamp exper
iment, the dimensions of the small A V 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 m V 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 
lO-m V steps. Before this clamp experiment, 
the specimen showed spontaneous activity: the 
amplitude of action potential was 98 m V and 
the maximum rate of rise of depolarization was 
11 Vis. 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 
posi tive than - 35 to - 40 m V 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 iK in the SA node. 
The outward current tail has two components, 
fast and slow. When the membrane potential 
was clamped at + 10 m V for as long as 1 sand 
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 iK in the SA node (5, 6]. 

In A V nodal cells, we also observed the hyper
polarization-activated current (ih (22], if (21], 
and ip (23]) . On hyperpolarization from the hold
ing potential of - 40 m V, at the first two or three 
steps ( - 50 to - 60 m V), a gradually decaying iK 
was observed, but at the potential more negative 
than - 70 m V, ih was activated. On return to the 
holding potential, the sodium current (iN.) 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 ih 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 iNa 
There is accumulating evidence that A V nodal 
cells, especially at the midnodal region or the 

B 

l 
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FIGURE 5-6. Voltage-clamp records trom A V nodal cells 
in Tyrode solution: upper traces, the potential; lower 
traces, the corresponding current traces. Holding poten
tial (- 40 m V) duration of each test pulse was 1 sand 
the clamp pulsing rate was 0.1 Hz From Kokubun et al. 
(I5). 

N cell region, have a slow inward channel (10, 
24, 25]. 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 
Cererri 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 TIX at 
its normal resting potential, where most of the 
Na channels are inactivated. If the membrane 
hyperpolarized more negative than - 70 m V, 
iN. 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 iNa in the small A V nodal specimen iso
lated from the mid-AV-nodal area (fig. 5-7). 
TIX in a concentration of 10 - 6 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 TIX 
concentration, but application of 4 mM Mn2 + 
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FIGURE 5-7. Effects ofTTX and Mn2+ 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. 
DO}. 

suppressed the action potential within 2 min. 
Verapamil 10 - 6 gl 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 

A 

.......... -50mV 

...... ............ ........................ ··· .. ··=-100mV 
8msec 

FIGURE 5-8. Effect of TTX on the upstroke of the anodal 
break excitation: (A) in Tyrode solution; (B) 10- 7 glml 
TTX was added to the control Tyrode solution. From Ko
kubun et al. [15}. 

1 

30sec 

then hyperpolarized the cell to - 83 m V for 
0.5 s to restore the availability of iNa' On re
leasing the feedback circuit, the anodal break 
excitation was registered. The upstroke of this 
break excitation contains two phases, fast (75 
Vis) and slow (4.2 Vis). After superfusing TTX 
(10- 7 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 iNa 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 A V Node 
When all Na within the normal Tyrode solu
tion was removed and replaced with Tris, the 
A V 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 Crane field [31}, who observed sustained 
rhythmic 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 A V nodal specimen also became quies
cent when the perfusate contained 0.5 mM 
EGT A 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 1fi 

Ca-free solution is illustrated in figure 5-9B. 
At 330 ms into the clamp pulse, the negative 
slope was between - 40 and - 20 m V. 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 
or Ca-free solution strongly suggests that the 
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slow inward current in the A V 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 A V 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 A V 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 A V 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 A V nod
al specimen was approximately - 60 mY, 
while in the spontaneous small A V nodal spec
imen, it was approximately -40 mY. It is 
well known that the resting potentials of the 
His fiber and the atrial fiber are more negative 
than -70 m V. In the current clamp experi
ment we knew that spontaneous excitation 
ceased at a membrane potential of - 60 m V. 
These findings indicate that a low resting po
tential is one condition necessary for the A V 
node to retain its spontaneity. 

It was recently shown {32} that in the SA 
node the current ih 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 mY. 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 ih is carried by several ions 
while the inward rectifier is carried by K + . 

The ih is insensitive to the external application 
of Ba, while the inward rectifier is abolished. 
Both ih and inward rectifier are abolished by 
application of Cs + [32}. The inward rectifier 
hyperpolarizes the membrane to the resting po
tential close to the EK value. If the AV nodal 
cell has no such channel, then presence of ih 

may depolarize the membrane of the A V node 
to - 60 m V. 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 A V nodal specimen was convenient 
for the study of the ionic currents of the A V 
node. Taniguchi et al. [35} recently isolated 
the A V nodal cell after collagenase treatment. 
Compared with the size of ventricular cells, di
ameters of A V nodal cells are small; in 85 mea
surements in Tyrode solution, 93 ± 23 J.Lm 
long and 14 ± 6 J.Lm wide. On the other hand, 
ventricular cells were 115 ± 33 J.Lm long and 
29 ± 9 J.Lm wide (in 102 measurements). The 
ventricular cells are not spontaneously active 
within Tyrode solution, containing l.8 mM 
Ca. When A V 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 A V nodal cluster cells showed action po
tential configurations very similar to those in 
the intact A V nodal specimen. Figure 5-10 il
lustrates the voltage-clamp experiments in the 
flat AV nodal cell cluster, about 50 J.Lm wide 
and 100 J.Lm 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 A V 
nodal specimen. These cluster cells respond to 
acetylcholine and adrenaline in the same way as 
the small A V 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 A V nodal cells has accu
mulated during the past decade, the ionic cur
rents underlying the slow conduction and the 
latent pacemaker activity of the A V 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 A V 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 Ca2 + 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 

B 

-
FIGURE 5-10. Voltage clamp experiments in the flat AV 
nodal cell cluster, about 50 fLm wide and 100 fLm long. 
The holding potential was - 40 m V and the clamp pulses 
were applied in 10-m V steps at depolarization (- 30 to 

+ 30 m V) and hyperpolarization (- 90 to + 50 m V). 
Straight lines on the current traces represent 0 level and 
dotted lines represent 10 nA outward current. From 
Taniguchi et al. [35). 

the A V 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 intultlve 
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 car
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 {l}. 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
qUlClng 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, repolarization, 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 0/ Physiology (7} 
and in the comprehensive book by Jack et al. 
{8}. Finally, experimental work in electrophys
iology, electropharmacology, and arrhythmogen
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 results from the generation and 
organized control of bioelectricity 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 {l0}. 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 resistors and capacitors 
(Vm and Cm• respectively. in fig. 6-18). 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 intracellulariy 
through a microelectrode positioned near the ligated end 
of a cardiac Purkinje fiber (5). The response in transmem
brane voltage (V m) is recorded by microelectrodes at sev
eral points along the preparation (V I, V 2, V j, 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" c" re
spectively). 

rent flow through anyone unit length of cable 
(e .g., im in element A-B) consists of two com
ponents: a capacitive current (ic) through the 
capacitor em and an ionic current (i j ) through 
resistor rm: 

(6 . 1) 

where the units for im 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 (es and rs 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, ic is deter
mined by the capacitance of this unit length of 
cable, em which is expressed as Flcm, and con
trols the rate at which the transmembrane volt
age (V m) changes . This can be described as: 

(6.2) 

According to Ohm's Law, the ionic current 
will be directly related to the transmembrane 
voltage, V m, and inversely related to the mem
brane resistance for a unit length of cable, rm , 

expressed as {tcm. Therefore, 

iion = Vmlrm (6.3) 

and combining equations 6.1-6.3, 

(6.4) 

Approximatir I 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 and/or 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 (gm) 
rather than membrane resistance is used when 
speaking of biologic membranes. Conductance 
is the reciprocal of resistance (i.e., gm = lIr m) 
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 m and the equilibrium poten
tial (Ey) or: 

ty = gy (V m - E) 

T' I ' 
driving force 

conductance 

(6.5) 

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 m 

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 intracellulady, 
it takes time for the capacitive charge to 
change so that V m is not altered instanta
neously. The time required for V m to reach a 
certain percent of its final value after current 
onset or offset is termed the time constant of 
the membrane ('Tm): 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: 

(6.6) 

INTERCELLULAR COMMUNrrATION 

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 6-1 B by rio 

Largely as a result of tbe influence of German 
pathologists such as Heidenhain [17}, 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 [19J studied the e1ec
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
lady through one microelectrode and recorded 
V m at various points along the length of such 
Purkinje fibers. He observed a graded drop in 
V m 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 IIJUICY 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 lower 
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 m 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 42K 

in ventricular muscle [20]. The theoretical dis
tribution of 42K was calculated according to ca
ble theory, and observation was found to agree 
well with prediction in that 42K diffused freely 
between cells with the upper limit for resis
tance between cells being 3 n .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, bur 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 a new membrane seems 
to be responsible [28-3IJ. 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 (rj 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 
r 0 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, ro 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 (rm ), membrane capaci
tance (cm ), the longitudinal or inside resistance 
(r), and the time constant (,-m). 

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 m; 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 (ro) 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 fow. Longitu
dinal fow, in turn, is also influenced by resistances in the myo
plasm and at the gap junctions. The circuit is completed by ionic 
fow 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 
{IS} showed that a modified cable equation 
rather well fit experimental observation in a 
nerve axon. Weidmann in 1952 {I9} 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 ro is negligible is: 

(6.7) 

where im is the current flow through any unit 
length of membrane; rj is the longitudinal re
sistance of a unit length of the inside conductor 
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or core of the cable ([}.fcm); V m is the trans
membrane voltage; and r m and cm , as previ
ously defined, are the membrane resistance and 
capacitance for a unit length of cable (fi.cm 
and Flcm, 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 (ii) 

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 ~x) of the inside and outside conduc
tors would be ri~ and ro~, respectively. Ac
cording to Ohm's Law, the potential difference 
across any of the resistors (say, the resistor ri 
between elements Band D in fig. 6-1) is: 

(6.8) 

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

(6.9) 

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

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

aVm = 

ax (6.10) 

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

(6.11) 

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

ai !:1i 
---2. = lim~ = i ax _0 f:1x m 

and rearranging, 

i = m 

aii 
ax 

(6.12) 

(6.13) 

Differentiation of equation 6.10 results in, 

(6.14) 

and substituting from equation 6.13, the rela
tionship becomes, 

(6.15) 

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

(eg. 6.7 again) 

Cable Analysis Based on a One-dimensional Cable 
Circuit 

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 modification 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, ,. m = r mCm (eq. 6.6); and the 
length or space constant, ~m = V r m/(ri + ro) or, 
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when ro can be neglected, Am = ~. The 
length constant is the distance over which V m 
falls to e - 1 (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 rm , substituting, and rearrang
ing, we obtain, 

Equation 6.16 provides a relationship between 
V m' x, and t 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 
(Vo) for a constant current long duration (10) as: 

(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 Vx, defined as V m at any 
point x along the cable, the relationship to Vo 
is approximated by: 

(6.18) 

Equation 6.18 says that Vx reaches lie the 
value ofVo 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 = O. This can be de
scribed as: 

V, = Vo erf ViiT:. (6.19) 

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

its final value at t = 00 in one time constant. 
The use of this relationship will also be consid
ered in the following section. 

Input resistance (Rin) describes the relation
ship between the step constant current and the 
response in the transmembrane voltage at the 
point of stimulation. 

Rio = Vollo (6.20) 

Realizing that Am = Vrm1ri and combining 
equations 6.17 and 6.20, the input resistance 
can be expressed as: 

v;::;A 
R· =--

on 2 
(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: 

Rm = 21Tarm 

Ri = 1Ta2r, 

em = cm/21Ta 

(6.22) 

(6.23) 

(6.24) 

where a is the radius of the cable; Rm is the 
resistance of 1 cm2 of membrane (fi.cm2); Ri is 
the intracellular or longitudinal resistance in 
fi.cm; and em is the capacitance of 1 cm2 of 
membrane is F/cm2 • 

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 haw 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 Ri ot about 100 il.cm, Rm of about 2000 
ilcm2 , Am of about 2 mm, Tm of about 20 ms, 
and a Cm of about 12fJ.F/cm2 • Rm was compa
rable although somewhat lower than nerve; Ri 
was greater than the extracellular solution; but 
Cm 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 Cm should 
be about 1 fJ.F/cm2 and Rm should be about 
20,000 ilcm2• Hellam and Studt {37) came to 

a similar conclusion and calculated Cm at 0.9 
fJ.F/cm2 • 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-fJ.m 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 fJ.m. 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 
3uration. 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 Bow 
mayor may not be uniform and radial currents 
mayor 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 {43-47) and other interventional stud
ies {48, 49), 

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
rhythmias 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 0 = 
r)oAm. The fiber radius was 80 J-Lm. 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 10 and is depicted in the upper 
trace of figure 6-2. The value for 10 was 45.4 
nA. The intracellularly applied current was of 
100 ms duration and produced a 5.44 and 4.05 
m V change in V m at recording microelectrodes 
located 300 J-Lm (middle trace) and 900 J-Lm 
(lower trace), respectively, from the stimulat
ing microelectrode. V m 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 0 is determined by extrapo
lation of the line to x = 0 and was 6.30 m V. 
Am is defined as x at which V m = e -IVO and 
was 2.03 mm. 'Tm was the time at which the 
change in V m 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, Rin was 139 H1 
(eg. 6.20), Rm was 1771 flcm2 (eg. 6.22), Ri 

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 Vm. (B) im vs Vm where 
im is the mathematically derived membrane current den
sity; t = 100 ms. Tangents to the curves (dashed lines) 
allow estimation of slope conductance, in this case at im 
= 0, which is equivalent to the chord conductance. From 
Arnsdorf and Sawicki [48}. 

was 215 flcm (eg. 6.23), and Cm was 15.1 J-LFI 
cm2 (eg. 624). After LPC, Vo was 8.4 mV and 
Am was 2.47 mm. Rin increased to 186 kfl, Rm 
increased to 2883 flcm 2 , Ri increased to 236 
flcm, and Cm was little changed at 12.0 J-LFI 

2 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 (Vth) 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, 53}, thereby providing an estimate of the 
current density (im) where im is approximated 
by I (dIldV m). The current, I, can be measured 
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directly and dI/dV m determined from tangents 
constructed to the curve of the V m vs I plot 
(fig. 6-3A). V m is plotted as a function of im 
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 (Gm ) can be estimated from the rela
tionships Gm = dIldV m in panel A or dim/dV m 

in panel B. As can be seen in figure 6--3A, at 
this point in the experiment neither the resting 
potential (V e) nor the threshold voltage (Vth) 

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 m' 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 Jactor. 

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 current, 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 



120 I. CARDIAC MUSCLE 

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: 

(6.25) 

where Ith is the current required to provoke a 
regenerative response, Irh is the rheobasic cur
rent, t is the duration of Ith and T approximates 
the membrane time constant. The data sug
gested that the charge threshold, Ith X t, 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 latter. 

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 [l6} 
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 [l6}, but It 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,h 
hmmal length = ----;3:;:;/2:-'-''--''''''---

2 ('TT) a em Am V,h 
(6.26) 

where Qth is the charge threshold, a 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 

Approximation 1 1: ;) ome cardiac ftSSUes, such as those of the 
atrium, the Purkinje fibers of the His-bundle branch system, 
and ventricular muscle, normally depend on iNa for phase-O re
generative depolarization. Others, such as the SA and AV nodes, 
normally depend on i,; for phase o. These have been termed 
"fast-" and "slow-respome" tissues, respectively, 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 (iNJ 
through a kinetically rapid channel that is 
blocked by tetrodotoxin (TTX); while in other 
tissues depends on the inrush of a mixed 
Ca2+ - Na + current (the slow inward current, 
i.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 

Passive Membrane Properties 
Normal resting potential (Vr ) 

Subthreshold membrane conduct able 

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/ 
dtmax or V max) 

Peak overshoot 
Overall amplitude of action potential 
Refractoriness and reactivation 

Conduction velocity 
Characteristics conducive to reentry 

Automaticity 
Automaticity depressed by 

physiological increases in [K + 10 

Geographic Location 

"Fast" response tissues 

Appx - 80 to -90 mV 
Components of gK, 

particularly gKI 

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 r • 

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. 

"Slow" response tissues 

Appx -40 to -65 mV 
Probably a component of gK 

Appx -40 to -60 mV 
i" (mixed current with both 

Ca+ + and Na+ 
Slow 

1-50 V/sec 

-5 to +20 mV 
Appx - 30 to + 70 m V 
Partial and complete reactivation 

returns after (> 100 msec) 
attainment of Vr • 

0.01 to 0.1 m/sec 
Yes, even in normally 

i,,-dependent tissues 
yes 
no 

SA and A V node; perhaps valves; 
coronary sinus; injured tissues 
in which iNa-dependent 
converted ro i,,-dependent 
phase 0 

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

normally - 80 to - 95 m V. 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 [57} used the relationship: 

Fast-Response Tissues 

Approximation 12: In the iNa-dependent fiber, a Vm less negative 
than the normal resting potential will decrease iNa by several 
mechanisms, including a decrease in driving force (V m - E Na less 
than normal), a decrease in maximal sodium conductance, par
tial closure of the off-gate, and changeJ in other factorJ Juch as 
cable properties and the liminal length. 

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

(6.27) 

where iNa is the sodium current per unit area; 
gNa is the maximal sodium conductance; m and 
h 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 ENa 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 (h) 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 max and has normal 
values of 200-1000+ Vis. Vm moves towards 
ENa which is about + 40 m V. 

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 m 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 iNa directly in cardiac tis
sue, and often V max 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 (64-67}. 

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 gNa and, at least for Purkinje fi
bers, on inactivation of an inward negative cur
rent. During phase 2, the mixed Ca2 + -Na + 
current, ish increases due to the positive volt
age. Since isi 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 
isi , 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 m V 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 
o and as compared to fast-~esponse 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-O depolarization depends 
not on iNa, but on the slow or secondary inward 
current isi . As mentioned, this mixed cl+
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 iNa. 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 
m V horizontally and vertically, respectively. (A) Control 
with an action potential duration of 290 ms. The resting 
potential (V,) was -79 mY. (B) At 30 min after the 
application of LPC, two steady states were observed: one 
at a slightly less negative V, of - 73 m V and the other 
at the plateau potential. Intracellular hyperpolarizing con
stant currents (t = 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 m 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 m V. 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). 

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

If tissues that normally are iNa 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 
i si . A striking example of this following the 
failure of normal repolarization is shown in fig-

ure 6-4 [49J. Other characteristics of slow-re
sponse tissues are included in table 6-1. 

PRACTICAL CONSIDERATIONS 

Approximation 15: In practical temu, a change in excitability 

may result from complex alterations in the passive and active 

determinants of excitability. 

To continue our practice of demonstration 
techniques, figures 6-5 and 6-6 represent 
strength-duration relationships from our recent 
studies on LPC. This is the same experimental 
preparation depicted in earlier figures. Refer
ring to figure 6-5 A, three strength-duration 
curves are shown: control (open circles) and the 
situation after the application of LPC in con
centrations of 20 j.1M (closed triangles) and 45 
j.1M (closed squares). As compared to the con
trol, the non normalized 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 V max had de
creased from 624 to 544 VIs without any sig
nificant change in the resting (V r ) or threshold 
(Vth) voltages (see inset in fig. 6-5). Excitabil
ity, therefore, increased despite a depressed so
dium system as reflected by the reduction in 
V max, 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 j.1M were essentially 
superimposable for the values of tIT m of 1. 25 or 
more 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 max of the 
propagated action potential. Cable analysis and 
current-voltage relationships were performed 
in this preparation. In this experiment, Rm had 
increased, Am which initially had lengthened at 
an LPC of 10 j-LM now began to decrease due 
to an increase in R i , 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, Vr remained un
changed, Vth became less negative, and V max 

further decreased. The strength-duration curve 
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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 [48J. 

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 (<1>.> and extracellular (<1>e) 

potentials shown on the right were recorded at the site indicated when excitation proceeded in the longitudinal (left, toP) 
and transverse (left, 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 (6, for transverse propagation), 
V max is higher and 1(00' is lower as compared to the situation that pertains for the more rapid longitudinal propagation 
(6r). 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 (gN.) in
creases as voltage becomes less negative, gN. is 
further increased. The local V m is now more 
positive than in neighboring parts of the cell, 

so a driving torce 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 incrf'ases 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, gNa-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 in!ensity of in
ward current and V max as well as that between V max and the 
conduction velocity is problemat~c. It is interesting that the pro
portional relationship between V max 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 Past
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 CV max or dV m/dtmax) is proportional to 
the ionic current. As units are linked together, 
the relationship of V max 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 (8 in m/s), the distribution of the trans
membrane voltage in space should be equiva
lent to its distribution in time, that is: 

(6.28) 

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

(6.29) 

Remembering from equation 6.3 that V mlr m is 
the ionic current, equation 6.29 becomes: 

(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 max has 
been used as an indirect measure of this cur
rent. Since V max is the maximal rate of rise of 
phase 0, that is, it is maximal dV mldt, the sec
ond derivative, d2V m/dt2, at that instant be
comes zero. Equation 6.30 then, becomes: 

(6.31) 

Assuming a constant em with. lion being 
equivalent to the sodium current, V max would 
be expected to correlate with the intensity of 
the sodium current. 

It has been problematic to analytically de
scribe the relationship between V max and 8 al
though it would be expected that an increased 
inward ionic current would be associated with 
an increased 8 and, given equation 6.31, with 
an increased V max' 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 max' Singer et 
al. [69J reported a correlation between V max 

and 6 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 max and 6 so frequently holds. 
Those conditions which affect driving force 
such as alterations in the transmembrane volt
age and equilibrium potential (The cell mem
brane: structure 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 max of these tissues is very slow as is the 
conduction velocity. A very low V max, 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: Continuous 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
ity. 

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 
semi logarithmic scale as a function of time and 

a time constant for the foot (Tfoot) 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: 

(6.32) 

or, in terms of the cable equations, 

a 
Tfoo[ = -92 = 2 

r,cm 29 R;Cm 
(6.33) 

The fiber radius (a), rj, Tfoot> and 6 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 Tfoot> 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: 

(6.34) 

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 rj may vary greatly, depending on 
the state of extracellular coupling. The direct 
experimental testing of the effect of rj on 6 has 
been limited. In nerve, Del Castillo and Moore 
{7I} altered rj by introducing wires into the 
axoplasm and found that 6 could be varied over 
a wide range. A failure of the transmission of 
impulses has been observed in cardiac tissues 
when presumably rj 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-
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trical coupling on propagation. Experimental 
alteration in extracellular conductivity has also 
been demonstrated in atrial tissue [75} and 
more recently in Purkinie tissllp.s (see recent 
discussion in Antzelevttch and Moe [76}). 

Equation 6.34 also suggests that 6 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. [39} found no variation in the conduction 
velocity in sheep Purkinje fibers that were be
tween 50 and 250 J.l.m in diameter. Cable anal
ysis in these studies showed that R j 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 ro is negligible. It is in
teresting to speculate that the effects of ro + rj 
counter the influence of diameter. 

Goldstein and Rall [7S} 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 cur
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 [SO} 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 [SI-S4}. 
Spach et al. {S3, 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 max and longer 
'Tfoot 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. [S4} 
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. [S3, S4} 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 "Ra Hypothesis". Ra is the 
"effective axial resistivity" which is the resist iv-
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B. 

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 rj 
in the cable equation and geometric terms in
cluded to consider membrane current per unit 
length, we have: 

1 mV I 1-1 -----I 
10 m5e( 

CD~ 
@- -v=-= 
Q)~ 

0~ 

®~ 

(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, 84}. 

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 current 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 A V 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 + _Ca2+ current (isJ 
found in the SA and A V 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 A V 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 A V 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. 

Arrhythmias and Antiarrhythmic Drugs 
The topic of arrhythmogenesis and the mech
anisms of antiarrhythmic drugs will be con
sidered specifically elsewhere in this book 
(chapters 20 and 21) and will be related to 
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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 2 I,' Conceptually, the success or failure of reentry 
depends on the relationships between anatomy, refractoriness, and 
conduction velocity. The electro physiologic 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, = e x RP, (6.36) 

where Le is the length of the reentrant circuit, 
e is the slowest conduction velocity, and RPr 

is the refractory period of the tissue to be reen
tered. For a normal fast-response Purkinje fi
ber, e is about 3 mls and RP r is about a third 
of a second, so Le would be a meter, a length 
that anatomically is not feasible. If e is reduced 
to 0.01 mls or less, then Le 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 A V node. Clinically, reentrant pa
roxysmal supraventricular arrhythmias that uti
lize the A V 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-

bit ion of the ionic pumps, and by accommo
dation. Perhaps more important are the influ
ences of the sink: particularly alterations in the 
ro , rj, and Ra 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 6-4, 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 requJrements necessary 

for a regenerative action potential and the V max 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 m", vs charge (Q) relationships at t = 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 max was assessed as a function of 
charge for intracellularly applied currents of 
100 ms duration before and after LPC. The 
V max in the control situation could be described 
as a smooth curve. The values for the current 
required to reach threshold (lth) , for the differ
ence between the resting and threshold poten
tials (d V), and Rm are included in th~ insets. 
Note the altered relationship between V max and 
charge after LPC. Such changes in the source 
would of necessity affect the conduction veloc
ity in the tissue. 

ANTIARRHYTHMIC DRUGS 

Approxi1ll4tion 24: The effects of an antzarrhythmic drug on the 

electrophysiologic properties of n0r1ll41 tissues and tissues altered 

by an arrhythmogenic influence are complex. The net effect on 

cardiac excitability depends on the relative effect of arrhythmo

genic influence and the antiarrhythmic 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 . 
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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
rhythmic 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, a\1d 
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,h) 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,h , plotted as a function of 
the current duration (f). 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,h less negative while lidocaine little influenced V,h' 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, Ith , was re
quired to attain threshold for any current du
ration after the drug had been applied . Al
though Ith was affected similarly by both 

drugs, the mechanisms differed in that procain
amide decreased excitability by making Vth less 
negative (a term that depends on sodium con
ductance) while lidocaine little affected Vth , 

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,h) was required for any given duration to pro
duce a propagated response . Note that this oc
curred despite a decrease in V max from 816 to 
693 Vis, that is, despite some depression of the 
sodium system. The increased excitability was 
mediated primarily by an increase in Rm and 
slope resistance throughout the subthreshold 
range as assessed by cable analysis and current
voltage relationships, respectively. Rm in
creased from 1242 to 1528 fim 2 • During the 
phase of increased excitability after LPC, lido
caine decreased excitability as indicated by the 
upward shift in the non normalized strength
rluration curve. Lidocaine actec1 hv two distinct 
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J h 

1 rh 
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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 LPC's 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 V max 
from 693 to 258 Vis and in V,h becoming less 
negative (- 55 to - 47 m V); the countering 
effect on membrane properties was demon
strated by a decrease in Rm from 1528 to 1380 
ficm 2 . 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 

antiarrhythmic 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 6-5, 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-
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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 (91J. 

trically induced action potential ansmg from 
V, of - 83 m V 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 m 

which was sufficient to induce sustained abnor
mal automaticity of lidocaine. Vr had become 
more negative at - 87 m V, repolarization 
threshold was normally attained with an action 
potential duration of 550 ms at a cycle length 
of 1200 ms, and the V max of the action poten
tial was 510 Vis. After lidocaine, then, there 
was only a single steady state at Yr. 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 Vr 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, 
89}, 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
rhythmogenesis, 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 
antiarrhythmic. 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 (EeGs) 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 thf 
electrocardiogram. 

Examples of EeG waveforms are shown in 
figure 7-1. By convention, deflections within 
the overall periodic waveform are referred to by 
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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 f.L V and of QRS and T of millivolts. 
Substantial variati:on,s in magnitude are seen on 
particular recordings. In comparison, noise lev
els of 30 f.L V peak to peak often are present 
even on recordings made with careful attention 
to the electrodes and the surroundings. Noise 
levels of 100 f.LV or more are (unfortunately) 
common under less-controlled circumstances. 
Because measured noise levels are significant in 
relation to the size of EeG deflections, the 
presence of noise is a theoretical and practical 
limitation on the amount of information that 
can be gained from interpreting EeG measure
ments. 

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 BeGs 
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. 

R r: 
200 msec 

T 

p Q S 
69 

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

There are a number of problen'J 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 m V 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 

R 

B 

c 

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 preClSlOn 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 1O-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 {1O). 

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 {II}. 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 
aVR , aVL , and aVF • 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? 



7. THE ELECTROCARDIOGRAM AND ITS RELATIONSHIP TO EXCITATION OF THE HEART 145 

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 VN , whether 
voltages measured from it are a linear combi
nation of the voltages observed on other leads 
being recorded. Suppose two measured leads, 
VI and V2, are compared to a new lead VN . 

This test becomes whether constants al and a2 
can be found so that 

(7.1) 

where N is the magnitude of the noise. If val
ues for al and a2 can be found that cause equa
tion 7. 1 to be satisfied at all times t, then V N 

can be computed from VI and V2 within the 
noise level; therefore, VN 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 not 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 
[I4, 15}. (If constants al . . . 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 [I7}. 

Origin of the Electrocardiogram 
Determining body surface activity from cardiac 
electrical activity is called the "fotward prob
lem" of electrocardiography. Many fundamen
tal elements of its solution are well established 
[IS}. 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 m V 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 [l9}' 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 

p 

A 

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, EI and E2 • A similar pair of 
electrodes, C1 and C2 , is within the volume 
conductor, and a final pair, II and 11. is within 
strand A. A meter M measures the potential 
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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 12> C] and C2, 
and E] and E2 are pairs located intracellularly, within vol
ume conductor C, and on the surface SB 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 11 
and 12 • A comparison of the intracellular poten
tial between right and left ends of strand A 
(voltage difference between 11 and 12) 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 m V 
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 

v -8-
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FIGURE 7-6. Hypothetical waveforms from excitation of 
strand A, then strand B, of figure 7-5, as might be re
corded from electrodes E1 and E2 : 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., 
21J.) 

If probes were inserted into the extracellular 
volume and the voltage measured at point C 1 

with respect to C2 , then at the midpoint of de
polarization of strand A, C1 would be relatively 
positive. (Note the opposite polarity between 
the extracellular points C1 and C2 compared to 
the intracellular points 11 and 12 .) That C1 will 
be positive with respect to C2 can be recog
nized from observing that current flows from 
the vicinity of C1 to that of C2> and that Ohm's 
law will apply in the resistive volume conduc
tor. 

Electrodes E 1 and E2 are connected to the 
volume conductor at its surface. At the mid
point of depolarization of strand A, electrode 
El will be positive with respect to electrode E2 , 

just as electrode C1 was positive with respect to 
C2 ; that is, electrical propagation toward El 
(and therefore away from E2) will make El pos
itive with respect to E2 • 

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 El 
with respect to E2 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 7-6 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," 1 The geometric 
relationship between the current sources within 
the heart and a point on the body surface are 
represented by the "lead vector," ({22]. In this 
model, the potential at a point b on the body 
surface, <P( b), is computed as product of vec-

~ d~ tors c an p: 

<I>(b) = 1· p = e.jJx + ey/Jy + e,p, 

where 

p = heart vector = (Px> Py, P,) 

and 

1 = lead vector = (ex> Cy, C,) 

(7.2) 

Changes in cardiac electrical sources correspond 
to changes in the heart vector, -;. The electrical 
and geometric relationships between the dipole 
source in the heart and a particular point on 
the bo~ surface are represented by the lead 
vector, c. 

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

FIGURE 7-7. Equivalent dipole model. Vector p 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 b on the body surface. Potential <1>( b) 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 7 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 7, 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 
intensity 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 obser
vation site to the heart vector, but also by the 
electrical properties of the intervening volume 
conductor. 

1\t one time some investigators thought that 
observations of cardiac electrical activity on the 
body surface might be described quantitatively 
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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 
arollnd 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 R V 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 SURF ACE 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 relating po
tentials at an observation point <fJb to the po
tential distributions existing on a closed surface 
around the heart, around the lungs, and around 
the body surface. 

(7.3) 

Figure 7-9 shows each of these boundaries 
schematically. The point of observation, b, is 
drawn at the boundary of surface SB, which 
represents the body surface. The cardiac electri
cal sources are contained within boundary SH' 
It is assumed that bounding surfaces SL 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 <fJH, 
<fJL, and <fJB, respectively. The conductivity 
within lung regions, muscle regions, and at the 
observer's position are indicated by symbols 
(TL, (T ffi' and (Tb' Lines drawn from the position 
of the observer to points on the heart, lung, or 
body surface are designated as rH, rL, or rB, re
spectively. 

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

FIGURE 7-9. Schematic cross section of the rorso identi
£)ring boundaries between major regions (see eq. 7.3 and 
compare with fig. 7--4): SB, body surface-co-air boundary; 
SH, surrounds the active sources within the heart; SL> sur
rounds the lungs. As an approximation, tissue within 
each region is assumed co 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 SH nearer position b, i.e., the integrals 
include a division by distance rHo 

Inhomogeneities 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 b, even though position b 
is not on or within the lungs, and even though 
the electrical sources that are active are con
tained entirely within SH' 

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 ro 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 compar
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 (arrhythmia 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 . . ." {3DJ. 
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 mayor 
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 EeG 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 {32J 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
Inentally different principles of interpretation. 

Statistical classification of EeGs 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 EeG 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 EeGs taken at random from the 
population as a whole than for EeGs 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 

EeGs may be analyzed based on an understand
ing of the electrical relationships that exist be
tween cardiac electrical events and the EeGs 
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 sur
face measurements. 

Wave/orms. EeG 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, 0, within an oval rep
resenting a horizontal cross section of the torso. 
At times Tb T2 , and T3, 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. 
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FIGURE 7-10. Idealized vectorcardiographic loop (hori
zontal plane). Three vectors are drawn from origin 0 for 
times T I> :!i' and T 3' Each vector represents the equiva
lent dipole p for rhat 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. 
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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 current 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 rourine 
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 car
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 
. C 2+ 
In a 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 Ca2 + influx across 
the cell membrane during the action potential 
(AP) in the process of excitation-contraction 
coupling (fig. 8-1). This Ca2 + 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 Ca2+ -operated 
channels, one selective for K + (gK(Ca» and one 
mixed Na/K (gNa, K(Ca»' 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, h or j) 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 
N a + channels. 

There are three types of slow channels with 
respect to ion selectivity: Ca2 +, N a +, and Ca
Na (fig. 8-5). The Ca-Na type allows both 
C 2+ . d N + . a Ions an a IOns to pass through, per-
haps with competition between them. An ex
ample of a Ca-Na slow channel is in ventricular 
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Excitation-Contraction Coupling In Myocardial Cells 
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FIGURE 8-l. Summary diagram for excitation-contrac
tion coupling in myocardial cells. Ca2+ influx during ex
citation occurs through the voltage-dependent and time
dependent gated slow channels. This entering Ca2+ helps 
to raise the myoplasmic Ca2+ concentration «(Ca],) to the 
level necessary to activate the contractile proteins (e.g., 
lO - 5 M), and acts to bring about the release of additional 
Ca2+ from the SR by the mechanism of Fabiato and Fa
biato (53]. 
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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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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 d( m) gate is closed and the I( h) gate is open 
(d= 0, 1= 1). Depolarization to the threshold activates the 
slow channel to the active state, the d gate opening rap
idly and the I fate still being open (d = 1; 1= 1). The 
activated channel spontaneously inactivates to the inactive 
state due to closure of the I gate (d= 1; 1=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. Ca2 + 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 {l}. 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 Ca2 + 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 
Ca2 + 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 Ca2 + ion entering the cell 
through the slow channels controls the force of 
contraction. The Ca2 + entering directly ele
vates [Cali (which activates the myofilaments) 
and indirectly elevates [Cal further by releas
ing Ca2 + from the intracellular sarcoplasmic 
reticulum (SR) stores. For example, the Ca2+ 
that entered the cell could bring about the re
lease of more Ca2 + by the Ca-trigger-Ca release 
hypothesis of Fabiato and Fabiato [6}. Blockade 
of the slow channels, and hence Ca1+ influx, 
by ci + -antagonistic agents (such as verapa
mil, nifedipine, diltiazem, Mn2+, Co2+, and 
La3 +) 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 (H2 

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 Hr 
receptor blocking agents (but not by H)-recep
tor antagonists [7}). 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. {l0} that, in patch-clamp experiments on 
single Ca2 + 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 (lsi) 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 mY) 
in elevated {K}o (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 Ca2 + 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 
{II}. The slow APs are blocked by agents 
which block inward slow current, including 
Mn2+, La3+, verapamil, D-600, nifedipine, 
and diltiazem {l1, 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 Ca2+) c~annels. Maxi
mal rates of rise of the action potential ( + V maxl as a func
tion of resting Em 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 m V) . + V max 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. {l6}. 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 par
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 (Rm) being in parallel with the membrane capacitance (Cm). Resting potential (Em) is represented 
by an 80-mV battery in series with the membrane resistance. (8) Membrane resistance is divided into its four component 
parts, one for each of the four major ions of importance: K + , C1-, Na + , and Ca2 +. These represent totally separate and 
independent pathways for per:neation of each ion through the resting membrane . Equilibrium potential for each ion 
(e.g., Ed , 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 m V 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 (g~a) and the 
other a kinetically slow Na + conductance (g~a). In addition, there is a nonspecific kinetically slow pathway that allows 
both Na + and Ca2 + to pass through, perhaps by competition with each other. Ca2 + -selective pathway (g~a) 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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FIGURE 8-6. Characterization of the slow AP responses induced by catecholamines, methylxanthtnes, histamine, angio
tensin II, or cyclic adenosine monophosphate (cAMP) in isolated perfused guinea pig hearts. The fast Na + channels were 
inactivated in elevated K + . (Upper tracings) Intracellular potentials (V versus t) recorded from myocardial cells of the 
ventricular wall. (Lower tracings) The first time derivative of the action potential (dV/dt); the peak upward deflection of 
dV/dt gives the maximal rate of rise of the action potential ("V max). 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 m V and inactivated the fast Na + channels; 
the heart was unresponsive to stimulation tenfold greater than the normal threshold. (C) Isoproterenol (10- 7 M), caffeine 
(3 mM) , histamine (10- 6 M), and angiotensin II (10- 7 M) rapidly restored electrical activity in the form of a slow AI> 
response CVmax of 15 VIs), peak effect being attained within 1-3 min. Dibutyryl cAMP 00- 4 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]o 
and on {Na]o. 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 
(10- 6 M). (A - C) Variation in {Ca]o' with {Na]o held con
stant at 140 mM. Elevation of {Ca]o from 1 mM (A) to 
2 mM (B) to 8 mM (C) increased the overshoot and max
imal rate of rise (V mn) of the slow APs. (D-F) Variation 
in {Na]o, with {Ca]o held constant at 2 mM . Lowering of 
{Na]o from 140 mM (F) to 110 mM (E) to 70 mM (D) 
decreased the amplitude and V m .. of the slow APs. Lower 
trace in each panel is dV/dt, the peak excursion of which 
gives V m". From Schneider and Sperelakis {55]. 

tyryl cyclic AMP also induces the slow APs af
ter a long lag period of 15-30 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 {I7) 

showed that a GTP analogue (5' -guanylimi
dodiphosphate (GPP(NH)P), 10 - 5_10- 3 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 {I8). 

Vogel and Sperelakis {I9) 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 Ca2+ 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 Hrreceptor blockers 
4. Methylxanthines 
5. Cardiac glycosides 

II. Intrinsic control 
Usually activated by ischemia 
A. pH dependence of slow channels 
B. Metabolic (ATP) dependence of slow channels 
C. Cyclic-AMP dependence of slow channels 
D. Protection hypothesis 

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 (10- 5 M) was also added to ensute 
that any observed effect was not mediated thtough the beta-adrenergic receptors. (B and C) Addition of 10- 4 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 (55]. 
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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 
ptopranolol. The preparation was paced at a rate of lis. 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- 6 M) completely blocked excitability. Pro
pranolol (10 - 6 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 (10- 3 M) induced the slow APs in 15 min. (D) Addition of Mn2+ (1 mM) 
abolished the slow APs within 1 min. The upper traces give dV/dt. Modified from Josephson and Sperelakis (l7J. 
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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]o = 5.9 mM). (B) Elevation of [K]o to 20 mM 
depolarized the fiber to about - 40 m V and abolished excitability (field stimuli of tenfold the normal threshold intensity 
applied). (C-EJ 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 max 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 max' 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/dt trace arbitrarily shifted 
to the right, so as to not be obscured in the upsttoke of the action potential. From Vogel and Sperelakis [19]. 
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FIGURE 8-11. Induction of slo-,;' action potentials in guinea pig papillary muscle by intracellular pressure injection of 
cyclic AMP. The muscle was depolarized in 22 mM [K]o 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 10- 2 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 !-Lm 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 {K)o' (B-D) Effect of intracellular pressure injection of cholera 
toxin. A microelecrrode 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 occutred 
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 (gK) tumon, 
thereby shortening the AP. The mechanism of 
this effect could be mediated by a gradual rise 

in {Cal, which can cause an increase in the cal
cium-activated gK (i.e., gK(Ca»' 

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- 3 M) of the inward Ca2 + 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 (10- 7 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 potential in normal Ringer (2.7 mM K +). (E) At 
14 min after KCN addition. There was almost no effect on the fast AP (V max' 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 
{l}. 

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. [23J sug-

gested that the function of cardiac slow Ca2 + 
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 Ca2 + 
and Na + could pass through. The phosphoryl
ated form of the slow channel would be the 



172 I. CARDIAC MUSCLE 

A 

B 

Phosphorylation 

out 

lipid 
bilayer 

in 

Dephosphorylate d 
( ino pe rati ve ) 

AlP 
cyclic AMP 

Protein K inase .. 
A-gate 

d{m) 
I 
o 
I = 
P03 

Pho sp ho r ylated 
(ope rative) 

FIGUkE 8-15. Cartoon model for a slow channel in myocardial cell membrane in two hypothetical forms : dephosphory
lated (or electrically silent) form (left diagrams) and phosphorylated form (right diagrams). The two gates associated with 
the channel, an activation (A, d, or m) gate and an inactivation (I, f or h) 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 (parr 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 Ca2+ 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. Seleccive blockade of the slow channels by acid pH. Bicarbonate-C02 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 
accion potential and contractions at pH 7.4. (B) At pH 6.6, force of contraction was greatly reduced, whereas the accion 
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 - 6 M)-induced slow 
AP responses at low pH (bicarbonate-C02 buffer system) (25 mM [K}o)' (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/ 
dt, 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 {29} 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; -C02 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 Ca2+ INFLUX: 
PROTECTION HYPOTHESIS 

The Ca2 + 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 Ca2 + 
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 Ca2+ 
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 A TP 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 Ca2 + influx (which is 
part of the inward slow current, lsi) 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 Ca2+ 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 gK turnon 
that terminates the AP) would also help to shut 
off lsi more quickly, thereby reducing the total 
cl + 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 gK, 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 net 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, lsi (figs. 8-
17 to 8-19). Figure 8-17 illustrates a typical 
voltage-clamp experiment for measuring the 
intensity of inward lsi and outward IK. A hold
ing potential of - 50 m V, 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 m V and - lO m V 
increased lsi progressively; larger depolarizing 
clamp steps (e.g., to 0 mV and + lO mY) de
creased lsi because of the diminished electro
chemical driving force (Em - Esi)' The out
ward IK increased with larger depolarizing 
clamp steps. These data are plotted as current
voltage curves in figure 8-18 (control curves). 
The peak inward lsi has a relatively broad peak 

(between about - 15 mV and 0 mY), and the 
reversal potential for lsi is about + 20 mY. Fig
ure 8-18 also shows the dual effect of ACh to 
depress lsi 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 lsi, with almost no effect on the out
ward IK current, thus helping to identify the 
inward current as a slow inward Ca2 + 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 
(Ca2 + 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- 6 M) were present in the superfusing solution. The holding potential was - 50 mY. 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 (I,;) is visible at - 30 mY, 
and increases to a maximum at - 10 mY. Greater depolarizing clamps decrease I,; (due to a decreased electrochemical 
driving force [Em - E,;1). The outward K + current (lKl 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 Ca2 + 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 Ca2 + 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 
D8}. 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 
quaternary 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'i 
obtained in the presence of TTX (10- 6 M) and isoproter
enol (10- 6 M); ourward 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 IK , but also depresses the in
ward I'i' Modified from Josephson and Sperelakis {3I]. 

no effect on the inward slow current of myocar
dial cells when added to the bathing solution, 
but did depress lsi when injected intracellularly 
{26}. 

Ca2 + 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 Ca2 + 
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, 
Ca2 + displacement could be one possible mech
anism for blockade of Ca2 + entry by verapamil 

1 

~control-

~+ACh ---

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 Ca2 + entry by 
Mn2+, Co2+, or La3 + ions could be by such a 
mechanism. Nifedipine and diltiazem did not 
inhibit Ca2 + 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 [Ca}o may result from either of two 
mechanisms: (a) competition between cl+ and 
drug for binding to the outer mouth of the 
channel, or (b) the increased electrochemical 
driving force for Ca2+ 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 Ca2+ current (Is) 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, cl+ -entry blockers, 
such as Mn2 + , Co2 + , and La3 + , do not exhibit 
a frequency dependency; that is, the effect of 
Mn2+, for example, is present even to the first 
stimulation after equilibration of the Mn2+ un
der resting conditions. 

This frequency dependency of effect suggests 
that the calcium-antagonistic drugs do not act 
as simple plugs for the Ca2 + slow channels, as 
perhaps Mn2 + or La3 + 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-

-2 
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FIGURE 8-19. Effect ofverapamil (10- 6 M) on membrane 
currents recorded from a reaggregate cell culture. Solid 
circles are peak I'i recorded with TTX (10- 6 M) and iso
proterenol (10- 6 M) present; open circles represent out
ward currents (at 300 ms). The triangles are values after 
3-min exposure to verapamil (10- 6 M); open triangles 
show ourward currents and filled triangles the values for 
I'i' These data show that verapamil depresses I'i and has 
almost no effect on the outward IK . From Josephson and 
Sperelakis 01]. 

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 
{K)o to 25 mM (B) or 20 mM (F) depolarized to abour -45 mV and blocked excitability (shock artifacts only visible). 
(e and G) Addition of isoproterenol (10- 6 M) rapidly induced slowly rising APs, and slow APs. (D and H) Addition 
ofverapamil (5 X 10- 6 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/dt, the peak excursion of which gives V max. The voltage and time calibrations are the same throughout; the dV/dt 
calibration bars represent 500 Vis for A and E, and 10 Vis for B-D or 20 Vis 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}o, 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 + 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 (Vth) for the slow APs 
is at an Em of about - 35m V, whereas that for 
the fast APs is about -55 mY, i.e., the criti
cal depolarization required to excite is larger 
for the slow APs (assuming an unchanged rest
ing potential of - 80 m V). Chronaxie of the 
slow AP (0.9 ms) is about tenfold higher than 
that for the fast AP r 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 VVmax {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 mls for a 
V max of 150 Vis, then if V max is reduced to 15 
Vis for the slow AP, 8 should be reduced by 
VW times or to 0.127 mls. 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 (Cm) i.e., a higher ca
pacitive reactance (Xo). 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}o 
and 1 mM {Ba}o 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}o 
and 10 mM {K}o. The resting potential in the 
high K1- _Ba2+ solution was - 55 mV, the am
plitude of the slow APs was 60 mV, and the 
APDso 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 Arrhythmias 
Slow APs have been implicated in the genesis 
of arrhythmias {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
rhythmias. 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 {K}o 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 lsi in the cells in the isch
emic zone. However, the hypoxia/ischemia 
should tend to depress lsi because of the accom
panying lowered A TP 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 
hoo vs Em 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 mY). 
There is some evidence for both possibilities 
[47}. 

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 [40}, 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 CV max), 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 [Cali on Membrane Channels 
[Cal 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 {53}, 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}o potentiated the 
DAD, that calcium-antagonistic drugs depress 
and abolish the DAD, and pointed out its pos
sible importance in arrhythmogenesis. 

Kass et al. {54} showed that the DAD is not 
directly produced by an inward Ca2+ current, 
but rather indirectly by release of Ca2 + 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 (IT)' The reversal potential (Erev) 
for ITi is about - 5 mY, and is sensitive to 
{Na}o but not to {Ca}o. The increase in {Cal 
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 
Ca2+ -activated K + channel (gK(Ca)} {26}. 

ITi and concomitant aftercontractions are en
hanced by digitalis, K + -free solution, catechol
amine, and elevated {Ca}o. The effects of digi
talis and K-free solution can be explained by 
inhibition of the Na-K pump. For example, 
ouabain potentiates ITi by inhibiting the Na-K 
pump, thereby increasing [Na}i, which in
creases [Cal via the Ca-Na exchange system. 
The elevated {Cal, in turn, triggers Ca2 + re
lease from the SR by the Ca-trigger-Ca mech
anism of Fabiato and Fabiato {53}, An oscilla
tory release of Ca2 + 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 H2 
agonists, and methylxanthines (phosphodiesterase inhibirors). The beta agonists and H2 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 GPP(NH)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 Ca2+ ion: a K + -selective channel (gK(Ca,) and a nonselective Na
K channel (gNa. K(Ca»' From Sperelakis {56). 

damped oscillations in ITi (and in DADs and 
aftercontractions) sometimes observed. ITi is 
abolished by pretreatment with caffeine (10 
mM) to deplete the SR stores of Ca2 +. The 
progressive potentiation of the DAD or ITi dur
ing a train of impulses can be explained by pro
gressive loading of the SR with cl+. 

Thus, elevation in [Ca); activates at least two 
different types of ion channels: (a) the nonspe
cific channel conductance (gNa, K(Ca» that under
lies ITi and DAD, and which may be important 
in genesis of dysrhythmias and even in cardiac 
plateau formation; and (b) the Ca2+ -activated 
(Sr2 + and Ba2 + can substitute for Ca2 +) K + 

channel conductance (gK(Ca», which may be im
portant in shortening of the cardiac AP. In ad
dition, Marban and Tsien [49} provided evi
dence that elevation of [Ca); (but not Sr2 +) 

increases the voltage-dependent lsi 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 [Ca); may not explode be
cause higher [Cali could inhibit Ca2+ entry 
(negative feedback), either by somehow block
ing the channels and/or decreasing the electro
chemical gradient for Ca2+ entry. 

Summary and Conclusions 
Ca2+ 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 Ca2+ influx 
in response to intrinsic and extrinsic factors and 
hormones/neurotransmitters. These peculiar 
properties include: (a) energy dependence, (b) 
pH dependence, and (c) 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}o, 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 
Ca2+ slow channels and hence cl+ 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 gK 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, 57}). 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, cl + 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 neurotransmi tter , 
ACh, depresses the inward slow current (lsi) 
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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 max of the 
slow AP is about 10 VIs, 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 arrhythmias 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 [Cali open
ing up a voltage-independent nonspecific post
synaptic type of ion channel having an 
equilibrium (reversal) potential at about - 5 
mY. 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 
dysrhythmias. Calcium-antagonistic drugs, by 
their action to block the slow channels and 
thereby suppress Ca2 + 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 Ca2 + concen
tration near the myofilaments underlie phasic 
contractile events, the source of this Ca2 + is 
not the same for all muscle cells. In skeletal 
muscle, the activator Ca2 + comes nearly exclu
sively from the cisternae of the sarcoplasmic re
ticulum (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 ci + released from the 
SR, but there is also a requirement for ci + 
influx across the sarcolemma. This flux of Ca2 + 

occurs as part of the slow inward current (lsi) 
passing through Ca2 + -selective channels. Since 
these channels open at potentials positive to 

- 50 m V, lsi 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 lsi, with particular emphasis being given to 

voltage-clamp experiments on mammalian ven
tricular muscle. 

The first section below contains brief de
scriptions of lsi, intracellular Ca2+ stores, and 
Ca2 + release by the SR. The subsequent sec-

I thank Lea Delbridge for assistance, and the Medical Research 
Council and Nova Scotia Heart Foundation for assistance. 

N. SpmlakiJ (td.), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART, 
All rights res,""", Copyright © 1984, 
MartinllJ Nijhoff Pub/iIhing, Boston/The Hag~1 
DordmhtlLancarler. 

tions highlight the key evidence in favor of lsi 

fulfilling at least three functions in the excita
tion-contraction process: (a) as a trigger for the 
release of activator ci + from the internal SR 
stores, (b) as a modulator of the amount of 
Ca2+ released, and (c) as a source for the re
plenishment of the Ca2 + stores in the SR. 

Ntedless to say, there are many imporrant 
aspects of excitation-contraction coupling that 
cannot be covered here. Na + -ci+ exchange 
fits into this category and, for a discussion of 
this topic, the reader is referred to recent re
views {I, 2} as well as to other chapters in this 
book. In addition, one should consult earlier 
reviews on excitation-contraction coupling 
{e.g., 3-7}; these offer a broad outlook on the 
subject and, in some cases, a different point of 
view than that expressed here. 

Brief Overview of IJi , Internal Ca2 + 
Stores, and Ca2 + Release from the SR 
lsi is thought to flow through voltage- and 
time-dependent Ca2 + channels in a manner 
analogous to Na + flow through Na + channels. 
Thus, a useful approach in the study of lsi has 
been the adoption of a Hodgkin-Huxley type 
formulation to describe the current {3J: 

lsi = gsi (E - Es;l 

where gsi is the channel conductance, and (E 
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Esi) is the driving force for lsi' The time course 
of gsi is given by: 

g,i (t) = g,; . d(t) . f(t) 

where g.; is the maximal conductance, d is an 
activation variable, and f an inactivation vari
able. The dimensionless variables d and / have 
steady-state values, doo and /"" between 0 and 
1. The steady-state values depend on voltage 
and are reached at a rate determined by the 
voltage-dependent time constants, 'fd and 'ff' 

When step depolarizations are applied for 
the resting potential or negative holding poten
tial, the threshold for lsi is between - 50 and 
- 35 mY. Depolarizations to more positive po
tentials trigger lsi whose peak amplitude in
creases sharply between threshold and 0 mY, 
and then declines to a small value at about 
+ 50 mY. The zero current potential, or rever
sal potential (Es), is extremely difficult to mea
sure. Esi is probably between + 50 and + BO 
mY, depending on the species {B-lOJ; if lsi 
were solely a Ca2 + current, the reversal poten
tial would be near + 120 mY. Thus, the less 
positive Esi indicates that the movement of 
other ions, principally Na + and K+ {9, lOJ, 
also contributes to lsi' Even though the selec
tivity of the channel for Ca2+ is at least 100 
times greater than for N a + or K + {9J, the fact 
that the current is not a pure Ca2 + 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 lsi is an indication of Ca2+ current 
amplitude. It should be borne in mind that 
this assumption becomes less tenable and even 
invalid at potentials near Esi ' A final note on 
this description of lsi is that it is an operational 
one that may require modification as new infor
mation becomes available. More complete 
treatments of lsi and Ca2 + channel behavior can 
be found in the literature (1l-16J. 

INTERNAL Ca2+ 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 

Ca2+ current, intracellular stores of activator 
Ca2+ , and contraction. Antoni et al. (17), and 
Wood et al. [1BJ in particular, hypothesized 
that Ca2 + flowing into the cell during an ac
tion potential replenishes intracellular Ca2+ 
stores; subsequent depolarizations would re
lease this bound Ca2 + and lead to myofibrillar 
activation. As reviewed by Fabiato and Baum
garten [19J in this book, evidence from exper
iments on isolated SR vesicles and skinned car
diac cells indicate that the site of internal Ca2+ 
store is almost certainly the SR. 

The mechanism of Ca2+ 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 ci + triggers 
the release of a large quantity of ci + from the 
SR. This concept arose from pioneering work 
by Ford and Podolsky {20, 211 and Endo et al. 
[22J 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 {24J to reject 
this hypothesis, the imaginative and careful ex
periments of the Fabiatos over the past five 
years [25-2BJ 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 {19J for an ex
tensive review of the evidence. A combination 
of Ca2+ uptake by the SR, Ca2 + efflux via 
Na + _Ca2 + exchange, and ci+ efflux by active 
Ca2 + pumping, would seem to be quite capa
ble of restoring intracellular Ca2 + concentra
tion to its resting level within the appropriate 
time frame. 

Is; and Contraction when Is; Amplitude 
Is Altered by Manipulation of 
the Membrane Voltage 

Since lsi flows through channels whose gating 
is dependent on voltage and time, the ampli
tude of lsi 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-l. 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 ro 
potential V m (see schematic). Each test pulse was applied 
after steady state had been attained with six pulses from 
- 55 ro - 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 m V increments until the 
voltage range from - 60 to + 60 m V has been 
explored. The simultaneous measurements of lsi 

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 lsi 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 Ca2+ 
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 lsi 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 lsi and the force of contraction 
at potentials up to + 20 m V, and the relation 
at potentials positive to +20 mY. 

Threshold potentials for the activation of lsi 

and the activation of contraction are very simi
lar, if not identical, in ventricular muscle from 
dog [29}, cat [8}, sheep nO}, 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 lsi without tension, nor tension 
without lsi' In an earlier review of this topic 
P}, it has been suggested that lsi unaccompa
nied by contraction can be observed after deple
tion of presumed intracellular Ca2 + 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 lsi 

amplitude and the force of contraction in ven
tricular muscle at potentials between threshold 
and about + 20 m V; 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 lsi 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 lsi 

at potentials near or even above Esi ' In the light 
of recent studies by Reuter and Scholz [9} and 
Lee and Tsien [1O} on the ionic nature of lsi, a 
plausible explanation is that while net lsi may 
reverse between + 50 and + 80 m V, an in
ward-directed ci + component could be pres
ent at voltages up to + 120 m V. 

A final note with regard to the voltage de
pendencies of lsi and contraction is that they are 
affected by external Ca2 + in a predictable way, 
i. e., an increase in external Ca2 + increases both 
lsi and contraction [29, 32}. 

Ca2 + CHANNEL AVAILABILITY 
AND CONTRACTION 

lsi amplitude can be manipulated over a wide 
range by taking advantage of the time- and 
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voltage-dependent behavior of Ca2 + channel 
gating. For example, Ca2 + channels undergo 
inactivation when the membrane is depolarized 
for about 0.5 s to potentials positive to - 50 
m V. On the heels of such a depolarization, a 
channel-opening pulse now elicits lsi whose am
plitude is only a fraction of that triggered by a 
similar pulse applied from potentials negative 
to - 50 mY. After a depolarization to - 20 
m V, the channel-opening pulse elicits about 
50% lsi, and after a depolarization to 0 mY, 
only about 5% of lsi 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 lsi ampli
tude produced by voltage sequences that alter 
the conductance state of the Ca2 + channels. 
Figure 9-2 compares a control response with 
those obtained when the Ca2 + channel system 
was either completely inactivated or partially 
restored. The control clamp pulse from - 50 
to + 10 for 300 ms elicited large lsi and con
traction (right-hand panel). The Ca2 + channels 
were then inactivated by moving the holding 
potential to 0 m V. An activating pulse to the 
same potential as before (+ 10 m V) now pro
duced negligible lsi and contraction (middle. 
panel). Inactivation can be removed by repolal
izing the membrane to more negative poten
tials. When this was accomplished with a 200-

mV ro 
- -50 

-r-/f 

~ 

FIGURE 9-2. I" and contraction after inactivation and 
partial restoration of the Ca2+ channel system in cat ven
tricular muscle. After the control response (left-hand 
pane/), the Ca2+ channels were inactivated by moving the 
holding potential from - 50 to 0 mY. Pulses to + 10 
m V now produced negligible I'i and tension (middle 
panel). A 200-ms hyperpolarization to - 50 mV results 
in partial removal of the inactivation as indicated by the 
partial restoration of I'i and tension on the subsequent test 
pulse to + to mV (right-hand panel). 

ms prepulse to - 50 mY, the test activation to 
+ 10 m V provoked lsi and contraction whose 
respective amplitudes were about 60% of con
trol values (right-hand panel). This proportion
ality between lsi and contraction applies to the 
voltage range between full availability and full 
inactivation of Ca2+ channels (- 60 to 10 m V; 
see fig. 9-3). In addition, the proportionality 
is also observed when the time course of lsi res
toration is examined (fig. 9-4). As inactivation 
is removed during the hyperpolarization, lsi, 
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 lSi-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 po
tential can trigger contractions of greatly dif
f<:ring intensity (e.g., fig. 9-2). The pulse am
plitude possibility is eliminated by the 
restoration experiment of figure 9-4; despite 
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FIGURE 9-3. The correspondence between I'i and the force 
of contraction when I'i amplitude is altered by varying the 
availability of the Ca2 + channel system. From the holding 
potential of + lO mV (complete inactivation of I,,), the 
membrane potential of a cat papillary muscle was repolar
ized ro potentials V, for 1500 ms. I'i (filled circles) and 
tension (open circles) were triggered by the subsequent 
return of the potential to + lO m V (test). Pulses to 

V, were applied at a rate of 0.1 Hz (McDonald and 
Trautwein, unpublished). 

the constancy of the amplitude of the test 
pulse, the force of contraction varied widely. 

A final note on conductance-type experi
ments concerns an observation made by Traut
wein et al. [l2}. They determined that there 
was a considerable overlap in the steady-state 
voltage relations of activation (doo) and inacti
vation (/e,,) in cat ventricular muscle (also see 
Bassingthwaite and Reuter [3}). These relations 
are almost mirror images of each other and 
cross over in the region between - 40 to 0 m V 
with maximum overlap near - 20 mY. At 
steady state, this implies a steady-state lsi (i.e., 
gsi = gsi • doo • /00). Therefore, a slow voltage 
ramp sweeping the range - 40 to 0 m V should 
create nearly steady-state conductance condi
tions, provoke a steady-state lsi, and a contrac
tile response. The latter was expected to have 
an amplitude-voltage relation similar to a 
curve relating the product dyo . /00 to voltage. 

In fact, the experimental results were reason
ably convincing (see fig. 6 in Trautwein et al. 
[ 12}). 

Contraction in the Presence of Chemical 
Agents that Modify lsi 

The space limitations dictate that this section 
be brief and limited to studies dealing with 
agents belonging to one of the following cate
gories: catecholamines, cholinergic agonists, 
cardiac glycosides, and Ca2 + channel blockers. 
One should be aware that most chemical agents 
that have been shown to modify lsi are also 
known to have other cellular effects which 
could independently affect the force of contrac
tion. Many of these actions are detailed else
where in the book; the objective here is to ex
plore whether or not drug action on lsi affects 
contraction in the expected manner. 

CATECHOLAMINES 

An important study by Grossman and Furch
gott [34} first established that catecholamines 
increase Ca2 + exchange in beating but not in 
quiescent cardiac preparations. The link be
tween the extra Ca2 + influx and excitation was 
then determined by Reuter [35}, who found 
that catecholamines augments lsi in cardiac 
Purkinje fibers. Reuter [36} has also measurec1 
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lsi and the force of contraction in ventricular 
muscle treated with catecholamines. At a puls
ing rate of 0.33 Hz, both lsi and tension in
creased to nearly 300% control within 1 min. 
In the same study, the cAMP analogue, db
cAMP, mimicked the catecholamine effect. 

CHOLINERGIC AGONISTS 

Acetylcholine reduces lsi in atrial trabeculae 
from amphibian [37, 38} and mammalian heart 
[39}. More recently, Hino and Ochi [40} have 
measured a sizeable block of lsi in guinea pig 
ventricular muscle treated with ACh. Prior to 
the experiments on mammalian atrial trabecu
lae by Ten Eick et al. [39}, it had been diffi
cult to pinpoint whether the well-known neg
ative inotropic effect of the drug was related to 
a curtailment of the action potential plateau 
due to increased IK' or whether a direct effect 
on Ca2 + permeability was also involved. Their 
study indicated that when membrane potential 
was under experimental control (i.e., voltage 
clamp), ACh-induced negative inotropy oc
curred only with concentrations of drug that 
suppressed lsi' 

CARDIAC GLYCOSIDES 

The relationship between lsi and the pOSItIVe 
inotropic effect of cardiac glycosides is not yet 
fully resolved. A voltage-clamp study on cat 
ventricular muscle by McDonald et al. (33} in-

FIGURE 9-4. The correspondence between the time 
courses of restoration of I" and tension. I" (filled symbols) 
and tension (open symbols) recovered with a similar time 
constant as the duration of the pulse (t) to v, was in
creased. V, was set at either -45 mV or -80 mY. The 
-45-mV data were extracted ftom the results of Reuter 
[30} on sheep ventricular muscle; the - 80 m V data were 
obtained from cat ventricular muscle by McDonald and 
Trautwein (unpublished). 

dicated that the increase in contractility was in
dependent of an effect on lsi' However, in re
cent work conducted by Marban and Tsien [41} 
on two different preparations, ferret ventricular 
muscle and calf Purkinje fibers, there was an 
enhancement of lsi with a time course similar 
to the development of the positive inotropic ef
fect. The reason for the divergent results in the 
studies on cardiac glycosides is not clear. How
ever, a regulation of Ca2 + entry by intracellular 
Ca2 + may be operative in ventricular muscle 
and, if so, it provides scope for a resolution of 
the problem (see McDonald (15} and Marbon 
and Tsien [41}). 

ci + CHANNEL BLOCKERS 

Agents that block Ca2+ channels in the heart 
include the lanthanides, transition metals, and 
certain organic compounds. In voltage-clamp 
experiments, a concomitant reduction in lsi and 
the force of contraction has been observed with 
LaH [42}, Mn2+ [43} and Co2+ [44}. Among 
the organic blocking compounds, D600 and 
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FIGURE 9-5. Effect of stimulus frequency on I,; and ten
sion in cat ventricular muscle . Stimulation with 300-ms 
pulses from - 50 to + 5 mV was as folows: eight pulses 
at 0.01 Hz, eight at 0.5 Hz, and finally eight at 2 Hz. 
(a) Superimposed record of the eighth pulse at each fre
quency. (b) A plot of tension versus I,; amplitude, values 
from the eighth pulse at each frequency (McDonald and 
Trautwein, unpublished.) 

AQA 39 suppress lsi and contraction in a dose
dependent manner (45, 46}. An interesting as
pect of the 0600 action is that after steady
state depression of tension has been reached, 
the amplitude of the first contraction following 
a rest period can be many times larger than the 
steady-state (drug) value during regular stimu
lation. The likely explanation is that drug un
binding from the Ca2 + channel receptor occurs 
during the rest period, and this results in a 
large lsi transient on the initial post-rest pulse 
(47). 

Effects of Stimulus Frequency 
on lsi and Contraction 
The effects of stimulus frequency on the action 
potential configuration and force of contraction 

are exceedingly complex. One reason is that 
there appear to be genuine differences related 
to tissue and species (for reviews see Boyett and 
Jewell (48} and Carmeliet (49}). The effects of 
stimulus frequency on lsi and contraction have 
been studied in dog, sheep, bovine, and cat 
ventricular preparations. The results form a 
reasonabl y coherent picture as discussed below. 
Note that an extensive series of experiments on 
sheep Purkinje fibers has been conducted by 
Gibbons and Fozzard (31, 50, 51} and re
viewed recently by Fozzard [7} . 

A synopsis of the frequency-dependent 
changes in lsi and contraction is shown in figure 
9-5. In this experiment on cat papillary mus
cle, eight voltage-clamp pulses were applied at 
a frequency of 0.01 Hz, eight at 0.5 Hz, and 
then eight at 2 Hz . The superimposed records 
of the membrane currents and contractions on 
the eighth pulse at each frequency indicate that 
l si was largest, and force of contraction small
est, at the 0.01 Hz pulsing rate (fig. 9-5a) . A 
plot of lsi amplitude versus tension illustrates 
the inverse relation between the two parameters 
(fig. 9-5b). 

Earlier studies on dog canine preparations by 
Beeler and Reuter (29} and on cat fibers by 
New and Trautwein (8} did not detect any 
change in lsi associated with a frequency
induced positive staircase in tension. Technical 
improvements probably explain why an inverse 
relation has since been observed in dog and cat 
fibers by Simurda et al. (52, 53}. An inverse 
relation has also been found by Isenberg [54} 
in isolated bovine ventricular myocytes. 

In the earlier sections of this chapter, the re
sults from several different types of experiments 
suggested that gradations in l si can produce a 
corresponding grading of the force of contrac
tion. Does the inverse relation in figure 9-5 
contradict this view? The answer is no. In the 
experiments discussed earlier, the protocols 
were designed to minimize changes in the 
amount of intracellular Ca2 + stores available 
for release. In the frequency experiments, the 
amount of Ca2 + available from the SR is prob
ably minimal after long rest periods, or with 
low-frequency pulsing . The reason is that the 
influx of Ca2 + per unit time available for 
charging up the SR stores is much greater with 
high-frequency pulsing, despite the relatively 
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smaller lsi per pulse. Thus, a comparison of lsi 

amplitude and tension under full-store condi
tion versus empty-store condition provides lit
tle information on the ability of lsi to grade 
intracellular Ca2+ release. What one needs to 
know is whether lsi can grade tension indepen
dent of whether the stores are nearly empty, 
nearly full, or at some intermediate level. Re
cently acquired data from cat and bovine ven
tricular preparations suggest that the answer is 
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In the affirmative (McDonald , Pelzer, and 
Trautwein, in preparation). 

The decline in lsi with increasing frequency 
of stimulation is no doubt related to a reduc
tion in Ca2 + channel conductance or to a re
duction in the driving force for l si . Although 
the latter has received the most support {e.g . , 
3, 30, 52, 53J, the matter is by no means set
tled. 

b 

d • • 
fL..LJLJ. 

FIGURE 9-6 . Voltage-clamp experiment on canine Purkinje fibers injected with aequorin. The traces in each panel are 
voltage (toP) , light signal (middle), and contraction (bottom). The top two panels show the steady-state control responses 
to 0.4 Hz stimulation with 500-ms-long pulses (a ) and 50-ms-long pulses (b) . The 500-ms pulses triggered large 
contractile events and the associated light signal had two components, Ll and Lz. The contraction with 50-ms pulses 
was much smaller, and accompanied by a diminution of Lz with no change of L l . Since peak I'i amplitude was un
changed, and in other experiments was correlated with L" the Lz component probably reflected the increase in intracel
lular Ca2+ concentration due to the release of activatOr Ca2+ from the SR. Thus, the 500-ms pulses filled the stOres and 
produced a large release of Ca2+ from the SR, and thereby a large contraction; the 50-ms pulses produced less filling, a 
smaller release of Caz + from the SR, and a smaller force of contraction. These points are emphasized by the records in c 
and d. When 500-ms-long pulses were alternated with 50-ms pulses, the 50-ms pulse (d) was now accompanied by a 
larger contraction and L2 than the 500-ms pulse (c), i.e., the long pulse preceding the short one was more effective in 
replenishing the stOres for release during the next activation. 
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FIGURE ';)-7. Dual behavior of I'i during descending ten
sion staircases in cat papillary muscle. In (aJ steady state 
pulsing with lIO-m V steps was followed by a train of 65-
m V steps; in (b J steady state was followed by a train of 
IS-m V steps. Both trains resulted in descending tension 
staircases. However, the 65-mV series produced an in
crease in I'i (a J whereas the IS-m V series was accompa
nied by the opposite effect (bJ. Adapted from Simurda et 
al. [53}. 

Transient Changes in lsi and Contraction 
Induced by Alterations in the Clamp 
Stimulation Pattern 
Most of the material presented in the preceding 
sections was concerned with steady-state rela
tions between lsi and contraction. The purpose 
of this section is not to cover the numerous sit
uations which could rightly be termed non
steady state, but rather to focus on a few se
lected ones which address important areas of 
the overall topic. The transients which occur 
during changes in stimulation rate are straight
forward. For example, increasing the frequency 
of stimulation applied to cat ventricular muscle 
results in a beat-to-beat decline in lsi and in
crease in tension; steady state (fig. 9-5) is ap
proached within 6-8 pulses. The resumption of 
stimulation following a rest period produces an 

accentuated version of the above in cat (52} and 
sheep (30} ventricular muscle. 

A particularly interesting set of results has 
emerged from experiments on canine Purkinje 
fibers injected with aequorin (55, 56}. Ae
quorin is a ci + -activated luminescent phos
phoprotein which, following its intracellular 
injection, has been successfully used for the de
tection of rapid intracellular ci + transients in 
a variety of biologic preparations (57) includ
ing heart tissue (58, 59}. Wier (55} applied 
the aequorin technique to canine Purkinje fi
bers, and with Isenberg (56} obtained simul
taneous recordings of luminescence, force of 
contraction, and l si in voltage-clamped fibers. 
There were two components in the light signal, 
an early burst (L\) that peaked at the same time 
as l si, and a slower burst (L2) (see fig. 9-6). In 
some fibers, L\ was the predominant compo
nent, and they observed that peak force (very 
small in these "Ll only" fibers), peak lsi, and 
L\ were dependent on voltage in a similar way . 
On the other hand, L2 had properties sugges
tive of Ca2 + release from a store and was re
lated to normal contraction. Neither L\ nor L2 

. 2+ b + C 2+ were hnked to Ca entry y Na - a ex-
change, but both of these light components 
were suppressed by D600. The latter is ex
pected if the L\ burst depends on Ca2+ carried 
by l si, and if the L2 burst (Ca2+ release from 
the SR) also requires lsi. 

Experimental records from one of the ae
quorin studies [56} illustrate the importance of 
lsi in filling the SR stores (fig. 9-6). On the 
control runs (top panels), regular pulsing at 
0.4 Hz produced a much larger L2 and twitch 
when the pulse duration was 500 ms (fig. 9-
6a) rather than 50 ms (fig. 9- 6b). However, LI 
and lsi (not shown) were unaffected by the pulse 
duration. If, instead, 500- and 50-ms-Iong 
pulses were alternated (bottom panels), L\ and 
l si (now shown) were unchanged, but L2 and 
tension were greater with the 50-ms pulses 
(fig. 9-6c). The conclusions are that Ca2 + in
flux on a long pulse effectively fills the stores, 
and provides more Ca2 + for release on the sub
sequent pulse, regardless of whether that pulse 
has a long (500 ms) or short (50 ms) duration. 

As stated earlier, an inverse relation between 
peak lsi and contraction during tension stair-
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cases is the usual finding in mammalian ven
tricular muscle. However, Simurda et al. {53} 
have reported that both an inverse relation and 
a direct relation can be observed in cat and dog 
ventricular preparations. Their recordings from 
a cat papillary muscle are duplicated in figure 
9-7. The procedure was to fill the stores by 
imposing a series of large amplitude pulses at a 
rate of 0.5 Hz. When steady state was reached, 
a train of seven steps of either 65-mV ampli
tude (fig. 9-7, top) or IS-mV amplitude (fig. 
9-7, bottom) resulted in a negative tension 
staircase. During the negative staircase, lsi in
creased in one case (65-mV pulses), but de
creased in the other (IS-m V pulses). 

The latter result was all the more surprising 
because the I8-m V steps were to a potential 
negative to the threshold of lsi (assuming that 
the resting potential in these double-sucrose 
gap experiments was around - 80 m V). The 
preferred explanation was that this inward cur
rent reflected an "escape" due to a regenerative 
depolarization of the SR membrane system 
{53}. This hypothesis incorporates earlier 
thinking on the possibility that there may be a 
loose electrical coupling between the sarco
lemma and the SR, and that the SR might 
have voltage-dependent, Ca2 + conductance 
properties similar to the sarcolemma {3, I2}. 
What is intriguing is the recording of the es
cape current thought to be related to the large 
release of Ca2+ {53}. As pointed out by the 
authors, this "slow inward" current may have 
been due to an escape of a sarcolemmal current. 
A problem not mentioned is that all attempts 
to provoke Ca2+ release by presumed depolari
zation of the SR in skinned cardiac cells have 
been unsuccessful {l9}. In addition, the notion 
of a continuity between the extracellular space 
and the interior of the SR has not been con
firmed by microprobe experiments {60}. These 
objections aside, the experimental results are 
provacative and will no doubt spur other activ
ity in this area. 

Summary of the Role of lsi in Contraction 
The evidence presented in this chapter points 
to lsi having three functions in the excitation
contraction process of mammalian ventricular 

muscle. First, it serves as the trigger for the 
release of activator Ca2 + from the internal SR 
stores. The supporting evidence is that phasic 
contraction is not seen in the absence of lsi, and 
the two processes share a common threshold. 
The mechanism by which Ca2 + is released from 
the SR is likely to involve the Ca2 + -activated 
Ca2+ release process detailed by the Fabiatos. 
The second role of lsi is the grading of the 
quantity of Ca2+ released from the SR. The 
supporting evidence is that, under conditions 
thought not to change the amount of Ca2 + 

available for release, grading of lsi amplitude by 
a variety of techniques results in a closely cor
related grading of the force of contraction. Of 
. h· h C 2+ . d C 2+ Importance ere IS t at a -actIvate a 
release in skinned cardiac cells can be graded 
by grading the concentration of the trigger 
C 2+ I· h f· C 2+ a so utlon; t e range 0 tngger a con-
centrations required is not out of line with that 
expected from Ca2 + influx associated with lsi 

(see Fabiato and Baumgarten {I9}). A third 
identified role of lsi is that of filling the internal 
SR stores. The supporting evidence is that an 
alteration in the charge carried by lsi, whether 
by modification of lsi amplitude, duration, or 
frequency of activation, has a predictable effect 
of contractility and aequorin light signals trig
gered by subsequent activations. 
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10. THE ROLE OF Na-Ca 

EXCHANGE IN HEART 

Lorin]. Mullins 

Introduction 
Cardiac muscle cells differ from those of skele
tal muscle in many respects; an important dif
ference is that cardiac cells contract when 
placed in Na-free salines while skeletal muscle 
fibers do not. Since in many cardiac cells this 
sort of replacement does not change membrane 
potential, one must ask what is the signal for 
contraction produced by a reduction in external 
Na. It cannot be electrical since membrane po
tential does not change and, in spite of some 
rather exotic ideas that have been put forward, 
the most viable idea is that if Nao is made low, 
Caa can exchange for Nai and thus a flux of 
inward moving Ca is generated to provide for a 
contraction. 

Another quite old observation is that, if 
heart muscle is treated with drugs such as oua
bain or digitoxin, then quite small doses are 
capable of increasing the strength of contrac
tion. Again, although many explanations have 
been advanced for this effect, the experimental 
evidence is clearly in favor of a change in inter
nal Na concentration [Nal of 2-3 mM as hav
ing a decisive effect on the quantity of Ca ad
mitted to the cell during each depolarization, 
or heartbeat. This finding makes it necessary to 
suppose that the Na-Ca exchange process men
tioned above is either voltage dependent or 
more simply electrogenic (i.e., moves more Na 
charges in one direction than Ca charges in the 
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other). These new findings also make it unnec
essary to invent new roles for cardiac glyco
sides-their well-known specificity in inhibit
ing the Na-K pump of all cell membranes 
suffices. 

There are other sources of contractile Ca in 
heart muscle, specifically the Ca channel and 
the SR, and both of these sources of Ca are well 
documented by chapters in this book; hence, 
they will not be gone into any detail here. 
What is necessary to mention is that Na-Ca ex
change is responsible not only for contributing 
Ca to the cardiac cell during depolarization, it 
also is responsible for removing Ca during dias
tole. An alternate view on Ca removal must 
consider an ATP-driven Ca pump; this point 
will be considered later. It must remove not 
only the Ca that itself contributed, but also 
that introduced by the Ca channel. Thus Na
Ca exchange Ca cannot be some small fraction 
of the total Ca economy involved in a contrac
tion, otherwise cardiac glycosides would not 
have the effects they do. 

The subject of Na-Ca exchange has been 
comprehensively reviewed most recently by 
Langer [l}. Highly relevant to this chapter are 
reviews by Fabiato and Fabiato [2}, Chapman 
[3}, Fozzard [4}, and indeed a book has been 
published on the subject of Na-Ca exchange 
[5}. 

Ion Gradient Transport 
Excitable cells, without exception, have a high 
concentration of K inside and a low concentra
tion of Na; the reverse is true for external ion 
concentrations where Na is the dominant cat
ion. This state of affairs is brought about be-
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200 l. CARDIAC MUSCLE 

cause there exists in the cell membrane an en
tity, the Na pump, that exchanges Naj for K" 
(although not in equal quantities). Since the 
outward movement of Na requires energy, it is 
understandable that the Na pump is dependent 
on a substrate, ATP, for its operation. 

It is also clear that most of the A TP pro
duced in cells results from the energy stored in 
proton gradients that develop across the mito
chondrial membrane as a result of the chemical 
reactions taking place inside such structures. 
We have, therefore, this sequence: ion translo
cation produces ATP and the reverse reaction 
ATP produces ion translocation. What these 
generally accepted considerations suggest is 
that, in biologic systems, energy can be stored 
in the form of chemical bond energy or in the 
form of ion gradients and that means to inter
convert these sources of energy exist within ex
citable cells. An extension of this idea of gra
dient-substrate interconversion is that the 
gradient of one ion across the cell membrane 
could be used as a source of energy to create a 
gradient of another ion (or molecule) across the 
membrane. The generic term for such energy 
conversion is "gradient transport," where the 
gradient in one ion can lead to the develop
ment of gradients of another. Gradient trans
port can be further subdivided into cotransport 
or countertransport, depending on whether the 
driving ion and the transported ion are on the 
same or on opposite sides of the membrane. 
The subject matter of this chapter, Na-Ca 
transport, is a case of countertransport whereby 
sodium ions moving in one direction bring 
about the movement of Ca in the opposite di
rection. This is gradient-driven transport since 
the general idea is that the gradient in Na con
centration produced by the substrate-driven 
Na-K pump is dissipated while producing a 
gradient in (Ca}. 

The observations relating to Na-Ca exchange 
in heart are of much longer standing than the 
foregoing because it was observed quite early in 
the history of physiology that frog hearts would 
contract when exposed to Na-free solutions. 
This behavior was most reasonably interpreted 
as indicating the existence of a carrier that 
would combine either with Na or Ca as indi
cated in figure 10-1. This sort of model has a 

FIGURE 1O-l. This is the classic Na-Ca exchange carrier 
moving either Na inward in exchange for Ca, or Ca in
ward in exchange for Na. Diagonal arrows indicate ex
pected exchange fluxes. 

number of properties that are not at first sight 
obvious; it should, according to assumptions, 
allow either the transfer of Na (left to right) in 
exchange for Ca in the opposite direction or the 
transfer of Ca (left to right) in exchange for Na 
in the opposite direction. If the carrier can only 
move when combined, then net ion movements 
are only Na gain at the expense of Ca exit and 
Ca gain at the expense of Na exit. There are 
ion exchange movements (shown as diagonal 
arrows) that represent Na-Na and Ca-Ca ex
change; these will be important only if isotopic 
measurements are being considered. 

Early investigators did not have any way of 
knowing what [Ca}j might be, but they consid
ered it very low since, at least for muscle, this 
ion was recognized as being involved in con
traction. With Caj close to zero, the only reac
tion of the carrier that produced net transport 
was Cao + 2Naj = Caj + 2Nao, that is, an 
entry of Ca in exchange for Na. Other models 
considered that perhaps the carrier, R, might 
return to the outer surface of the membrane 
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unloaded; if this were so, then the following 
reactions could be expected: 

Can + Ro ~ Ca Ro ~ Ca Ri ~ Cai + Ri (1) 

2Nao + Ro ~ Na2RO ~ Na2Ri ~ 2Nai + Ri (2) 

Ri ~ Ro (3) 

We have, therefore, two reactions leading to R 
entry: The first is a reaction of Cao whose rate 
must be expected to be modified by the pres
ence of Nao since both these ions compete for 
attachment to the carrier on the outside. In the 
second case, there is a similar competition be
tween Cao and Nao when Nao reacts with the 
carrier. It is important to notice that the pre
dominant feature of these models is a competi
tion between Na and Ca for the carrier as given 
by reactions 1 and 2 above. We can write the 
reactions for the combination of Na or Ca with 
the carrier as 

([Na})2 [R} 
-"---"---"-~ - K 

[Na2R} - Na 

[Cal {R} 
-r-C-aR-}- = Kea 

so that if CaR/Na2R is the fraction of the car
rier moving Ca vs Na inward, this movement 
is described by [Cal divided by ([Na})2 times a 
constant that represents the ratio of Kca/KNa. 
Thus the idea that Ca entry was given by a 
ratio of the Ca and Na concentrations in the 
Ringer or Tyrode solution was initiated. 

If only reactions 1 and 2 above are permit
ted, then the net ion movements possible are 
the entry of Ca in exchange for the exit of Na 
or the entry of Na in exchange for the exit of 
Ca since in each case the countertransport re
quires the return of carrier R from outside to 
in or the reverse. Isotopic measurements should 
show both a Na-Na exchange and a Ca-Ca ex
change. If reaction 3 is also allowed, then in 
principle both the Na and Ca electrochemical 
gradients could run down via reactions 1 + 3 
and 2 + 3, respectively. A rapid rundown of 
the ion gradients can be prevented by making 
the affinity of the carrier for Na high and the 
mobility of Na-Ioaded carrier small compared 
with when it is Ca loaded. It is worth noting 
that the idea that [Nal might be involved in 

Ca entry has been lost in this analysis that puts 
all control of Ca entry on the reactions of Na 
and Ca with the carrier at the outside of the 
membrane. Apparent self-exchange Naj No has 
never been demonstrated. 

As progress in understanding the contractile 
process both in cardiac and skeletal muscle ad
vanced, it became clear that (a) [Cal while 
quite low was finite, and (b) that a rise in [Cal 
was the initiator of contraction. It was, there
fore, a major advance for Reuter and Seitz (6} 
to suggest that not only was there a Ca entry 
by Na-Ca exchange if Nao were made low, but 
that this same process could provide for the re
moval of Ca from cardiac fibers that was essen
tial if the reversal of Ca entry via Ca channels 
were to occur in a manner analogous to the 
well-known reversal of Na entry from Na chan
nels that occurs via the Na pump. This sugges
tion posed some important difficulties because 
it was truly a Na-Ca exchange (or countertrans
port) process and the suggested stoichiometry 
of Na-Ca was 2: 1. The first difficulty relates to 

the kinetic properties of the system. It is nec
essary to find dissociation constants KNa, Kca 
that will lead to a reasonable rate of transport. 
The second difficulty is to address the thermo
dynamic requirements that enough energy be 
supplied by the Na gradient to pump Ca to the 
levels required for relaxation. The nature of the 
kinetic difficulty can be summarized by noting 
that in normal plasma the Na-Ca concentra
tions have a ratio of about 75 while inside re
laxed muscle fibers the ratio is close to 106 . 

This finding means that, if a significant frac
tion of the carrier is to bind Ca at the inside of 
the membrane, the presence of Na at the out
side of the membrane is irrelevant since the af
finity constant for Ca will have to be so high 
that no Na can be bound there. In turn, this 
result contradicts much experimental informa
tion that shows a large sensitivity of contrac
tion to (Na}a. 

Another expectation of the model so far pre
sented is that there should be Ca-Ca exchange 
fluxes as well as Na-Na exchange fluxes as mea
sured with isotopes. Now experiments have 
shown a decrease in Ca efflux upon removing 
Cao but they have not shown a corresponding 
decrease in Na efflux upon the removal of Na., 
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so that a part of the exchange flux assumption 
is not supported by experiment. The Cao-free 
effect can have a quite different explanation 
that will be detailed below and the findings 
that no appropriate values for dissociation con
stants for Ca vs Na and the lack of Na-Na ex
change via the Na-Ca carrier can be understood 
most simply by supposing that there are sepa
rate sites on the carrier for Na and Ca. Since 
Na + has substantial effects on both the kinetics 
and thermodynamics of Na-Ca exchange, it 
seems reasonable to suppose that the binding of 
Na to the carrier induces Ca-binding sites. It 
is also possible to construct a model where Ca 
binding induces Ca sites, but this arrangement 
is substantially more complicated. Much of the 
experimental information on the effects of Na 
on Na-Ca exchange can be most simply ex
plained by supposing that the Na concentration 
on a particular side of the membrane deter
mines the extent to which Ca can be bound on 
the opposite side. Quite separate from this 
purely kinetic effect, there is a thermodynamic 
determinant of the energy gradient that is to 
support the transport of Ca. If Nao is higher 
than Nai, then the upper part of figure 10-2 
may be appropriate; conversely, if Nao is re
duced to low values and Nai is higher than 
Nao, the lower part of the figure may be valid. 
In the upper part, Na-Ca exchange removes Ca 
from the cell; in the lower part, this same pro
cess add!' Ca to the cell. 

One can make the system shown in figure 
10-1 transport Ca inward in exchange for Nai, 
but it is impossible for the carrier to develop 
significant power (i.e., ion flux) for the out
ward movement of Ca, given association con
stants for Na and Ca that will move Ca inward 
if Nao is reduced. It is, of course, possible to 
have differing values for Kc.. at the two surfaces 
(and for KNa) , but only at the expense of an 
energy supply from metabolism. We now con
sider a system such as that shown in figure 10-
2 for a separate sited Na-Ca exchanger. There 
are several properties that are not entirely ob
vious. First, the exchange system must not be 
able to translocate ions when it is in only a Na
or Ca-Ioaded condition since this would allow a 
dissipation of these ion gradients, both of 
which are directed inward. A second require
ment is that the unloaded carrier be free to 

Co 

No 
No 

No 
No 

Co 

FIGURE 10-2. This shows a Na-Ca carrier with separate 
sites for the binding of Na and Ca designated, respec
tively, X and Y. Cell interior is on the left. 

move since otherwise a net movement in the 
absence of Ca ions on one side of the membrane 
and Na on the other would be impossible. It is 
known, however, that with Nai = 0, Cao = 
0, there is a large Ca efflux in the presence of 
Nao. With separate sites, the carrier moves Nao 
in by exchange for Cai moving out and then the 
carrier must return to its original position as an 
unloaged entity. 

With a separate site carrier for Na and Ca, 
it will be noted that there cannot be competi
tion for a site between Na and Ca, yet much of 
the literature suggests such competition. We 
may, therefore, ask the question of how Na
free conditions can lead to a large Ca entry in 
cells without the existence of competition be
tween Na and Ca for a single site on a carrier. 
If we write the overall reaction between sites 
and ions we have the following: 

2Nao + Xo :;:=: Na2XO Yi 

Cai + Na2XOYi :;:=: Na2XOYiCa 

NaOYiCa:;:=: Na2XiYOCa 

Na2XiYOCa :;:=: XiYOCa + 2 Na 

XiYOCa :;:=: Xi + Cae 

(1) 

(2) 

(3) 

(4) 

(5) 

The scheme above envisages the formation of 
a Na2X complex with the carrier, and thus a 
binding leading simultaneously to the devel
opment of a Ca-binding site Y. The binding of 
Ca to this complex then leads to the fully 
loaded carrier (reaction 2) that can translocate 
(3), diss()ciate Na (4), and thus lead to the dis-
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FIGURE 10-3. At top, {Naja = 150 mM and separate 
sites move Na inward (down its concentration gradient) 
and Ca outward. Lower diagram is for {NaJo = 1 mM so 
Na gradient is outward and outward Na movement brings 
in Ca. 

appearance of the Ca-binding site and the dis
sociation of Ca (5). Thus the translocation of 
Ca outward occurs because the low (Na}i allows 
the dissocation of carrier-bound Na inside. For 
Ca entry one expects that here it is the disso
ciation of NaoXoYjCa that is important. Clearly 
this complex will release Na with much greater 
ease if (Na}a is low than if it is high. The sep
arate site model thus has the property that Ca 
influx is facilitated if Nao is low, not because 
Na and Ca compete for the same site, but be
cause countertransport is itself sensitive to the 
Na concentration gradient. Figure 10-3 shows 
a separate site model for Na-Ca countertrans
port responding to changes in Nao. In the up
per part of the figure, where Nao is 150 mM 
and Naj 10 mM, the inward flux of Na drives 
an outward flux of Ca; in the lower part of the 
figure, N ao has been made 1 mM so that the 
Na gradient is now directed outwardly and an 
outward flow of Na drives an inward flux of Ca. 
This is usually called a reverse mode of opera
tion of Na-Ca exchange since it is the result of 
a lowering of Nao and results in a Ca gain for 
a tissue rather than a loss. 

The Energetics oj Na-Ca Exchange 

The foregoing discussion argues for a dual-sited 
Na-Ca exchange carrier where Na + and Ca2 + 

combine, but no consideration has been given 
so far to the stoichiometry by which Na + com-

bines with the carrier. It is simplest to consider 
that 2 Na move in one direction and 1 Ca in 
the other, and indeed this has been the usual 
assumption. We now consider the work that 
must be done in order to produce a (Ca}i that 
occurs in cells. 

Actual values for (Ca}i have only recently be
come available as techniques for the estimation 
of this concentration have been developed. It 
has been clear from the use of CaEGTA-EGTA 
buffers and skinned muscle fibers that the pro
cess of relaxation requires values of the order of 
0.1 f.LM for a Caj while actual measurements of 
(Cal in squid axons indicate values of 0.03 
IJ..M. This concentration is also close to the 
range where experiment indicates that {Cal has 
an effect on Caj-activated K channels so that a 
variety of quite different techniques indicate 
that resting values for (Cal in cells are less 
than 0.05 IJ..M or 50 nM. (Recent measure
ments with Ca-sensitive electrodes suggest val
ues of the order of 200 nM, a value that would, 
according to estimates of the interaction of Ca 
with the contractile machinery, suggest that 
substantial tension ought to be developed. The 
fact that cells are relaxed suggests that the es
timate of (Cali is too high.) This means that 
the ratio of CaolCaj is of the order of 105 in 
squid axons and is likely to have much the 
same value for mammalian cells. A ratio of this 
sort means that ECa is + 145 and that with the 
usual values for membrane potential in cardiac 
cells there is both the chemical gradient of 
+ 145 m V and an additional electrical gradient 
of about - 85 m V. Since the ion being affected 
by this gradient (Ca) is doubly changed, the 
force driving Ca inward is (- 85 - (l45}) X 

2 or - 460 m V, as shown in figure 10-4. A 
corollary of this is that either the energy avail
able from the Na electrochemical gradient 
must be greater than this if Ca extrusion is to 
take place or other methods of reducing {Cal 
to low levels must be in operation. 

Figure 10-4 also shows that, given a value 
of ENa of + 50 m V, it will require more than 
three times the value (E - ENa) to equal that 
for the Ca gradient. In the illustration, 4 Na 
are assumed to couple with the movement of 1 
Ca so that the term 4(E - ENa) = - 2 (e -
ECa) = - 80. This measures the difference in 
the electrochemical gradients between Na and 
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Ca and is a measure of the driving force leading 
to Ca extrusion at the expense of Na entry. 
Such a gradient difference is necessary if Ca is 
to be actually extruded at the resting potential 
of a cardiac fiber. The sign of the gradient dif
ference indicates an inward current of Na. The 
bottom part of figure 10-4 shows what hap
pens if the cell is depolarized to a membrane 
potential of zero (a condition near the plateau 
in cardiac fibers). The chemical gradients for 
Na and Ca remain initially unchanged, but the 
electrical terms for both ions vanish. Now the 
difference in electrochemical gradients is given 
by (- 4ENa - [- 2Ecal) or + 90 m V. This 
condition therefore requires that Ca enter in ex
change for Na inside and that we have an out
ward current generated by the exchange. It is 
apparent that, if at the normal membrane po
tential Ca extrusion occurs while at the plateau 
Ca entry is taking place, then there must be a 
potential where Ca entry and exit are both in 
balance, i.e., a reversal potential for the carrier 
exchange. This is simply obtained by making 
the gradient difference zero, i.e., 4(E - ENa) 
- 2(E - ECa) = 0; or E = 2ENA - Eca. 
Thus the reversal potential in the example 
given above is -45 mY. 

The assumption that there were 4 Na neces
sary to effect the extrusion of Ca at the resting 
potential was energetically necessary given ENa 
= + 50 mV and Eca = + 145 mY, but these 
values are by no means unique. There is ample 
evidence that ECa changes greatly during the 
200- to 300-ms duration of the action potential 
and that ENa changes measurably over times of 
the order of seconds, depending on whether the 
cardiac fibers are beating or not and at what 
rate. Thus the value of ENa = 50 correspond
ing to a Na ratio across the membrane of -7 
might be appropriate for a heart that is rapidly 
beating and hence subjected to a substantial Na 
load. At lighter loads or slower rates of con
traction (or in resting fibers), the Na ratio 
across the membrane may approach 15 or an 
ENa of + 70 m V so that these two values ENa 
= + 50 and + 70 may be convenient to use as 
extremes for the chemical part of the Na elec
trochemical gradient. For [Cali values for a ra
tio across the membrane of 105 have been mea
sured and this may be regarded as the extreme. 

-460mV-
- 80 

Eeo Eeo ~ ",V. Em Em 
'~~--~~------~~----~ 

Em Em 

ECo '+ 145 

ENo '+ 50 

Em .- 85 

Em 

membrane 

-290 mV -

+ 90 
t mV - 200mV 

FIGURE 10--4. For the values given in the box (lower left), 
this shows the values of Ca and Na electrochemical gra
dients for 4Na-lCa coupling with Em = - 85 m V (top) 

and Em = 0 mV (bottom). Note the reversal of direction 
of Ca movement. 

Other measurements have suggested that the 
ratio is only 104 so that again we have two val
ues for Eca = + 145 or + 116 (rounded to 
+ 120). Table 10-1 shows these extremes of 
ion equilibrium potentials for both ions and for 
a transport system where either 3 Na or 4 Na 
are coupled to the movement of 1 Ca. It also 
gives values for the gradient difference between 
the electrochemical gradients of Na and Ca 
since, on a purely empirical basis, it will be 
shown later that a large gradient difference 
means a large ion flux via Na-Ca exchange. 

The table makes it clear that, except under 
circumstances where ENa is very large (+ 70) 
and ECa rather small (+ 120), it is impossible 
for a 3Na-Ca stoichiometry to effect a reason
able gradient difference at the resting potential 
between the Na and Ca gradients. Our brief 
consideration of likely values for ENa and Eca at 
the resting membrane potential indicates that 
it is impossible for an electroneutral exchange 
of 1 Ca for 2 Na to produce values for [Cali in 
the range where a cardiac fiber can be relaxed. 
It has been suggested that the addition of a 
substrate such as ATP might alter the Na-Ca 
exchange system in such a way that affinities 
for Na and Ca on the two sides of the mem
brane would be quite different and thus enable 
the exchanger to produce low values of [Cali by 
relying on energies partly derived from the Na 
gradient and partly from metabolism. Unfor-
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tunately, from an experimental point of view 
there is no demonstration that ATP can pro
duce Ca fluxes from a cell such as the squid 
giant axon that exceed values of O. 1 -0.2 
pmol/cm2s while real fluxes from cardiac fibers 
need to be 10-100 times larger than this. It 
would appear, therefore, that Na-Ca exchange 
needs to be nonelectroneutral (i.e., electro
genic) and that therefore 3 or more Na must 
move in one direction for 1 Ca in the other. 
Table 10-1 suggests, in fact, that 4 may be a 
minimum number for the Na-Ca coupling, 
giving the need for a brisk Ca efflux when the 
membrane potential reaches normal diastolic 
values. 

During contraction, [Cali moves from a 
value of tens of nM to one of fJ-M, hence the 
value for[Ca}oI[Ca}i changes from ~ 105 to ~ 
103 or Eea from + 145 to + 87. Since during 
the plateau with a membrane potential near 
zero, Na-Ca exchange is given by 
( - 4ENa - [ - 2Eea}) or (- 4 X + 50 + 2 X 

+ 90), the gradient difference is now close to 
zero so that no further Ca entry or exit is to be 
expected. An equivalent statement is that Ca 
entry has inactivated. 

Repolarization will now produce roo large in
ward current and rapid Ca extrusion, Eea will 
rise toward normal diastolic values, and Ca ex
trusion will decline in magnitude. 

It is usual to suppose that the Na-Ca ex
change mechanism is at equilibrium during 

TABLE 10-1. The reversal potential for the N a-Ca carrier 
and the electrochemical potential difference between Na 
and Ca if r = 3 or 4 and Ec, and EN, are as indicated 

r=4 4(Em - EN.) - 2(Em - Ec,) -

" 
Gradient at 

Ec, EN, ER Resting Em 
145 50 -45 -80 
145 70 -5 - 160 
120 50 -20 - 130 
120 70 +20 -210 

r=3 3(Em - EN,) - 2(Em - Ec,) = 

" I 
145 50 -140 +55 
145 70 -80 -5 
120 50 -90 +5 
120 70 - 30 -55 

I 

diastole, but this, in fact, may not always be 
the case. One may distinguish two cases: (a) 
Na-Ca exchange is the sole mechanism for Ca 
efflux, and (b) there is both an A TP-driven Ca 
efflux as well as Na-Ca exchange. Since in any 
real cardiac cell there are leaks of Ca inward via 
Na channels, Ca channels, and nonspecific 
leakage pathways, then a steady state is one 
where (Ca leakage influx + Ca influx via Na
Ca) = (Ca efflux). If (a) above is the case, then 
the Na-Ca system cannot be at equilibrium; 
while for (b), if the ATP-driven Ca efflux 
matches the leakage Ca influx, then the Na-Ca 
can be at equilibrium. The word "can" needs 
to be emphasized because, even if an ATP
driven pump takes care of resting Ca leaks, a 
reversal of Ca entry via channels and via Na-Ca 
exchange during depolarization requires time
if the beat interval is of insufficient duration, 
then Na-Ca exchange will not reach equilib
rium even though [Cal may be below the 
threshold for contractile activation. This means 
that during the diastoiic phase of the action po
tential there is always a net extrusion of Ca, 
and equilibrium can be reached only if a very 
long interval without a beat is allowed to take 
place. Similarly, a nonequilibrium of Na-Ca 
exchange will alter the extent to which Ca en
try can take place by Na-Ca exchange during 
the systolic phase of the action potential. 

The Kinetic Properties of Na-Ca Exchange 

The thermodynamic analysis already presented 
has suggested that the difference between the 
Na and Ca electrochemical gradients might be 
a parameter that determines the magnitude of 
the net flux of the exchange system. Before ac
cepting this conclusion, it is useful to examine 
the responses that can be observed in squid 
giant axons to the changes in the Na and Ca 
gradients as these affect Ca entry. In the first 
place, if Nao is made 1 mM and Nai remains 
at about 20 mM, then ENa is - 75 m V as com
pared with a normal value of + 70 m V when 
Nao is normal. This is a 145-m V change in 
EN., yet it produces a rather modest increase in 
Ca influx of about 33-fold (an increase from 
about 30 to 1000 fmollcm2s). If, instead of 
changing EN., we change Em by 60 m V, the 
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result is a more than 300-fold change in Ca 
entry to levels that approach 50 pmol/cm2s. 
How is it possible that a 60-m V change in 
membrane potential can produce a tenfold 
larger Ca entry than a l50-mV change in ENa. 

To understand this result it is necessary to ex
amine where the rate-limiting steps in the 
transport reaction occur under a variety of cir
cumstances. 

If {Ca}; is low, membrane potential normal, 
and there is a normal Nao, then it seems likely 
that the rate-limiting step in the transport re
action for Ca efflux is the binding of Ca to the 
carrier at the inside of the membrane. Note 
that the other steps in the transport reaction 
(Ca transport outward, external Na binding, , 
membrane potential) all would appear to be at 
saturating levels. By contrast, for the Ca influx 
reaction, {Ca}o would appear to be saturating, 
and {Na}; less than half-saturating while a high 
(negative) membrane potential would seem to 
be the principal barrier preventing carrier fac
tor of 3-5 in more carrier for influx while a 
release of the electrical barrier to carrier trans-

FIGURE 10-5. Aequorin light emission (as phoron/s) is 
shown as a function of time for the changes in external 
solutions surrounding a squid axon as shown in the labels 
(Mullins and Requena, unpublished data). 

location could in principle have a greatly in
creased role in bringing Ca into the cell. 

Actual measurements with aequorin-injected 
squid axons show (fig. 10-5) that light emis
sion is maximal if all Nao is replaced with Ko 
(and Em is therefore about + 5 m V). If 265 
mM Na is retained (and this is a saturating 
concentration for the Na-binding system), the 
response to 200 mM K is two-thirds that of 
total replacement of Na with choline. By way 
of calibration of these responses, a stimulation 
of the fiber for 1800 impulses in 30 s gives an 
extra Ca entry of stimulation (as measured with 
45Ca) of 90 pmol/cm2 or 3 pmol/cm2s. The re
sults of this experiment are persuasive to the 
view that the rate-limiting step in Ca entry 
(with a fixed {Na};) is in overcoming the ki
netic barrier posed by the membrane potential 
rather than ENa since the responses at constant 
ENa but differing Em (first and last responses to 



10. THE ROLE OF Na-Ca EXCHANGE IN HEART 207 

steady depolarization of fig. 10-5) differ only 
by a factor of 2, a result consistent with the 
greater depolarization produced by 450 vs 200 
mM K +. The results are opposed to the view 
that Nao and Caa compete for a common site 
on a carner. 

The results in figure 10-5 also show that 
upon repolarization the rate of decline of light 
is highly dependent on whether or not Na is 
present in seawater (compare first repolarization 
{Na seawater} with second {choline seawater}). 
These observations suggest that Ca extrusion 
by Na-Ca exchange is important in reducing 
{Cali' 

The influx of Ca via Na-Ca exchange ought, 
according to the separate site model and the 
requirements for Na stoichiometry already dis
cussed, be written as 

4Nai + Xi ~Na4XiYO 

Cao + Na4XiYO ~Na4XiYOCa 

Na4XiYOCa ~Na4XOYOCa 

Na4XOYiCa ~XOYiCa + 4Naa 

XOYiCa Xo + Cai 

XO~Xi 

(1) 

(2) 

(3) 
(4) 

(5) 

(6) 

where X is a Na-binding site and Y is a Ca
binding site that appears when sufficient Na is 
present for translocation. Reaction 1 empha
sizes the essential nature of [Na}i in initiating 
the carrier reaction leading to Ca entry. An ex
periment is shown in figure 10-6 where using 
squid axons that are injected with aequorin we 
obtain (left-hand trace) the same response to 
depolarization as shown in figure 10-5. The 
axon was then stimulated in Li seawater, a 
treatment that has been shown to reduce [Na}i 
to about one-half its initial value. A retest of 
the response to depolarization now shows that 
the response is one-sixth of its former value 
while restimulating the axon in Na seawater to 
return [Na}i to its initial value leads to a recov
ery of the initial response. 

In addition to [Na1i, reaction 1 requires a 
supply of Xi' Now the total carrier XT consists 
of Xo + Xi + NanXo + NanXi where the 
symbol NanX refers to all the forms of X in 
combination with Na. Thus if Naa is at satu
rating concentrations, we have carrier in the 

forms of NaXo, Na2XO, Na3XO, Na4XOYi and 
all of this Xo in its various combined states is 
unavailable as Xi. We conclude, therefore, that 
[Na}o is a parameter that can affect the concen
tration of Xi' 

Reaction 2 is the binding of Cao to the Na
carrier complex. Recent measurements on 
squid axons show that half-saturating concen
tration of Cao is 0.5 mM and, since seawater is 
10 mM in Ca, it is to be expected that at phys
iologic values of Cao the Ca influx reaction is 
substantially saturated. The translocation of Na 
outward and Ca inward is reaction 3. Since two 
net charges move outward in this step, it is 
clear that the membrane potential will have a 
significant effect on this step in the transport 
reaction. Indeed, since depolarization of squid 
axons leads to the largest Ca influx of any ex
perimental procedure, it is reasonable to sup
pose that with saturating [Na}i' [Ca}o reaction 
3 is the rate-limiting step for Ca influx. Reac
tion 4 is the dissociation of Na from the com
plex-it is difficult to tell whether this reaction 
or the increase of Xi (reaction 1) as a result of 
making Nao = 0 is the more important in pro
ducing the· enhanced Ca influx known to occur 
under Na-free conditions. It is clear, however, 
that the Ca influx produced Na-free solutions 
is much less than the Ca influx induced by re
ducing Em to zero. The reaction 5 ought not to 
be rate limiting while reaction 6 returns the 
carrier to recycle. If the empty carrier has a 
charge, then this reaction would also be poten
tial sensitive. This reaction might be slower 
than if the carrier is returned by the efflux of 
Ca (i.e., conditions where Ca influx and efflux 
balance), but again there is insufficient infor
mation presently available to be certain about 
this point 

The equation 2EN • - Ee. - E = 0 is ther
modynamic and defines the balance point be
tween where the net flux of Ca is inward or 
outward. It says nothing about the magnitude 
of this flux and the point to be discussed now 
is how the value of the Ca flux is set both for 
conditions at equilibrium and for conditions far 
from equilibrium. It is useful to note that val
ues of [NaJ/{Na}o of 1: 15 can be obtained by 
{Na}i = 1 mM and {NaJo = 15 mM as well 
as by {NaJi = 10 mM and {NaJo = 150 mM. 
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For both cases, ENa is identical, but in the first 
case the fluxes of Ca by Na-Ca exchange will 
be very small while in the latter case they will 
be much larger. This is so because Na-Ca ex
change involves a reaction between a carrier 
and Na such that NaX is formed-the first 
step in reaction 1 above. It has been argued 
earlier that it is the species Na4X that is the 
likely exchanger for a Ca. This can be formed 
by NaX reacting with another Na to form 
Na2X and so on to finally form Na4X. The 
practical consequences of this arrangement are 
that, for high values of [Na), all of the X is 
combined with Na (and some of it in the form 
Na<jX); while, for low values of [Na), there is 
little NaX (and vanishingly little Na4X}-
most of the carrier X is free. Thus the flux of 
Ca will depend on [Na) and this will be a steep 
or power function since multiple Na are re
quired to form the proper carrier complex. 

A second property of the Na-Ca exchange 
system is that, with X having a finite value, 
there is the fact that X will be partitioned be
tween the two membrane surfaces (outside, in
side) in proportion to some function of the 
[Na) at those surfaces. It is clear that if [Na)o 

FIGURE 10-6. After a test depolarization with 200 mM 
K, 265 mM choline, 50 mM Ca seawater, an aequorin
injected axon was stimulated in Li seawater (1 mM Ca, 
50 mM Mg), thus reducing [Na); to half its initial value. 
The response of the axon was then one-eighth of its initial 
value. A restimulation of the axon in Na seawater (return
ing {Na); to initial values) returned Ca entry to original 
values (Mullins and Requena, unpublished observations). 

is saturating and [Nal is gradually increased, 
carrier that was preempted by Nao is now made 
available for the carriage of Cao inward by Naj. 
The actual relation are relatively complex when 
both Na and Ca movements must be consid
ered, but to see how the system works it is 
convenient to consider the carrier only in the 
presence of Na. Under these conditions, no ac
tual transport is possible, but the effect of Na 
on carrier partitioning can be noted. 

Condirion Carrier 
[Na]o = [Na); = 0 {X] = [Xl; = 0.5 

{Na]o = [Na]; {X]o = {X); 

{Na4X]o = {Na4X]; 

If Ca is being transported inward and out
ward at equal rates by the carrier, then the 
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FIGURE 10-7. The sequence of events occurring when a 
cardiac cell is depolarized. 

fluxes of both Na and X inward and outward 
are also equal. If, now, Ca is removed from the 
bathing solution so that Cao falls to zero, the 
carrier reaction must shift to a new one. 

Nao + 4Xo ~ Na4XOYi 

Na4XOYi + Cai~ Na4XOYiCa 

Na4XOYiCa ~ Na4XiYOCa 

Na4XiYOCa ~ XiYOCa + 4Nai 

XiYOCa 

Xi 

(1) 

(2) 

(3) 
(4) 

(5) 

(6) 

If the last reaction-the translocation of Xi to 
Xo which formerly occurred by an influx of Ca 
equal to its efflux-is slower than the Ca influx 
reaction, then a new rate-limiting step in the 
transport sequence will develop (a shortage of 
Xo) and Ca efflux will fall. Experimentally Cao
free conditions sometimes show such a reaction 
and it is usually thought of as providing evi
dence for a Ca-Ca exchange. The analysis above 
is an alternate explanation of such findings. 

The Application 0/ Na-Ca Exchange 
to Cardiac Contraction 
Each sort of cardiac cell has an action-potential
generating system that has as a common feature 
the production of long duration (many hundred 

millisecond) depolarizations. Unlike nerve 
cells, cardiac cells have much higher than nor
mal membrane resistances during depolariza
tion and indeed the cells take extraordinary 
measures to protect themselves against Kloss, 
which is the usual consequence of steady elec
trical depolarization in nerve fibers. As noted 
earlier in this chapter, if the reversal potential 
for Na-Ca exchange is around -40 mY, then 
at the resting potential the Na-Ca exchange 
mechanism is extruding previously accumu
lated Ca while during the plateau of the action 
potential the fiber should be gaining Ca. This 
gain can come about both by the entry of Ca 
via excitable Ca channels that open with depo
larization and by the Na/Ca exchange operating 
such that it exchanges Cao for Nai' The general 
arrangement for Ca movement in cardiac cells 
is shown in figure 10-7, where the initiating 
event is a depolarization generated by the ac
tion potential. In addition to the two sources 
of Ca entry mentioned above, there is also a 
release of internally stored Ca and these three 
sources of Ca go to increase the free internal Ca 
and this rise, in turn, has three effects: (a) it 
leads to the mechanical response of contraction, 
(b) it increases the rate of pumping of Ca back 
into the store (sarcoplasmic reticulum), and (c) 
it activates a Ca-sensitive K channel that is in 
part responsible for repolarization of the cell. 
The repolarization itself then stops all Ca entry 
by closing Ca channels and by reversing the di
rection of Na-Ca exchange which brings about 
Ca extrusion. Note that there are two processes 
that bring down {Cal: the increase in pumping 
rate to the interal store and the Na-Ca ex
change. There may well be an ATP-driven 
membrane pump as well that runs at a rate 
proportional to {Cal, in addition, but given 
the large energy of ATP hydrolysis it cannot be 
expected to be a membrane-potential-sensitive 
mechanism. A consequence of this arrangement 
is, however, that virtually all the increased Ca 
that occurs in a fiber as a result of depolariza
tion may be taken up by the store (sarcoplasmic 
reticulum, SR) so that relaxation occurs while 
the membrane is depolarized. The SR cannot 
continue to function in this way over many 
beats since it would rapidly accumulate Ca. 
Hence it is necessary to suppose that during 
membrane repolarization the Na-Ca exchange 
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which is reactivated to extrude Ca now pumps 
[Cali to very low values and that, at such low 
values, the Ca of the SR leaks out into the my
oplasm and is pumped away by Ca pumps in 
the surface membrane. 

The arrangement described above is not the 
only one possible; in frog cardiac cells the evi
dence is that relaxation follows membrane re
polarization and that the rate of relaxation is 
quite dependent on [Na}o; both of these find
ings are expected if Na-Ca exchange is the im
mediate mechanism in bringing about relaxa
tion. Why does Ca extrusion depend on both 
[Na}o and membrane potential? The operation 
of the Na-Ca exchange carrier requires that Cai 
be exchanged for Nao (hence, the requirement 
for Nao) and, if a 4 Na enter per 1 Ca ex
truded, then a large negative membrane poten
tial will favor Na entry (and the coupled Ca 
exit). 

To summarize the situation with respect to 
the relaxation of cardiac cells, one can distin
guish two mechanisms for bringing this about: 
(a) a membrane-potential-independent move
ment of Ca from the myoplasm to the SR fol
lowed by a removal of a substantial part of this 
Ca by surface membrane pumps, and (b) a di
rect removal of Ca from the myoplasm via sur
face membrane pumps that are dependent on 
the Na electrochemical potential (i.e., Na-Ca 
exchange). 

It may be useful at this juncture to make a 
statement regarding how cardiac excitation
contraction coupling was thought to occur five 
years ago, what changes in this viewpoint have 
occurred in this more recent period, and what 
the evidence is for Na-Ca exchange assuming a 
more dominant role. The general idea in 1978 
was that Ca for contraction was derived from 
entry via slow channels and from the SR with 
the relative amounts from these two sources in 
some dispute [4}. Since these two sources of 
contractile Ca are fully presented in this vol
ume in the chapters by McDonald and Fabiato, 
I can safely leave the resolution to them. It was 
also generally conceded that an electroneutral 
Na-Ca exchange played a role in (a) the con
traction produced by Na-free soluions, and in 
(b) extruding Ca from the fiber when [Cal be
came high. Modification of ideas about Na-Ca 
exchange became necessary with the recogni-

tion that this process was sensltlve to mem
brane potential and that, as noted earlier in 
this chapter, it could contribute Ca to the car
diac cell with depolarization. That Na-Ca ex
change is electrogenic or at least voltage sensi
tive seems beyond reasonable doubt since 
studies in squid axons [7}, in cardiac sarcolem
mal vesicles [8}, and in cardiac cells [9} all find 
this to be the case. 

This single change from an electroneutral to 
an electrogenic Na-Ca exchange requires a sub
stantial revision of many features of excitation
contraction coupling that had been thought to 
be settled. For example, an electroneutral ex
change would result in one having maximal Ca 
entry by removing external Na with a normal 
membrane potential. Actually, there is a much 
larger entry in Na-free when the membrane po
tential is decreased below the reversal potential 
of Na-Ca exchange ER • There is also a slow in
ward current with depolarization, subtracting 
from this an outward current produced by Ca 
entry in exchange for more Na charges moving 
outward than Ca charges moving inward. It is 
not strange, therefore, that it has proved diffi
cult to relate slow inward current to contrac
tion in all cases. 

There are at present no inhibitors that will 
differentially act on either Na-Ca exchange or 
slow-channel current despite some claims to 
the contrary so that a separation of these op
positely directed currents by pharmacologic 
means is simply not possible. What can be 
done is to lower [Na}i by either speeding the 
rate of Na-K pumping or slowing the rate of 
inward leak of Na by lowering Na., slightly; 
this change in Nai will (as in fig. 10-6) vir
tually abolish Ca entry via Na-Ca. This finding 
is, itself, experimental evidence in support of 
an electrogenic Na-Ca exchange, as the follow
ing analysis will show. The expression for a 
coupling of 4 Na to 1 Ca (E = 2ENa - EcJ 
can be rewritten by taking antilogarithms of 
both sides as 

[Ca]o ([Na]lk = [Cal; ([Na]o)4k-\ 

where k is exp EmF/RT times a constant. Now 
the form of this expression is a product of Cao, 
Nai which is the right sort to be related to Ca 
influx that is dependent on Nai and the mem-
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FIGURE 10-8. The rate of entry of Ca judged by a change 
in arsenazo-III absorbance in response to a depolarization 
of 65 mV is plotted against [Na}; in a squid axon. The 
data for two axons are shown. Note that entry is half
maximal when [Nal = 28 mM and is not measurable at 
20 mM (from ref. 11). 

brane potential dependence is such that Ca in
flux will increase as depolarization proceeds. 
Since [Ca}o and [Na}o are well regulated in the 
animal body, we can rearrange the above 
expression as follows: 

[Cal; = ([Na}/a exp 2Em F/RT 

Where a is [Ca}oI([Na}o)4 times a constant. We 
conclude therefore that, at equilibrium, the in
ternal Ca concentration is proportional to the 
power 4th of Naj multiplied by a term in 
membrane potential. Note that this relation
ship required [Ca}j (and hence the contractile 
state) to be low if [Na}j is small or if membrane 
potential is large and negative. If [Cal is be
yond some threshold value, then a steady ten
sion will be developed in cardiac fibers that is 
(within limits) proportional to [Cal. In a re
cent study [1O} of cardiac Purkinje fibers that 
were impaled with Naj-sensing electrodes and 
subjected to voltage clamp, it was found that 
steady tension was increased as [Nal increased, 
but only if the membrane potential were low. 
At hyperpolarized values, changes in [Na}j had 
no effect on tension, thus leading to the con
clusion that it was the product of (NaJ(Em) 
that was controlling [Ca}j. At constant Em, 
tension was proportional to the 3.7 power of 

[Nal, while at constant [Na}j tension was pro
portional to exp Em116.5 mY. Note that this is 
close to 1. 5EmF/RT. 

Another finding [Il} is shown as figure lO-
S. Here, a squid axon was injected with arsen
azo III, a dye that senses free Ca in the fiber. 
Spectrophotometry allows the experimenter to 
measure the fraction of the dye complexed with 
Ca and by suitable calibration to relate this to 
free Ca concentration in axoplasm. When this 
is done, the results of figure lO-S show that it 
is possible to relate Ca influx during a depolar
ization to the internal [Na} as measured with a 
Na-sensitive electrode. The relationship be
tween {Nal and rate of Ca entry is very steep, 
as the coefficient in a Hill plot is 7, implying 
a high order of kinetic complexity of the car
rier. Both the observations cited above strongly 
support the notion that Ca entry with depolar
ization that is Naj dependent involves an inter
action of more than 3 Na with a carrier and 
makes the entry both potential and delicately 
sensitive to [Nal. 

The discussion so far has assumed that all of 
the Ca that enters a nerve or muscle fiber goes 
to increase [Cal, whereas the usual situation is 
that most of the entering Ca is quickly seques
tered by various intracellular Ca-binding enti
ties such as mitochondria, sarcoplasmic reticu
lum in muscle or endoplasmic reticulum in 
nerve, and the contractile protein troponin C 
in muscle. The squid giant axon has an advan
tage for studies of this sort in that Ca entry 
over a time scale of 1 min can be shown to be 
solely the result of Na-Ca exchange if Na chan
nels are blocked with tetrodotoxin (TTX). Part 
of the Ca entry is buffered by endoplasmic re
ticulum and part by mitochondria (if [Cal is 
high enough). The mitochondrial uptake of Ca 
can be totally blocked by CN (without affect
ing axoplasmic [ATP} if exposures to CN are 
limited to 100 min). An experiment with an 
aequorin-injected squid axon is shown in figure 
1O-9A. Here we are plotting photons/s emited 
by aequorin vs time for an axon in 50 mM Ca 
seawater (15 times normal) in CN seawater. 
There is known to be an increased entry of Ca 
over its exit, yet light emission with time is 
constant over periods of more than 1 h. A 
change from Na seawater to a choline-contain
ing one leads to an abrupt increase in measured 
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[Cal that will continue indefinitely. Clearly 
the mitochondria were not involved in Ca buff
ering since they were blocked with CN before 
the change to choline, so we conclude that Ca 
is now entering faster than the endoplasmic re
ticulum can buffer it. A small (20 m V) depo
larization occasioned by adding 100 mM K to 
the choline-CN seawater greatly enhances the 
rate of entry of Ca and the process is totally 
reversed by removing CN and 100 mM K. 
Since Ca extrusion from the nerve fiber is very 
small, it is clear that it is the removal of CN 
that allows the mitochondria to effect this 
rapid decline in {Ca};. In another axon, (fig. 
1O-9B), a treatment with 100 mM K-choline 
leads roughly to a doubling of the aequorin 
light signal when Cao is 1 mM instead of 50 
mM in the part A of the figure. Adding CN to 
the 100 mM K-choline-CN seawater leads to 
an increase in light that will continue indefi
nitely. The finding shows that the apparent 
plateau was the result of Ca entry and its se
questration by the mitochondria being in bal
ance. Thus when mitochondrial uptake was 
eliminated by CN, ionized Ca increased. Note 
that the original threshold in 100 K-choline 
was recovered when CN was removed as was 
the initial glow when 100 mM K was re
moved. If the experiment is repeated without 
100 mM K, but with CN, there is a small Ca 
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FIGURE 10-9. The light emission from aequorin-injected 
axons as a function of time is shown. (A) An axon in 50 
mM Ca seawater with CN is treated with choline in ex
change for Na and then depolarized with 100 mM K. (B) 
The Ca in seawater is only 1 mM (50 mM Mg) so that 
Ca entry by Na-Ca exchange will remain saturated (K lI2 

= 0.5 mM), but Ca entry via Na and K channels will be 
minimal. The extra Ca entry involved in making Nao zero 
can be buffered by mitochondria and a second finding is 
that an axon depolarized with 100 mM K in the presence 
of CN can have its Ca; returned to normal by a simple 
change of the principal cation from choline in Na (Re
quena and Mullins, unpublished data). 

entry from choline seawater that will continue 
indefinitely and an abrupt rise when CN is ap
plied, showing the mitochondrial contribution 
to the control of [Cal. To reverse this abrupt 
rise, a removal of CN is not necessary nor is 
repolarization necessary since a change from 
choline to Na in the seawater reduced Ca net 
flux sufficiently to bring down [Cali to control 
levels. The point of these observations is that 
[Cal cannot be predicted from the expected ef
fects of a particular treatment on Ca influx or 
efflux without a detailed consideration of how 
the Ca-complexing entities in the cell will 
react. In a cardiac cell, electron-transport
blocking substances such as CN cannot be ap
plied for very long without a total breakdown 
of ATP and hence a failure of both Na-K trans 
port and Ca pumping into the SR, but it must 
be expected that any tendency of conditions to 
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inhibit accumulation of Ca by internal Ca-se
questering mechanisms will affect the contrac
tile process. 

A Regulatory Role in Heart 
There is every reason to believe that, in cardiac 
cells of a variety of types, Na-Ca exchange is 
the principal mode whereby Ca that enters 
with depolarization is removed from the cell 
during repolarization (diastole). Since, as we 
have seen above, Cao, Nao, and Em are likely to 
remain fixed during diastole, one must suppose 
that Ca efflux from cardiac cells is solely influ
enced by the {Cal that exists at any instant in 
time. Now, a rise in {Cali may also be expected 
to lead to an increase in Ca stored in the SR 
since the pump rate from myoplasm to SR may 
be expected to be influenced by the {Ca} in my
oplasm, at least for values below saturation. 
The foregoing suggests that, if conditions are 
manipulated such that more Ca enters a cardiac 
fiber, then both the outward extrusion of this 
ion and its storage in the SR will be enhanced. 

Since heart is subjected to greatly varying 
demands for cardiac output, it must have reli
able mechanisms for increasing both the rate of 
beat and strength of contraction per beat in or
der to satisfy the highly variable demands of 
the circulation. What is to be discussed here is 
how Na-Ca exchange may contribute to the 
regulation of cardiac output. Since output is 
the product of rate X stroke volume, it is con
venient to see whether Na-Ca exchange may be 
involved in controlling rate. The rate of beat is 
normally fixed by the SA node, whose cells 
have characteristics somewhat different from 
contractile cardiac tissues. First, the resting po
tential is low (perhaps - 55 mY) and, second, 
the action potential is a slow or Ca-channel
mediated change. From the standpoint of Na
Ca exchange, the low resting potential may be 
expected to lead to an elevated {Cal from the 
relations given between {Cal and Em earlier in 
this chapter. A second feature of such cells is 
that, if an agent such as epinephrine leads to 
an enhanced Ca entry via Ca channels and to 
an enhanced Ca release from the SR, then the 
resulting higher {Cali must be expected to lead 
to a larger inward current during diastole that 

is the result of Na-Ca exchange. Thus the re
lationship between rate of firing of pacemaking 
cells and Na-Ca exchange might be as follows: 
epinephrine ~ increased Ca-channel current ~ 
increased {Cal ~ increased Na-Ca exchange 
(inward current-diastole) ~ faster diastolic de
polarization ~ more rapid firing rate. In par
allel, there is an increase in {Na}i and hence in 
outward Na pump current. 

In tension-developing cells, the increased 
rate of firing produced by more frequent dis
charge of pacemaking cells means that more Na 
enters cardiac fibers per unit time both from 
more frequent excitation of Na cells and, more 
importantly, from the need for more frequent 
extrusion of the Ca entering with each impulse. 
Thus: epinephrine ~ increased Ca-channel en
try (systolic) ~ increased {Cal ~ increased 
{Nal ~ increased Ca entry during depolariza
tion (Na-Ca exchange) ~ increased tension 
with depolarization. The analysis presented 
above suggests therefore that Na-Ca exchange 
can exert a regulatory role both on the rate of 
firing of the heart and on the magnitude of the 
contraction produced by each beat. 

It is to be emphasized that, with {Nal de
termined by the summation of all Na leaks 
through channels or other mechanisms as well 
as by Na-Ca exchange during the depolarizing 
phase of the action potential, artificial interven
tions (such as ouabain) that might decrease the 
velocity of Na pumping via the Na-K pump 
will provide an additional way of increasing 
{Nali and, hence, of increasing the contractile 
force per beat. The relationship between {Nali 
and tension is very steep with a negligible ef
fect at low values and a region of {Nali where 
an increase of 1 mM produces a clear increase 
in tension. Such a result is understandable only 
if Ca influx is related to {Nali as a power func
tion where a power of 4 or greater is required 
{lOl. 

Another way of influencing {Nal is not to 
inhibit the Na-K pump, but to reduce the in
ward leak of Na, a procedure that will lead to 
a decrease in {Nali' For small changes in {Nalo 

around the normal value of 150 mM, Na influx 
will be linear with concentration so that, for 
example, a 5% decrease in plasma Na ought to 
be reflected in a 5 % decrease in {N al. This is 
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probably in the range where a detectable effect 
on Na-Ca exchange can be produced so that 
this change (of the order of 0.5 mM Na;) may 
exert a significant effect on contractile force. 
Slowing of the heart rate will also produce a 
lowering of [Na}i not only because there are 
fewer depolarizations and, hence, less Na entry 
by Na channels, but also because fewer beats 
mean less Ca entry (from either channels or Na
Ca) per unit time and, hence, less Na entry is 
necessary to expel the entering Ca. A lower 
[Na}i means also a larger Na electrochemical 
gradient (EN. is larger), hence a lower resting 
or diastolic value for [Cali which should lead to 
a lesser amount of Ca stored in the SR since SR 
storage ought to reflect the time average [Cali. 
A review of the evidence for these points is 
given in Mullins [l3}. 

Summary 
Recent studies, especially with Na-sensing 
electrodes in cardiac cells, have revealed the 
critical role that [Na}i plays in determining not 
only the steady (tonic) tension that may be 
present, but also the magnitude of the tran
sient (phasic) tension resulting from depolari
zation. A relatively simple explanation for 
these somewhat surprising findings is that an 
old and well-described process-Na-Ca ex
change-is electrogenic and therefore is sensi
tive to membrane potential. This single as
sumption is able to explain why Nao-free 
solutions are less effective in causing Ca entry 
in cells than is depolarization (in spite of the 
fact that depolarization also leads to other 
modes of Ca entry into the myoplasm). It also 
allows one to understand the mode of action of 
cardiac glycosides and to explain the differences 
in the way that cardiac cells relax. Throughout 
this analysis, the one principle that emerges is 
the extraordinary regulatory role that [Na}i 

plays in the control of cardiac contractility. 
Since the value of [Na}i is set by the Na-K 
pump and the external [Na], a role for the in
take and excretion of Na by the whole organ
ism is clearly connected to the regulation of 
cardiac contractility. 
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Introduction 
The mechanism of excitation-contraction cou
pling is not established for any type of muscle 
{l-3}' In cardiac muscle there is not even uni
versal agreement on whether Ca2 + is released 
from the sarcoplasmic reticulum (SR) during 
excitation-contraction coupling. This will be 
the first question addressed in this chapter. In 
the discussion of this question, emphasis will 
be placed on the quantification of the Ca2 + 
fluxes across the sarcolemma and their possible 
relationships with the Ca2 + movements in and 
out of the SR. A detailed description of the 
simple calculations that permit this correlation 

The previously unpublished experimental studies and computa
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Institute and 82-798 from the American Heart Association ro 
CM.B. 

N. Sperelakis (ed.), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
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will provide a tool for a critical analysis of the 
literature. 

The second question addressed in this chap
ter will concern the mechanism of the possible 
Ca2 + release from the SR. To answer this ques
tion, it will be necessary to evaluate the differ
ent methods used for detecting Ca2 + release 
from skinned cardiac cells (preparations from 
which the sarcolemma has been removed). In 
this critical appraisal we found it appropriate 
to include previously unpublished data con
cerning the use of Ca2 + ion-selective electrodes 
for recording the transient Ca2 + release from 
the SR of skinned cardiac cells (fig. 11-6). 
Then, the arguments for and against the hy
pothesis of a Ca2+ -induced release of Ca2+ 
from the SR {l, 2} will be reviewed. The alter
native hypotheses that have been proposed for 
the mechanism of ci + release from the SR 
will not be discussed since they are reviewed in 
another article, I with the appraisal that all 
these alternative hypotheses, at least in their 
present form, can be eliminated on the basis of 
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FIGURE 11-1. Fast (l,) and slow (l2) components of the aequorin bioluminescence signal in multicellular preparations 
from the dog Purkinje tissue. The membrane potential (V m), aequorin bioluminescence (l), and tension (T) were simul
taneously recorded from a 1. 5-mm-long multicellular strand of Purkinje tissue from the dog. Aequorin had been injected 
by pressure microinjection into about 20 superficially located cells at the upper surface of the strand. The signals shown 
in this figure are the result of the averaging of about 100 signals. The aequorin bioluminescence was recorded with a 
photomultiplier tube to which light was transmitted by a lucite guide positioned beneath the transparent bottom of the 
recording chamber. The membrane potential was recorded with a conventional microelectrode and a high-impedance 
preamplifier. The resting potential was -82 mY. The action potential had an overshoot of + 19 mV and a total duration 
of 680 ms. The stimulating currents were applied every 2 s through a second intracellular microelectrode. The action 
potential evokes a contraction which peaks within 130 ms and completely relaxes within about 250 ms . The onset of 
the aequorin signal precedes that of contraction, and its end also precedes the end of the relaxation. The differential 
response of the two components of the aequorin signal to the pattern of stimulation provides strong evidence that the 
initial component (l,) corresponds to a Ca2+ influx across the sarcolemma while the second component (l2) corresponds 
to Ca2+ release from an intracellular store. Reproduced from Figure 1 of Wier and Isenberg [9} with permission of the 
authors and of Pjliigers Archives. 

currently available data. This does not imply, 
however, that Ca2 + ·induced cl+ release from 
the SR represents the physiologic mechanism of 
cardiac excitation-contraction coupling in the 
adult mammalian cardiac muscle. The conclu
sion that there is no compelling reason to elim
inate this possibility is far from stating that it 
is the case. 

The method for discussing the literature will 
consist of considering counterarguments and al
ternatives for each hypothesis presented {4} in 
order to emphasize how widely the field of car
diac excitation-contraction coupling is open to 

further experimental work. To maintain the 
discussion narrowly focused, some hypotheses 

or rationales will not be described in detail. 
Then, reference will be made to the most ap
propriate articles, generally selected because 
they present the points of view most strongly 
opposed to those taken in the present chapter. 

Existence or Absence of Calcium Release 
from the Cardiac Sarcoplasmic Reticulum 

EVIDENCE FOR A CALCIUM RELEASE FROM 
THE CARDIAC SARCOPLASMIC RETICULUM 

Detailed analyses of the force-frequency rela
tionship of the adult mammalian heart have 
generally been interpreted as evidence that the 
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Ca2 + influx across the sarcolemma during one 
action potential is not entirely used for activat
ing the myofilaments during the corresponding 
contraction, but rather fills a store with Ca2 + 
that can be released during subsequent contrac
tions [5-7}. These experiments do not, how
ever, provide clues to the ultrastructural loca
tion of the Ca2+ store. 

More direct evidence for a Ca2 + release from 
an internal store has been derived from experi
ments using the bioluminescence of aequorin to 
detect changes of myoplasmic free Ca2 + con
centration ([free Ca2+}) in multicellular prepa
rations from the dog cardiac Purkinje tissue [8, 
9}. In these preparations the aequorin signals 
present two components (fig. 11-1). The dif
ferential dependence of these two components 
upon the pattern of stimulation suggested that 
the first corresponds to a transsarcolemmal 
Ca2 + influx and the second to Ca2 + release 
from an internal store [8}. Voltage-clamp ex
periments showed that the trans sarcolemmal 
Ca2 + influx had at least some characteristics ex
pected for a ci + current rather than for a car
rier-mediated Ca2+ influx [9}, but the location 
of the internal store from which ci + would 
be released during the second component was 
not established. 

Pharmacologic tools acting specifically on 
the SR would help in locating the Ca2+ store 
in the SR [lO}. Caffeine has often been used for 
this purpose because it is well established that 
it specifically releases Ca2 + from the skeletal 
muscle SR. Unfortunately, the situation is 
more complex in cardiac muscle, where caffeine 
has multiple sites of action, including the sar
colemma [ll}. The same type of criticism, a 
lack of specificity, can be made for the many 
other pharmacologic tools that have been used 
in an attempt to identify the SR as the Ca2 + 
storage site in cardiac muscle. Chapman's re
cent review [lO} describes in detail the ratio
nale for experiments using pharmacologic tools 
to dissect cardiac excitation-contraction cou
pling. 

The evidence suggesting that the Ca2 + store 
is located in the SR comes mostly from exper
iments in preparations permitting direct access 
to the SR, including isolated SR vesicles and 
skinned cardiac cells. These studies demon-

strate that the SR has the capacity to store the 
amount of Ca2 + necessary to activate the myo
filaments sufficiently to produce the physio
logic contraction [l2-14}. In skinned cardiac 
cells it is possible to ascertain that the ci + 

released by caffeine comes from the SR, since 
the sarcolemma has been removed [l5}. It is 
also possible to destroy the ability of the SR to 
actively accumulate and release Ca2 + by deter
gent treatment; then the Ca2 + store disappears 
[l5}. Some skinned cardiac cells, such as those 
from mammalian atrium [15}, dog Purkinje 
tissue [l6}, and pigeon ventricle [16}, do not 
contain transverse tubules. The observation of 
a Ca2 + release in these preparations demon
strates that the transverse tubules are not the 
Ca2 + storage site [15, 16}. Finally, the mito
chondria do not appear to be able to accumu
late ci + when the myoplasmic [free Ca2 +} is 
in the physiologically relevant range, whereas 
they do accumulate Ca2 +, but extremely 
slowly, at unphysiologically high myoplasmic 
[free Ca2+}. In addition, inhibitors and uncou
pIers of the mitochondrial respiration do not 
modify the Ca2+ release from the internal store 
at physiologically relevant myoplasmic [free 
Ca2 +} [15}. These findings demonstrate that 
the mitochondria cannot be the intracellular 
storage site. Therefore, the data from skinned 
cardiac cells permit the firm conclusion that 
Ca2 + can be released from the SR, at least in 
these preparations. 

ARGUMENTS AGAINST A CALCIUM RELEASE 
FROM THE SARCOPLASMIC RETICULUM 

Although the subcellular preparations permit a 
direct access to the SR, the techniques used to 
obtain them may damage this organelle and 
give it unphysiologic properties [2, 15}. This 
criticism is very difficult to answer in a defini
tive manner. Effort has been made to evaluate 
and correct some of the unphysiologic condi
tions of the skinned cardiac cells: unphysiologic 
level of myoplasmic [free Mg2+} and of Ca2+ 
loading of the SR, swelling of the SR [15}. 
Nevertheless, it is obviously not possible to 
identify and correct all of the potentially un
physiologic conditions created by skinning of 
the membrane and substitution of computed 
solutions for the intracellular milieu. There-
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fore, the conclusion that Ca2+ can be released 
from the SR is still widely open to alternative 
hypotheses. These hypotheses are of two types: 
(a) those admitting the presence of an intracel
lular Ca2+ store, but suggesting that its loca
tion is in structures other than the SR; and (b) 
those assuming that activation is possible by 
direct transsarcolemmal influx without the help 
of ci+ release from an internal store. 

Among the first type of hypotheses suggest
ing an intracellular Ca2 + store different from 
the SR,. it has been proposed that the mito
chondria could be the storage site {I7J. But 
this hypothesis has been almost completely 
abandoned because the affinity of the mito
chondria for Ca2 + and their rate of Ca2+ accu
mulation and release are much too low with 
respect to the physiologic changes of my
oplasmic [free Ca2+} known to take place in
side the cardiac cell {I5, 18, 19}' 

Another hypothesis locates the store in high
affinity, "polarization-dependent" binding sites 
at the inner face of the sarcolemma [7, 20}. It 
has been proposed that these sites could be con
stituted of acidic lipids such as phosphatidyl
serine [20}, which is observed in a high con
centration in the isolated sarcolemmal 
preparation [2l}. It is not possible to eliminate 
such a possibility, although it is not supported 
by any direct evidence. The concept of "polar
ization dependence" renders this hypothesis 
difficult to exclude. Otherwise, the Ca2+ bind
ing sites srudied in isolated sarcolemmal vesi
cles have a very low affinity (in the range of 104 

M- 1 at most) in the presence of the physiologic 
myoplasmic concentrations of K + and Mg2 + 
[22, 23}. Yet, even if this hypothesis were sup
ported by data, the presence of binding sites 
inside the sarcolemma would not eliminate the 
possibility of additional Ca2 + storage in the 
SR. 

The second type of hypotheses negates any 
intracellular release of Ca2+ [24, 25}. To raise 
this possibility appears legitimate in the view 
of the following unquestioned findings: the re
moval of Ca2+ from the bathing fluid results in 
the disappearance of cardiac contraction within 
a few tens of seconds [26} while the action po
tential remains present [27J. These observa
tions support the conclusion that transsarco-

lemmal influx of ci + is an essential step in 
excitation-contraction coupling of cardiac mus
cle, but they by no means exclude the possibil
ity of an additional release of Ca2 + from an in
tracellular store [2, 22, 28}. The argument 
most often used to exclude the release of Ca2+ 
from the SR is a quantitative one: there is 
enough Ca2+ bound outside the sarcolemma to 
activate the myofilaments directly [24}. This 
argument can be challenged at two levels. 
First, even if it were demonstrated that there is 
enough Ca2 + influx across the sarcolemma to 
activate the myofilaments directly, this would 
not eliminate the possibility that an intracel
lular store of ci + , such as the SR, could mod
ify the transsarcolemmal Ca2+ before it reaches 
the myofilaments {I5}. Thus, for instance, 
most of the transsarcolemmal ci + influx could 
be accumulated into the SR, while an approxi
mately equal amount would be released from 
the SR. Secondly, this quantitative argument 
is not yet supported by data. Neither the trans
sarcolemmal Ca2 + influx necessary to activate 
the myofilaments directly nor the actual value 
of the systolic transsarcolemmal Ca2 + influx 
has yet been established. 

The amount of transsarcolemmal ci + influx 
that would be necessary for activating the myo
filaments directly has not yet been computed in 
the literature. A study by Solaro et al. [29} is 
often used for this purpose (e.g., see Langer 
[24}). In fact, the purpose of this study [29} 
was not to quantify the transsarcolemmal Ca2 + 
influx required for directly activating the myo
filaments, but merely to establish the cyto
plasmic level of [free Ca2+} needed to achieve 
a certain level of contractile activation and to 
determine the amount of ci + bound to the 
myofilaments at this level of activation. This 
study [29} takes into account only the Ca2 + 
binding to ATP and to troponin-C below the 
threshold for contractile activation, but ignores 
other cellular Ca2+ buffers which include: cal
modulin [30}, the superficial binding sites at 
the outer surface of the SR [31}, and the bind
ing sites at the inner face of the sarcolemma 
which have a low affinity but a very high ca
pacity [21-23, 32}. 2 

The systolic transsarcolemmal Ca2+ influx is 
not known either. Displacement of Ca2+ by 
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lanthanum {24}, an ion that does not cross the 
sarcolemma, only establishes the presence of a 
pool of Ca2+ superficial to the surface mem
brane; this is, at least qualitatively, consistent 
with the large binding capacity of the isolated 
sarcolemmal vesicles {21-23, 32}. Compart
mental analysis of the ionic flux data with 45Ca 
{24} is difficult in the presence of multiple po
tential compartments {33}. This analysis con
firms that the lanthanum-displaceable cl + is 
superficially located {24}; but since it is done 
through the integration of many beats, the 
compartmental analysis does not indicate at 
what time during the cardiac cycle the superfi
cial Ca2 + enters the cell and does not permit a 
quantification of what fraction of superficial 
Ca2 + enters the cell. Preliminary reports on at
tempts to measure the systolic Ca2 + influx 
with Ca2+ ion-selective electrodes {34, 35}3 or 
antipyrlazo III {36} are too premature to be 
evaluated and are open to many potential tech
nical problems. Therefore, the only data cur
rently available for quantifying the systolic 
transsarcolemmal influx of Ca2 + are those de
rived from voltage-clamp studies. The rationale 
for the calculation of the transsarcolemmal in
flux from these voltage-clamp studies will be 
explained in the section on Calcium current. 

If one is to accept the hypothesis that trans
sarcolemmal cl + influx could activate the 
myofilaments directly without Ca2 + release 
from the SR, then it is necessary to deal with 
the role of the SR in Ca2 + accumulation. One 
suggestion {24, 25} is that the SR is involved 
in Ca2 + reaccumulation, but not in Ca2 + re
lease. Consequently one has to assume a unidi
rectional net flux of Ca2 + across the SR {24, 
25}. Although this hypothesis cannot be elim
inated and can indeed explain some data in an 
internally consistent manner {24, 25}, it poses 
a difficult kinetics problem to explain how 
Ca2 + returns to the surface membrane to be 
reused during a subsequent beat {37}. In addi
tion, this hypothesis is not compatible with 
any known properties of the cardiac SR {38}. 

An alternative hypothesis for direct activa
tion of the myofilaments by the transsarcolem
mal Ca2 + influx is conceptually simpler. This 
hypothesis assumes that the SR plays no role at 
all in the beat-to-beat Ca2 + regulation. The 

Ca2 + efflux would then be entirely accom
plished by the surface membrane through 
Na + _Ca2 + exchange and the Ca2 + pump of the 
sarcolemma. The rationale for the computation 
of the direction of the net Ca2 + flux carried by 
the Na + _Ca2 + exchange and the possible role 
of the sarcolemmal cl + pump will be dis
cussed in the sections on Sodium-calcium ex
change and Sarcolemmal calcium pump. 

A direct activation of the myofilaments by 
transsarcolemmal cl+ influx and a cl+ ex
trusion entirely supported by Na + _Ca2+ ex
change and the sarcolemmal Ca2+ pump has 
been suggested for the cardiac cells which have 
the smallest diameter, particularly for the ven
tricular cell of the adult frog as first proposed 
in great detail by Morad and Goldman {39} 
and subsequently by others {e.g., 40, 41}. In 
the skinned single cardiac cells from the adult 
frog ventricle and in the fetal ventricular cells 
of mammalian species, there is no evidence of 
rapid Ca2 + release induced by cl + or by caf
feine {I5, 16}. This lack of rapid release is also 
observed in pluricellular preparations, from the 
same tissues, in which the sarcolemma remains 
present but is disrupted, so that the superficial 
cisternae of the SR are preserved {15}. Yet even 
in frog heart, and especially in frog atrium,4 it 
is not possible to exclude completely a partici
pation of a Ca2+ release from the SR in exci
tation-contraction coupling [10, 42}. 

For the adult mammalian ventricle, a similar 
mechanism of direct activation and inactivation 
of the myofilaments by transsarcolemmal cl + 
influx {24} and efflux is quantitatively neither 
supported nor excluded by any of the data on 
transsarcolemmal influx and efflux that will be 
discussed in the next section. Hypotheses sug
gesting a direct activation of the myofilaments 
in adult mammalian myocardium are chal
lenged by experiments in skinned cardiac cells, 
however. These experiments indicate that the 
SR has the capability to accumulate Ca2 + and 
to modify, by a release, the transsarcolemmal 
Ca2+ influx irrespective of its magnitude {2, 
13, 15}. Thus the hypothesis of the direct ac
tivation of the myofilaments by the transsarco
lemmal influx of Ca2 + must disregard the re
sults obtained from skinned cardiac cells on the 
grounds that these preparations may be in an 



220 1. CARDIAC MUSCLE 

unphysiologic condition {24}, which is cer
tainly a legitimate concern. In contrast, it does 
not seem possible to attribute the properties of 
the SR of skinned cardiac cells to transverse tu
bules {20} which do not exist in several of the 
tissues used for preparing skinned cardiac cells 
{I5, 16}. 

The Calcium Movements across the 
Sarcolemma and Their Possible 
Relationship with Those across 
the Sarcoplasmic Reticulum 

CALCIUM CURRENT 

Voltage-clamp studies demonstrate a slow in
ward current (lsJ which is distinguished from 
the fast Na + inward current by the fact that it 
is not inhibited by tetrodotoxin {43}. This cur
rent is largely attributable to Ca2+ influx [44}. 
In the past, the amplitude of the Ca2 + current 
has been difficult to estimate in part because of 
the superimposition of outward K + currents. If 
lsi can be isolated from other currents, it is pos
sible to calculate the transsarcolemmal ci + 
influx caused by the Ca2 + current and to con
sider whether the Ca2 + influx is of sufficient 
magnitude to directly activate the myofila
ments. In a recent article, Marban and Tsien 
{43} measured the slow inward current in a 
multicellular strand of Purkinje fibers from the 
calf after blocking the superimposed currents. 
The experiments were done in the presence of 
tetrodotoxin to block the Na + current and af
ter cesium loading to block the outward K + 
currents. 

The following equation can be derived to 
calculate the Ca2 + influx by the slow inward 
current: 

4to:: Cal = f (IF) X (~) X &.) (11.1) 

where 

d{total Cal = change in moll liter (M) 
myoplasmic total cal-
cium concentration (no 
ionic charge is shown 
to emphasize that to-
tal rather than free 
calcium is meant). 

dt = change in time, s 
from 0 to t 

J = current density coulls'cm2 

(currentl surface area) 
z = valence, for Ca2+ dimensionless 

= 2 
F = Faraday's constant, coul/mol 

9.65 X 104 

S/V = surface-volume cm2/liter 
ratio 

/; = fraction of lsi car- dimensionless 
ried by Ca2+ 

Iv = fraction of cell vol- dimensionless 
ume Ca2 + enters 

The calcium current per surface area (variable J 
in eq. 11.1) can be calculated as follows: Upon 
depolarization from - 60 to 0 m V (fig. 11-
2A), an inward current rapidly turns on and 
reaches a peak (fig. 11-2B, solid curve) in 
about 5 ms. Then the current largely inacti
vates in about 20 ms to reach a plateau of re
maining inward current while the depolariza
tion is maintained. Upon repolarization the 
current returns to its original value. Exposure 
to a slow inward channel blocker (such as D-
600) abolishes the transient inward current and 
shifts the current in an outward direction to a 
given level (fig. 11-2B, dotted curve). The dif
ference between this level of current obtained 
with D-600 and the time-dependent current 
obtained without D-600 permits an inference 
{45} of the time course and magnitude of the 
slow inward current (fig. 11-2C). In the sche
matic drawing of figure 11-2C, the amplitude 
of the peak current was 5 X 10- 6 Alcm2 (from 
Marban and Tsien (43}). D-600 experiments 
revealed a noninactivating component of the 
slow inward current which was about 20% of 
peak current at 0 mY, whereas some noninac-
. . C 2+ tlvattng a current remained after repolari-

zation to - 60 mY. 
The level of noninactivating Ca2 + current 

shown in figure 11-2 was not directly derived 
from the data of Marban and Tsien {43}, but 
was an average estimate derived from a critical 
review of the literature on the experiments 
with slow-channel blockers. Accurate measure
ments of noninactivating Ca2 + current require 
a highly selective blockade, which is unlikely 
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FIGURE 11-2. Schematic representation of the fast and slow components of the slow inward current derived from exper
iments by Marban and Tsien {43J and others (as referenced in the text). The fiber was treated with tetrodotoxin to block 
the fast sodium current and cesium loaded to block the outward K+ current. (A) Voltage-clamp step. (B) Current with 
D-600 treatment (dotted curve) and without D-600 (solid curve). Note that the capacitance currents at the onset of the 
end of the clamp step have been modified to avoid superimposition. (C) Difference between solid and dotted curve, 
which represents the time course of the slow inward current (I,;). The area used for integrating the initial fast component 
of Ca2+ current is hatched. This integration over 10 ms yields an average value of 70% of peak I'i. 
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{46}. Estimates vary widely in different prepa
rations {47} and also vary in the same prepara
tion when different blocking agents are ap
plied. For example, studies with D-600 in calf 
Purkinje fibers {45, 48} suggest that up to 
50% of slow inward channels do not inactivate 
during depolarization to 0 m V. After calf Pur
kinje fibers have been loaded with cesium to 
block the outward current, however, the shift 
of the late current in an outward direction by 
D-600 suggests that about only 20% of the 
current does not inactivate at - 10 m V (fig. 
7C in Marban and Tsien {43}). Yet, exposure 
to manganese shifts the late current in an in
ward direction, a result that cannot be ex
plained simply by a blockade of noninactivat
ing slow inward channels (fig. 7B in Marban 
and Tsien {43}). In isolated cardiac cells, esti
mates also range from 15% in cow ventricular 
cells {49} to 50% in guinea pig ventricular 
cells {50}. On the other hand, there is no evi
dence for noninactivating slow inward current 
channels in guinea pig or cat ventricular mus
cle, rabbit sinoatrial node, and rat ventricular 
muscle treated with cobalt {51, 52}, D-600 
{49, 53, 54}, or verapamil {55}. 

The percentage of slow inward channels 
which remain noninactivated near the resting 
potential is even more controversial. No 
steady-state calcium current was found at - 40 
mV in one study {48}, while 20%-25% of the 
peak current was found at - 60 m V in another 
study {50}. 

All of the current measured in the slow in
ward current is not carried by Ca2 +. The ions 
Na + and K + also pass through the slow chan
nel {44}. The fraction of slow inward current 
carried by Ca2 + in Marban and Tsien's experi
ments {43} can be estimated by using the ap
proach of Reuter and Scholz {44}. Assuming 
that the constant-field equation applies, perme
ability ratios can be calculated from the reversal 
potential for the slow inward current at differ
ent extracellular {Ci+} and from the intra
and extracellular ion activities. The data of 
Marban and Tsien {43} are reasonably fitted by 

. f b·l· . C 2+ d N + a ratIo 0 permea I lues to a an a, re-
spectively, (Pc.2+/PN.+) of about 100 and a ra
tio PC.2+/PK + of about 200. These ratios are 
independent of voltage {44}, although the cur-

rent carried by Ca2 + is dependent on voltage 
because the driving force is dependent on volt
age. Then, at 0 mY, the fraction of slow in
ward current carried by Ca2 + is calculated to 
be 0.9 (variable.li in eq. 11.1). 

We were unable to find values for the sur
face-volume ratio for the calf Purkinje tissue. 
For Purkinje tissue of sheep, however, another 
ungulate, a value of 0.39 X 107 cm2/liter has 
been reported {56}. This value will be used for 
the ratio, S/V, in equation 11. 1. 

Data on the fraction of the cell volume that 
Ca2+ enters are also lacking. As a first approx
imation, we will assume that Ca2 + is excluded 
from the volume of the mitochondria. The mi
tochondrial volume fraction, again from the 
sheep Purkinje tissue data, is 0.103 {56}. Thus 
the variable Iv in equation 11. 1 is 0.897. 

There is also uncertainty about how much of 
the Ca2 + current might be used for activating 
the corresponding contraction. Obviously, the 
late slow component of the Ca2 + influx, corre
sponding to noninactivated slow inward chan
nels, cannot be responsible for the level of peak 
tension since this current continues after the 
tension has already reached its peak. Yet it is 
difficult to decide how much of the initial peak 
of relatively fast Ca2 + current is used for gen
erating the peak tension. If one decides, as 
shown in figure 11-2 (hatched area), that the 
initial 10 ms of the Ca2+ current are responsi
ble for the peak tension, then the integration 
of the current during this initial 10 ms gives 
an average current amplitude equal to 70% of 
the peak Ca2 + current. Since in the experi
ments of Marban and Tsien £43J the peak Ca2 + 

current was 5 X 10- 6 A, the parameter LO ] 
in equation 11.1 is 0.70 X 5 X 10- 6• 

Substituting these values in equation 11. 1 
gives a rate of Ca2 + influx of 

d[totaI Cal 

dt 

0.70 X 5 X 10- 6 

------7"" X 0.39 X 107 

2 X 9.65 X 104 

X 0.90 = 71 X 10- 6 Mis 
0.897 

which gives an increase of {total Cal in the my
oplasm of 0.71 f-LM during the initial 10 ms. 

If one decides instead that the initial 20 ms 
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are responsible for generating the peak tension, 
then the integration from 0 to 20 ms gives an 
average current amplitude of 50% of the peak 
current. It is just necessary to replace 0.70 by 
0.50 to obtain: 

d[total Cal 

dt 
51 x lO-6 Mls 

which gives an increase of {total Cal in the my
oplasm of 1.0 J.LM during the initial 20 ms. 
Considering what is known of the intracellular 
Ca2 + buffers, this increase of {total Cal would 
produce an increase of {free Ca2 +} that would 
be unquestionably insufficient to induce any di
rect activation of the myofilaments. 

Recent experiments in single cardiac cells 
permit the calculations of higher values of in
crease of {total Cal during an action potential. 
The reason for these higher values is uncertain, 
although a partial explanation may be that se
ries resistance in a multicellular preparation 
causes an underestimate of the slow inward cur
rent {49}. We have calculated the increase of 
{total Cal during the peak slow inward current 
measured by Isenberg and Klockner {49} in 
isolated adult rat ventricular cells. These inves
tigators found a peak current of 2.8 X 10 - 9 

A during voltage-clamp at 0 m V, but they did 
not relate the current to membrane surface 
area. The current density can be obtained as 
follows. An isolated adult rat cardiac cell has 
an average length of 93 J.Lm, width of 19 J.Lm, 
and thickness of 11 J.Lm {l3}, which gives a 
volume of 19.4 X 10- 12 liters. The surface
volume ratio of the rat ventricular cell is 0.44 
X 107 cm2/liter {57}. Then, 

S = SIV x V = 0.44 X lO7 x 19.4 X lO-12 

= 8.54 X lO-5 em2 

Thus, the peak current is: 

liS = 2.8 x lO-9/8 .54 x lO-5 

The fraction of cell volume occupied by the mi
tochondria in rat ventricular cells is 0.34 {5 7}. 
Thus variable Iv in equation 11. 1 is 0.66. One 
can estimate the fraction of slow inward current 

carried by ci+ (variable j) to be 0.90 as pre
viously. Finally, we have assumed that the 
Ca2 + current in the study by Isenberg and 
Klockner {49} had the same time course as that 
observed in the study by Marban and Tsien 
[43}. On the one hand, the time course of the 
slow inward current in single cells might be 
expected to be faster than in multicellular 
preparations because the series resistance is 
lower. On the other, the time course observed 
by Marban and Tsien {43} is already much 
more rapid than found in other multicellular 
preparations. 

Substituting these values in equation 11. 1 
and integrating the current during the initial 
10 ms gives a rate of increase of [total Cal of 
714 X 10- 6 Mis, thus an increase of [total Cal 
of 7.14 J.LM during the initial 10 ms. If the 
integration is done during the initial 20 ms, 
then the increase of myoplasmic [total Cal is 
10.2 J.LM. With such a change in [total Cal, 
precise calculations of the amount of Ca2 + 

buffering inside a cardiac cell are required to 
decide whether this Ca2 + influx is sufficient to 
partially activate the myofilaments. These com
putations are reported elsewhere with the con
clusion that this Ca2 + influx would be insuffi
cient to activate the myofilaments directly. 5 

Even if some direct activation of the myofil
aments were possible with the large Ca2 + cur
rents obtained in single cardiac cells, this 
would not prove that such a direct activation 
would take place. As previously emphasized, 
the SR could modify this Ca2 + influx before it 
reaches the myofilaments by active Ca2 + release 
and accumulation. How the SR could handle 
the slow and fast components of the Ca2 + cur
rent will be discussed in a subsequent section 
(Evidence in favor of calcium-induced release of cal
cium . ... ). 

SODIUM-CALCIUM EXCHANGE 

To infer the direction of the net flux of calcium 
across the sarcolemma during rest and during 
Ca2+ release from the SR shown in figure 11-
3, the most recent information relative to the 
intracellular [free Ca2 +} and [free Na +} and on 
the coupling ratio of the Na + _Ca2 + exchange 
has been critically reviewed. The free ion values 
have been expressed in terms of activity. Trans-
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lation to free concentrations can be obtained by 
dividing the values by the activity coefficients 
at 37°C: 0.74 for Na+ and 0.32 for Ca2 + [58}. 
The activity coefficients are identified by the 
symbol "a" followed by a subscript indicating 
the ion and a superscript "0" for the external 
activity or "i" for the myoplasmic activity. The 
following values were selected: a~a = 115 X 
10- 3 M; a~a = 6.4 X 10- 3 M [59}; a~a = 
0.58 X 10- 3 M; resting a~a = 2.56 X 10- 8 

M (from skinned cardiac cell experiments [l3}; 
a critical review of the data from Ca2 + ion-se
lective electrodes [59-61} gives somewhat 
higher values, but potential errors in this 
method tend to cause overestimation of a~a). In 
the hypothesis of a Ca2 + release from the SR, 
the Ca2 + influx across the sarcolemma would 
result in an a~a of at least 6.4 X 10- 8 M [13}. 
The maximum ci + activity reached during 
Ca2 + release would be 1.28 X 10- 6 M [13}. 
In the hypothesis of a direct activation of the 
myofilaments by the transsarcolemmal Ca2+ in
flux, the influx would cause a~a to increase to 

no more than 1.28 X 10- 6 M. This my
oplasmic activity would generate the maximum 
level of tension that an intact cardiac cell is 
able to develop [l3}. This remains far from a 

SOms 

n=3 Ca2+ 

EFFLUX 

FIGURE 11-3. Direction of the net Ca + flux by Na + -
ci + exchange during a voltage-clamp depolarization to 
the systolic potential and at resting potential in the mam
malian myocardium. The computations are based on a 
critical review of the literature relative to the intracellular 
and extracellular Ca2+ and Na + activity. Two coupling 
ratios have been considered as extreme possibilities for the 
Na+-Ca2 + exchange; n = 3 (solid curve) and n = 2.5 
(dotted curve). Em = membrane potential; ENa = Nernst 
potential for Na +; Eca = Nernst potential for Ca2 +; flNa 
= the electrochemical gradient for Na +; flea = the elec
trochemical gradient for Ca2+. The arrows on the right of 
the lowest panel indicate the direction of net Ca2+ move
ment by N a + _Ca2 + exchange; the horizontal bar corre
sponds to equilibrium at which there is no net movement 
of Ca2+ or Na + 

full activation of the myofilaments, which is 
never obtained in an intact cell [13}. 

The electrochemical gradient for Na + (JlNa) 
is calculated according to equation 11. 2: 

(11.2) 

where 

JlNa = electrochemical gradient for Na, III 
mV X F 

R = gas constant, 8.3151 ]lmol X OK 
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T = temperature in Kelvin degrees (OK) 
z = valence 
F Faraday's constant, 9.65 X 104 

coul/mol 
Em = membrane potential in m V 

The Nernst equation permits the calculation of 
the Nernst equilibrium potential for Na + (ENa, 
in mY): 

RT 0 a~a 
ENa = + - t-n -:-

zF a~a 
(11.3) 

which gives a value of + 77 mV for ENa. Then, 

(11.4) 

where a negative value of J1.Na implies that the 
gradient favors an inward movement of Na + . 
Assuming Em = - 85 mV at rest and 0 during 
depolarization, one can calculate J1.Na at the rel
evant times in the cardiac cycle. 

Similar equations permit the calculation of 
Eca, which is found to be + 134 m V at rest 
and +85 mV during Ca2+ release, and the 
computation of J1.ca at rest, during the cl+ 
influx across the sarcolemma, and during Ca2 + 
release from the SR. 

The energy available for ion transport by 
Na + _Ca2 + exchange depends upon the elettro
chemical gradients (J1.Na and J1.ca) and the Na + -

Ca2+ coupling ratio (n) of the transport. There 
is still uncertainty about the coupling ratio (see 
Reuter {62] for a review), but a range between 
2.5 and 3.0 seems reasonable, i.e., 2.5-3.0 
Na + are transported for each Ca2 + ion (see 
Sheu and Fozzard {59] and Lado et al. {63]). 
Accordingly, the computation has been done 
for these two extreme values (fig. 11-3), yet 
the coupling ratio is likely to be closer to 3.0 
than to 2.5 because a value of 2.6 has been 
computed {59, 63] with the assumption of an 
a~a higher than we have selected. Lowering the 
aL to the level that we selected would increase 
the coupling ratio to 2.7. 

At equilibrium, the energy available in the 
Na + and Ca2+ electrochemical gradients is 
equal, and no net transport occurs: 

(11.5) 

This is equivalent to: 

(11.6) 

If the Na + gradient multiplied by n is larger 
in magnitude than the Ca2+ gradient, Na + en
ters the cell via Na + _Ca2+ exchange, causing 
Ca2+ efflux. If the magnitude of the Ca2 + gra
dient is larger, then there is Ca2+ influx cou
pled with Na + efflux. 

This computation shows that during diastole 
the Na + _Ca2 + exchange would cause either 
Ca2+ influx if the coupling ratio were 2.5, or 
Ca2+ efflux if the coupling ratio were 3.0. In 
fact, a Na + _Ca2 + exchange near equilibrium 
with no significant net influx or efflux is per
haps the most likely possibility {59, 63]. 

To describe the systolic Ca2 + movements via 
Na + _Ca2+ exchange, we shall consider first the 
hypothesis of a Ca2 + release from the SR and, 
secondly, the hypothesis of a direct activation 
of the myofilaments by the transsarcolemmal 
Ca2+ influx. In the first case, the Na + _Ca2 + 
exchange would cause an additional Ca2 + in
flux during the initial part of the transsarco
lemmal cl + influx caused by the Ca2 + cur
rent. The velocity of the Na + _Ca2+ exchange 
derived from experiments in isolated sarcolem
mal vesicles {64, 65] seems to be sufficient to 
permit it to cause Ca2 + influx during the ap
proximately 20 ms between the transsarcolem
mal influx and the time when the Ca2 + release 
from the SR would cause the Na + _Ca2 + ex
change to reverse its direction. The amount of 
Ca2 + influx via Na + _Ca2 + exchange during 
this time can be assumed to be small as com-

b C 2+ . pared to that brought y the a current 1fi 

the view of the high Km of the Na + _Ca2 + ex
change {64]. If a significant Ca2+ influx occurs 
during this time, the resulting outward move
ment of Na + might somewhat complicate the 
measurement of the Ca2 + current. When Ca2 + 
release from the SR reaches its peak, permit
ting the activation of the myofilaments, the 
Na + _Ca2 + exchange functions in the Ca2 + ex
trusion mode. Yet, this system will work effi
ciently only when the myoplasmic {free Ca2+] 
is still high, since its Km is high: 1. 5 X 10 - 6 

M {64]. At low myoplasmic {free Ca2 +] during 
diastole, the Ca2+ extrusion is probably done 

2+ by the sarcolemmal Ca pump. 
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With the hypothesis that the activation of 
the myofilaments results directly from transsar
colemmal Ca2+ influx [24}, the Na + _Ca2+ ex
change would still be biphasic during systole. 
Initially it would transport Ca2 + inward at the 
beginning of the transsarcolemmal Ca2+ influx 
while the (free Ca2+} is low, then Ca2+ would 
be transported outward when the transsarco
lemmal Ca2 + influx has reached a level suffi
cient to activate the myofilaments. Thus, even 
in this case the Na + -ci + exchange would not 
function monophasically in the direction of a 
pure Ca2 + influx during the action potential, 
as was proposed by Mullins [66J. 

SARCOLEMMAL CALCIUM PUMP 

Initial descriptions of a ci + -ATPase in the 
sarcolemma sensitive to free ci + in the mi
cromolar range were by Sulakhe and St. Louis 
(see their recent review [67J). There was some 
question, however, of whether this sarcolem
mal ATPase was in fact due to contamination 
of the preparation by SR vesicles [68}. How
ever, Caroni and Carafoli [69, 70J have pro
vided compelling evidence that this ATPase ac
tivity indeed takes place in the sarcolemma and 
that its affinity for Ca2 + is much lower than 
that of the Na + _Ca2+ exchange with a Km at 
0.3 X 10 - 6 M. The rate of transport is also 
lower than that of Na + _Ca2 + exchange. 

Thus the sarcolemmal Ca2 + pump is likely 
to function at concentrations near or at the di
astolic level. The computation shown in figure 
11-3 suggests the possibility that with a cou
pling ratio of 2.5 and with the resting Ca2+ 
activity selected, the Na + -ci+ exchange 
might function in the Ca2 + influx mode during 
diastole. It must be repeated that the diastolic 
Ca2+ influx shown in the case of a coupling 
ratio of 2.5 is an extreme and unlikely possi
bility. It is conceivable, however, that if there 
was some Ca2+ influx caused by Na + _Ca2 + ex
change during diastole, it would be balanced 
by the sarcolemmal Ca2 + pump. 

The amount of total calcium that can be ex
truded from the cardiac cell by the sarcolemmal 
Ca2 + pump during a beat and between two 
beats could theoretically be calculated from the 
affinity of the pump for Ca2 +, its maximum 
rate of transport per milligram sarcolemmal 
protein as derived from experiments in isolated 

sarcolemma, and the concentration of sarcolem
mal protein per milligram wet weight of tis
sue. The resulting change of myoplasmic [free 
ci + J could then be derived by dividing the 
result of this calculation by the product of the 
tissue water expressed as percentage of wet 
weight multiplied by the intracellular water 
expressed as a percentage of the total water. 
There are still too many uncertainties about the 
degree of purity of the isolated sarcolemmal 
preparation and the percentage of vesicles in
side-out versus right-side-out for such calcula
tions to be meaningful at the present time. 

If and when these calculations become rea
sonable, it may become possible to test quan
titatively Langer's hypothesis [24J of an unidi
rectional route of calcium efflux through the 
SR. If such a route were to exist, then the total 
calcium influx per beat should be larger than 
the total calcium efflux through the Ca2 + 
pump and the Na + _Ca2 + exchange by an 
amount equal to the calcium efflux through 
this specific route involving the SR. At the 
present time, however, the calcium efflux 
through Na + _Ca2 + exchange and the sarcolem
mal Ca2+ pump is not known. The total cal
cium influx during a beat is not known quan
titatively either; there are uncertainties about 
the amount of total calcium carried by the 
Ca2+ current, no reliable information on the 
amount of total calcium entering by Na + _Ca2+ 
exchange and, in addition, no knowledge about 
the passive Ca2 + leak through the membrane 
following the concentration gradient which is 
likely to bring additional Ca2 + into the cell 
during the rest between beats. 

For dissecting the respective contributions of 
the different routes of Ca2 + influx and efflux 
across the sarcolemma, it would be useful to 
have specific pharmacologic tools inhibiting 
each of these routes but not the others. The 
Ca2+ blocking agents do not seem to affect the 
Na + _Ca2 + exchange [71J, but on the other 
hand they modify conductances other than the 
Ca2+ conductance [46}. Change of ATP con
centration affects not only the Ca2 + pump, but 
also the Na + _Ca2+ exchange [64J. Recently, 
doxorubicin, a cardiotoxic antibiotic, has been 
reported to block specifically the Na + _Ca2+ ex
change, but the results are too premature to be 
critically evaluated [72J. 
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In conclusion, the currently available infor
mation with respect to the quantification of the 
cl + influx and efflux during a cardiac beat 
does not provide any compelling reason to infer 
or eliminate a role of the SR in cardiac excita
tion-contraction coupling. Irrespective of the 
amplitude of these cl + movements whenever 
they are established, and even if they were suf
ficient to activate or inactivate the myofila
ments, this would not permit the elimination 
of a role for the SR. As previously emphasized, 
the Ca2 + accumulation in and release from the 
SR could modify the changes of myoplasmic 
[free Ca2+} resulting from Ca2+ movements 
across the sarcolemma before and after the ac
tivation of the myofilaments. 

In contrast, results obtained from subcellular 
preparations provide evidence for a beat-to-beat 
Ca2 + release and reaccumulation in the SR. 
Thus, it is justified now to deal with these re
sults with the understanding that they can be 
criticized for being obtained from preparations 
placing the SR under unphysiologic conditions. 
Although a Ca2 + release from the SR has been 
demonstrated in isolated SR vesicles from car
diac [73, 74} and skeletal muscles (see Katz 
and Takenaka [75} for a recent review), the rate 
of Ca2+ release observed in these studies was 
much too low to directly correspond to a phys
iologically relevant phenomenon. In addition, 
the requirements in terms of [free Ca2+} were 
unphysiologically high and those in terms of 
{free Ml+} unphysiologically low. Accord
ingly, and despite the interest in these data 
from isolated SR, the review will be focused on 
the results obtained from skinned cardiac cells. 
Before evaluating the arguments for and 
against the mechanism for Ca2 + release that 
has been inferred from these results, the meth
ods used for detecting Ca2 + release from the 
SR of skinned cardiac cells will be critically ap
praised. 

Appraisal of the Methods Used for 
Detecting Calcium· Release from the 
Sarcoplasmic Reticulum in Skinned 
Cardiac Cells 
Ca2+ release from the SR of skinned cardiac 
cells can be detected in two ways: by monitor
ing the resulting increase of [free Ca2+} in the 

myoplasm or by monitoring the decrease of 
Ca2 + bound inside the SR. In addition, it is 
possible to detect changes of charge distribu
tion on the SR membrane that accompany 
the Ca2 + release from the SR with potential
sensitive dyes. 

The monitoring of changes of myoplasmic 
[free Ca2 +} has been accomplished by four dif
ferent methods using respectively (a) tension 
developed by the myofilaments as a sensor of 
these changes of myoplasmic [free Ca2 +}, 
(b) aequorin bioluminescence, (c) Ca2+ ion
selective microelectrodes, and (d) arsenazo III. 
Detection of changes in the amount of Ca2 + 
bound to the inner face of the SR has been ac
complished by monitoring the fluorescence of 
the calcium-chlorotetracycline chelate. Finally, 
three potential-sensitive dyes have been used 
for experiments in skinned cardiac cells: mero
cynanine 540, merocyanine oxazolone (NK 
2367), and di-S-C3(5). 

USE OF THE TENSION DEVELOPED BY THE 
MYOFILAMENTS AS A SENSOR OF THE 
CHANGES OF MYOPLASMIC 
FREE-CALCIUM CONCENTRATION 

In all experiments using skinned cardiac cells, 
the [free Ca2+} must be buffered with ethyl
eneglycol-bis (J3-aminoethylether)-N,N' -terra
acetic acid (EGTA) at the low [free Ca2+} lev
els (and with ATP at high [free Ca2+}). The 
calculation of the composition of these solu
tions containing multiple metals and ligands 
requires a computer program [76}. 

The first method used for detecting Ca2 + re
lease in skinned cardiac cells employed a low 
[total EGTA} [77}. An example of the results 
obtained with this protocol is shown in figure 
11-4, which was obtained for a skinned cardiac 
cell from the rabbit atrium. A slight increase 
of the [free Ca2 +} in the bulk of the solution 
in the presence of a low [total EGTA} resulted 
in the induction of cyclic contractions (fig. 11-
4A). When the same increase of [free Ca2+} 
was applied in the presence of a higher [total 
EGTA} , the amplitude of the cyclic contrac
tions decreased so that eventually they became 
undetectable (fig. 11-4B and C). This indicates 
a competition for Ca2 + between the EGTA 
buffer and a Ca2 + store within the cell. Since 
the data were obtained from an atrial tissue 
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A B C 

free [cl+] 2>10-8 6.10-8 2>10- 8 6,10-8 2.10-8 6.10-8 

lotal [EGTA] 5.10- 1 5,1O-~ 5.1O-~ h10- 4 5, IO-~ 2.10- 4 

T 0.20 
(mg ) r-0.15 

0.10 joJ 0.05 D j E 

free [Cal+] 2.10-8 6.10-8 10-9 3.10 - 1 6,10- 1 

~ lotal [EGTA] 5 ,IO -~ 5.1O - ~ 4.10-3 4. 10 - 3 4.10- 3 4.10-3 

50 sec 

FIGURE 11-4. Methods using a tension recording in the presence of a low [total EGTA] to demonstrate Ca2+ release 
from the SR in skinned cardiac cells. The experiment was done on a 5-l.I.m-wide and 25-l.I.m-long skinned cardiac cell 
from the rabbit atrium. The [free Ca2+] was calculated with an apparent stability constant for the CaEGTA complex 
which has now been demonstrated to be erroneously high (13]. Table IV of Fabiato and Fabiaro [76) gives the corre
spondence between the [free Ca2+} values obtained with this erroneous apparent stability constant and that currently 
used. The [free Mg2+} was 3.16 X 10-4 M, which was believed at the time when these experiments were done [15] 
to be the physiologic (free Mg2+). Since then, a tenfold higher [free Mg2+} has been used [76] . This modification only 
renders the Ca2+ release from the SR more obvious [13}. Finally, the pH was at 7.00 instead of the value of 7.10 which 
is currently used [76}. Again, the increase of pH enhances the Ca2+ release from the SR [79}. The ionic strength was 
0.160 M, and the temperature was 22°C. The arrows indicate the time of solution change. The upper panels (A-C) 
demonstrate the presence of a Ca2+ store in this skinned cardiac cell as explained in the text (see UJe of the temion . ... ). 
The lower panels (D and E) provide evidence for a Ca2+ -induced release of Ca2 + as explained in the text (see Evidence in 
favor of a calcium-induced re/eaJe . ... The amplitude of the phasic contraction induced by a small increase of [free Ca2+) 
in the presence of a low [total EGTA} (D) is compared to the tension elicited by direct activation of the myofilaments 
with various levels of [free Ca2+} in the presence of a high [total EGTA] (E) which prevents the SR from modifying the 
[free Ca2+} significantly. Reproduced from the AnnaIJ of the New York Academy of Scienm [15] with permission of the 
publisher. 

which does not contain transverse tubules, the 
Ca2 + sink could not be related to the transverse 
tubules. Experiments using inhibitors and un
couplers of the mitochondrial respiration per
mitted the exclusion of mitochondria as a Ca2 + 
store [77}. In contrast, inhibition of the ability 
of the SR to actively accumulate and release 
Ca2 + by detergent treatment suppressed the 
cyclic contractions. Thus, these cyclic contrac
tions demonstrate that the SR is a storage site 
for Ca2 + in the skinned cardiac cell from which 

Ca2 + can be released and in which ci + can be 
reaccumulated. 

It must be emphasized that the assertion of 
the presence of a Ca2 + sink in the SR is the 
only conclusion that the observation of these 
cyclic contractions permits. This observation 
does not permit any inference of the mecha
nism whereby Ca2 + is released from the SR. A 
mechanism for Ca2 + release is suggested, how
ever, by the experiment shown in figure 11-
4D and E, which will be discussed later (see 
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Evidence in favor of calcium-induced release of cal
cium. . . .). Precisely because the principle of 
the method using a low [total EGTA} is a com
petition between the SR and the CaEGT A 
buffer, the [free Ca2+} in the myoplasm be
tween or during the cyclic contractions cannot 
be inferred from the [free Ca2 +} in the bulk of 
the solution [2, 77}. The myoplasmic [free 
Ca2+} is likely to be lower in the vicinity of 
the outer surface of the SR than in other areas 
of the myoplasm because the SR binds and ac
tively accumulates Ca2 + . 

To permit precise definition of the [free 
Ca2+} in the myoplasm, Endo [1, 78} has de
veloped a method using a high [total EGTA} 
during the induction of the Ca2+ release. This 
method has been applied to skinned cardiac 
cells [15, 79}, and an example is shown in fig
ure 11-5. Since a high [total EGTA} is used, 
no change of tension is observed during the 
Ca2 + release induced by various manipulations 
(fig. 11-5A-D). The Ca2+ release can be de
tected afterward by estimating the amount of 
Ca2+ remaining in the SR. The estimate is ob
tained by measuring the amplitude of a con
traction induced by caffeine in the presence of 
a low [total EGTA} [15, 79}. In skinned car
diac cells the amplitude of the caffeine-induced 
contraction is more reproducible than the area 
under the curve of this contraction. The area 
under the curve is used in studies of skinned 
fibers from skeletal muscle [1, 78}, where there 
is no choice since the amplitude generally sat
urates at the level of the maximum tension that 
the myofilaments can develop. Thus, a caffeine
induced contraction smaller than control (fig. 
11-5B and C compared to A and D) indicates 
that a Ca2 + release has taken place during the 
experimental interventions done in the presence 
of a high [total EGTA}. A larger difference 
from control (fig. 11-5C compared to B) indi
cates a larger Ca2 + release. For statistical anal
ysis of the results obtained from different prep
arations, the amplitude of the caffeine-induced 
contractions can be expressed as a percentage of 
the maximum tension elicited by full activation 
of the myofilaments in the presence of a high 
{total EGTA} (fig. 11-5E). 

This method gives only qualitative results 
with respect to the amount of Ca2 + released 

inasmuch as caffeine does not release all the 
Ca2+ contained in the cardiac SR (see fig. 9 in 
Fabiato and Fabiato [15}). In addition, caffeine 
increases the sensitivity of the myofilaments to 
Ca2 + {2, 15, 80}. If a high enough {total 
EGTA} is used in a small-diameter prepara
tion, and the pH is strongly buffered, this 
method certainly ensures that the myoplasmic 
{free Ca2 +} is homogeneous throughout the 
preparation and equal to that set in the buffer. 
Accordingly, this method is very useful for 
comparative studies on the effect of various in
terventions on the cl + release from the SR [1, 
79}, yet the exact values of the {free Ca2+} are 
not directly physiologically relevant inasmuch 
as the principle of the method is precisely to 
set a homogeneous myoplasmic {free Ca2+}. In 
contrast, the myoplasmic [free Ca2+} of the in
tact cell is not homogeneous, but probably is 
lower at the outer surface of the SR than in 
other areas, as previously explained. 

DIRECT DETECTION OF CHANGES OF 
MYOPLASMIC FREE-CALCIUM CONCENTRATION 
THROUGH THE BIOLUMINESCENCE 
OF AEQUORIN 

The bioluminescence produced by the phospho
protein, aequorin, in the presence of cl+ has 
been used in a number of systems to detect 
changes of [free Ca2+} (see Blinks et al. {8I} 
and Allen and Blinks [82) for reviews), includ
ing in skinned cardiac cells [13, 16}. At least 
with the batches of aequorin that have been 
used for the reported results [13, 16}, this 
phosphoprotein does not appear to have any 
toxicity for the skinned cardiac cells (other 
batches did present a toxicity whose mecha
nism is under investigation). The fact that the 
product of the reaction is a bioluminescence 
renders the signal nonsensitive to contractions. 
As will be explained, this is a great advantage 
over methods using other types of optical re
cordings in which contractile artifacts are a ma
jor problem. The aequorin signal precedes ten
sion development (figs. 11-6 and 11-7). 

The aequorin signal can be calibrated in 
terms of {free cl +} according to a method 
originally proposed by Allen and Blinks [82}. 
This is done by applying a solution at 3.16 
mM free Ca2 +, which inactivates all the ae-
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quonn contained in the skinned cell. The re
sult is an aequorin bioluminescence transient of 
large amplitude (see fig. 12 in Fabiato {13}). 
During this large transient, a microcomputer 
calculates the area under the curve and displays 
it on the recorder at a chart speed of 1 cmls as 
a rectangular wave with a height equal to the 
time constant of decay of the aequorin biolumi
nescence as measured in a rapid-mixing cham
ber under the ionic conditions (especially the 
pMg) and at the temperature used for the ex
periment. As a first approximation, the light 
decay can be considered as purely exponential. 
It is a well-known property of an exponential 

FIGURE 11-5. Use of tension recording in the presence of 
a high [total EGTA} to demonstrate ea2+ release from 
the SR with the help of a subsequent application of caf
feine in the presence of a low [total EGTA}. The experi
ment was done in a 9-/J-m-wide, 32-/J-m-long skinned 
cardiac cell from the adult rat ventricle. Except for the 
caffeine solution (e), all solutions contained 4 X 10 - 3 M 
total EGTA. The caffeine solution contained 2 X 10- 4 

M total EGTA, 5 X 10- 9 M free ea2 +, and 10 mM 
caffeine. The relaxing solution (R) was at 10- 8 M free 
ea2 +. The other characteristics of the solutions and the 
stability constants were the same as those described in 
Figure 11-4. The tonic tension observed in panel C dur
ing the brief perfusion with 3.2 X 10- 7 M free ea2+ 
was caused by the direct effect of this [free ea2+} on the 
myofilaments. The experiments started in relaxing solu
tion. Then the SR was loaded during about 2Y2 min in 
the presence of 1.8 X 10- 8 M free ea2+, which has been 
shown to correspond to the optimum loading in this 
preparation. This [free ea2 +} in the loading solution does 
not permit any inference of the [free ea2+} reached in the 
lumen of the SR. Subsequently a higher [free ea2 +} was 
applied which was demonstrated to induce ea2+ release 
(B and C). This step was omitted in the control record
ings (A and D). The ea2+ release did not produce any 
tension transient, except in panel C as previously ex
plained, because it occurred in the presence of a high [to
tal EGTA}. Then in both panels Band C and in the 
controls (A and D), the skinned cell was washed with the 
relaxing solution for about 2 s. The experiment was ter
minated by the application of caffeine. The amplitude of 
the caffeine-induced contraction was used to estimate the 
amount of ea2+ remaining in the SR. For statistical anal
ysis of the results obtained from different preparations, 
the amplitude of the caffeine-induced contraction was 
normalized as a percentage of the maximum tension de
veloped by activation of the myofilaments (E). Note that 
the tension scale in panel E is one-half of that used for 
panels A-D. Reproduced from the Annals of the New York 
Academy of Sciences [l5} with permission of the publisher. 

'function that the value of the intercept of the 
curve with the ordinate axis is equal to the area 
between the curve and the two axes divided by 
the time constant. Thus, the length of the rec
tangular wave generated by the computer di
rectly gives the amplitude of the maximum 
light that would be produced by an instanta
neous mixing of an excess of Ca2 + with all the 
aequorin contained in the skinned cell. The 
calibration curve [82} obtained by rapid mix
ing in cuvette of aequorin and various levels of 
[free Ca2 +} under the appropriate ionic condi
tions and temperature is used to infer the my
oplasmic [free ci +} reached during the Ca2 + 

release from the SR. This curve expresses the 
peak myoplasmic - log 10 [free Ca2+} (pCa) as 
a function of - log 10 LlLmax , where L is the 
amplitude of the aequorin light transient and 
Lmax the maximum light given by the computer 
output (see fig. 13 in Fabiato [13}). 

A major potential problem with the ae
quorin method is that localized areas where 
Ca2 + could reach a high concentration would 
contribute disproportionally to the signal be
cause of the stoichiometry (2-3 Ca2+ ions per 
aequorin molecule) of the binding of aequorin 
to Ca2 + [81, 82}. Thus the calibration in 
terms of [free Ca2+} may be misleading. This 
problem may be minimized in skinned cardiac 
cells because aequorin seems to diffuse homoge
neousl y in the cell and, in particular, in the 
myofilament lattice. In intact cells, aequorin 
perhaps remains superficially distributed with 
respect to the myofilaments. Although there is 
no direct evidence for this assumption, it 
would help to explain that much larger signals 
are observed in skinned cardiac cells than could 
be inferred from the amplitude of the signals 
obtained in multicellular cardiac preparations 
and from the ratio of the respective volumes of 
aequorin-containing tissue [l3}. In addition, it 
is possible, at least in skinned cardiac cells, 
that Ca2 + release takes place not only from the 
terminal cisternae, but from all the parts of the 
SR which tightly pack the myofilaments. Thus 
the diffusion of Ca2+ from the SR to the myo
filaments could be over a very short distance. 
The aequorin molecule is large relative to the 
distance between the SR and the myofilaments. 
For these reasons, aequorin bioluminescence 
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may integrate [free Ca2+} changes during the 
circulation of Ca2 + over the very short distance 
between the SR and the myofilaments. This 
would explain the surprisingly good consis
tency that was observed when the myoplasmic 
[free Ca2 +} reached during Ca2+ release was in
ferred comparatively from the calibration of the 
aequorin transient and from the use of tension 
developed by the myofilaments to measure 
changes of myoplasmic [free Ca2+} [l3}. Al
though aequorin may provide reliable informa
tion on the maximum myoplasmic [free Ca2+} 
reached during Ca2 + release in skinned cardiac 
cells, it does not seem to be usable to define 
the level of resting myoplasmic [free Ca2+} in 
skinned cardiac cells [l3}. 

MEASUREMENT OF MYOPLASMIC FREE
CALCIUM CONCENTRATION WITH CALCIUM 
ION-SELECTIVE ELECTRODES 

The resting level of myoplasmic [free Ca2+} 
can be measured accurately with ion-selective 
electrodes. The combination of this method 
with the use of aequorin would help to accu
rately determine the amplitude of the change 
of [free Ca2+} taking place during Ca2 + re
lease. Then an accurate interpretation of the 
resting glow of aequorin bioluminescence 
would be possible. In fact this should be re
quired for a fully warranted calibration of the 

FIGURE 11-6. Simultaneous monitoring of the Ca2+ re
lease from the SR with Ca2+ ion-selective electrode, 
aequorin bioluminescence, and tension recording. The ex
periment was done in a 21-J.l.m-wide, 18-J.l.m-thick, and 
about 60-J.l.m-long skinned cardiac cell from the dog Pur
kinje tissue. A 3-J.l.m-tip Ca2+ ion-selective electrode was 
inserted within the myofibrils longitudinally with respect 
to the axis of the myofibrils. The indifferent electrode was 
placed in the solution close to the skinned cell. Aequorin 
bioluminescence was recorded according to the previously 
described method [13}. The solution contained 50 J.l.m 
EGTA, 3.12 X 10-7 M free Ca2+, 3.12 X 10- 3 M 
Mg2+, 1.0 X 10-4 M MgATP, ionic strength 0.160 M 
with K + and Cl- as the major ionic species, at pH 7. 10, 
buffered with 30 mM TES, and at 22°C. At this [free 
Ca2+}, the preparation presented cyclic Ca2+ releases re
sulting in cyclic contractions of an amplitude equal to 
about 10% of maximum tension. An unphysiologically 
low [MgATP} was used to increase the delay between 
Ca2+ release and contraction. The stability constants were 
those most recently updated [l3}. 

amplitude of the aequorin transient in terms of 
[free Ca2+}. In addition, ion-selective elec
trodes give a signal which is detected with a 
high-input impedance preamplifier. Accord
ingly, this recording can be made simulta
neously with an optical recording. This is very 
valuable for calibrating the change of [free 
Ca2+} in conjunction with the recording of ae
quorin bioluminescence. As will be explained, 
this would be even more important for inter
preting the preliminary results obtained with 
potential-sensitive dyes (see Evidence in favor of 
calcium-induced release of calcium. . .. ). 

Ion-selective electtodes of 2- to 5-J.Lm-tip 
diameter were prepared using the ETH 100 1 
neutral ligand cocktail of Simon [83}. In order 
to retain the neutral ligand in the tip of the 
electrodes, it was necessary to make the glass 
of the micropipette hydrophobic (silanization). 
This was done by dipping the tips of the mi
croelectrodes into a freshly made solution of 
10% tri-n-butylcholorosilane (obtained from 
Columbia Organic Chemicals Co., Columbia, 
SC) in xylene. Then the silane reaction was per
formed at 200°C for 1 h. A column of the ETH 
100 1 resin at least 5 mm long was introduced 
into the tip of the microelectrode by aspiration. 
The rest of the barrel of the microelectrode was 
filled from the back with 100 roM CaCl2 to 

make electrical contact with a chlorided silver 
wire. After storage in this 100-mM CaCh so
lution for several hours, the electrodes were cal
ibrated with a series of buffered Ca2 + solutions 
at pCa values from 5.00 to 8.00 in 0.5 steps. 
These solutions contained 140 roM KCl, 10 
mM EGTA, 10 roM N-tris(hydroxymethyl)
methyl-2-aminoethane sulfonic acid (TES) at 
pH 7.10. The most recently updated stability 
constants [l3} and the previously reported cal
culator program [76} were used for making 
these solutions. Standard methods for calculat
ing activity from the calibration parameters 
were used (see Lee [61} and Tsien and Rink 
[85}, for details). At the time of their use, the 
Ca2+ ion-selective electrodes had a resistance of 
2-9 X 109 0. 

The ion-selective electrodes were impaled 
into skinned cardiac cells from the dog Pur
kinje tissue. The impalement was longitudinal 
with respect to the axis of the myofibrils to en-
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sure that the electrode tip was in the middle of 
the myofilament bundle and remained there 
during contraction. The Purkinje tissue of the 
dog was selected because larger skinned cells 
can be obtained from this preparation inasmuch 
as the original intact cells are of larger diameter 
than those obtained from other mammalian 
cardiac tissues. In addition, aequorin biolumi
nescence recordings have demonstrated that the 
Ca2 + transient reaches a higher level of (free 
Ca2 +) in this preparation than in the ventricu
lar skinned cells from the dog or other mam
malian species (l6). 

The recording was made, with a 1013-O-in
put impedance preamplifier, between the ion
selective electrode and an indifferent electrode 
which were placed very close to each other. The 
indifferent electrode was filled with the same 
solution as that bathing the skinned cardiac 
cell containing 5 X 10- 5 M total EGTA, 8 X 
10- 8 M free Ca2+, 3.16 X 10- 3 M free 
Mg2+, 3.16 X 10- 3 M MgATP, and 0.160 
M ionic strength, at pH 7.10, buffered with 
30 mM TES, and at 22°C. The cl + ion-selec
tive electrode signal was recorded simulta
neously with the tension and aequorin biolu
minescence (fig. 11-6). All three signals were 
filtered above 5 Hz, so that the delays between 
them could not be attributed to a higher de
gree of filtration of some of the signals. A fil
tration at as low a frequency as 5 Hz was im
posed by the tension transducer and has been 
demonstrated not to result in any loss in the 
amplitude of the aequorin bioluminescence 
transient in skinned cardiac cells. The low-fre-

. h C 2+· 1· I quency nOlse on tea lon-se ective e ec-
trode recording (fig. 11-6) was caused by the 
close proximity (less than 1 mm) of the tip of 
this electrode to the cathode of the photomul
tiplier tube. 

Cyclic Ca2+ releases were induced by in
creasing the (free Ca2 +) in the solution from 
8.00 X 10- 8 M to 3.12 X 10- 7 M. Under 
these optimum conditions (large size of the pi
pette tip and large skinned cardiac cell from a 
tissue in which a high level of myoplasmic (free 
Ca2 +} is reached), it was possible to detect a 
Ca2 + transient with the cl + ion-selective 
electrode during the Ca2 + release from the SR 
(fig. 11-6). The peak of this transient obtained 

with Ca2 + ion-selective electrode preceded the 
tension peak, yet the Ca2+ ion-selective elec
trode signal lagged behind the aequorin signal. 
This indicates that this method is not yet able 
to record accurately the rate of Ca2 + release. 
Comparison between the estimate of change of 
myoplasmic (free Ca2 +) inferred from the cali
bration of the ion-selective electrode and the 
aequorin signal (according to the method de
scribed in Direct detection of changes of myoplasmic 
free-calcium concentration. . . .). showed lower 
values with the former method. The data were 
deemed too preliminary to be published at this 
point, yet they showed that the ion-selective 
electrode underestimated the change of cl + 

activity because its response was too slow to 

faithfully follow the ascending phase of the 
Ca2+ transient, as already suggested by the lag 
of the ion-selective electrode signal behind the 
aequorin signal (fig. 11-6). The lag of the ion
selective electrode response was considerably 
greater during its falling phase, probably be
cause of the hysteresis previously observed by 
others (85}: a slower response is usually ob
tained with decreasing the [free Ca2 +) rather 
than increasing it. 

RECORDING OF CHANGE OF THE 
MYOPLASMIC FREE-CALCIUM CONCENTRATION 
BY DIFFERENTIAL SPECTROPHOTOMETRY 
WITH ARSENAZO III 
Arsenazo III is a very sensitive probe for 
changes of myoplasmic (free Ca2+) in the /-tM 
and even nM range (86). It has been used to 

detect the increase of myoplasmic (free Ca2+) 
caused by Ca2+ release from the SR in skinned 
cardiac cells (87). A differential microspectro
photometry between 660 and 685 nm was not 
sufficient to avoid contractile artifacts much 
larger than the Ca2+ signals. Accordingly, it 
was necessary to use skinned cardiac cells in 
which the myosin had been extracted by an ex
posure to high ionic strength (87). Under these 
conditions, a good signal-noise ratio was ob
tained (see fig. 11-9c) , yet it was not possible 
to calibrate the signal obtained during Ca2 + re
lease from the SR in terms of myoplasmic (free 
Ca2 +} because of the short length of the light 
path in these very thin skinned cardiac cells 
(less than 8 /-tm thick). 
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The disadvantages of arsenazo III over ae
quorin are the following: (a) It is not possible 
to record contractions simultaneously with the 
Ca2+ signal, at least in skinned cardiac cells. 
This has been possible, however, for Scarpa in 
the much larger barnacle muscle fibers {88}. (b) 
It does not seem possible to calibrate the signal 
in terms of [free cl+} in skinned cardiac cells, 
while this is obviously possible in preparations 
of larger dimensions {86, 88}. (c) Arsenazo III 
at a concentration of 50 f..LM, which is neces
sary to obtain satisfactory signals, depresses the 

FIGURE 11-8. Demonstration of Ca2+ release from the SR 
by monitoring the changes in the amount of Ca2+ bound 
inside the SR membrane through the detection of the flu
orescence of the calcium-chlorotetracycline chelate. The 
arrow labelled "F" at the left of each tracing indicates an 
increase of fluorescence, and the size of the arrow corre
sponds to 5% of the fluorescence measured during the 
initial perfusion with 3.2 X 10-8 M free Ca2+. An in
crease of fluorescence indicates Ca2+ accumulation into 
the SR, and a decrease of fluorescence indicates Ca2+ re
lease. The arrows below each tracing indicate the time of 
solution change. The degree of obliquity of each arrow 
indicates the rate of solution change. Three different 
skinned cardiac cells were used for this experiment with a 
width between 9 and 10 /Lm and a length between 55 
and 60 /Lm. The (total EGTAJ was 1.0 mM, (free Mg2+ J 
3.16 X 10-4 M, (MgATPJ 3.16 X 10- 3 M, pH 7.10, 
ionic strength 0.160 M, and temperature 22°C. The sta
bility constant for the CaEGTA complex was that still 
considered as correct (l3J, but the (free Mg2+ J was ten 
times lower than that currently used. Panel a demon
strates the reproducibility of the Ca2 + release from and 
subsequent Ca2+ reaccumulation into the SR. Note, how
ever, a progressive shift of the baseline due to various 
factors explained in the text (see Recording of changes in the 
amount of calcium . ... ). Panels band c are discussed in 
the text (see Evidence in favor of a calcium-induced re
lease. . . .). Panel b demonstrate that the same increase 
of (free Ca2+J induced Ca2+ release when it is applied 
rapidly (in 0.2 s) whereas it induced Ca2+ loading of the 
SR when it is applied slowly (in 5.4 s). Panel c demon
strates that the Ca2 + -induced release of Ca2+ is graded 
with the level of (free Ca2+J used as a trigger (compare 
first and second transients) and with the degree of preload 
of the SR with Ca2 + (compare second and last transients). 
The pre loading has been accomplished by a slow increase 
of (free Ca2+). Thus all together this figure demonstrates 
three factors causing the gradation of the Ca2+ -induced 
release of Ca2+: rate of change of (free Ca2+J outside the 
SR, level of (free Ca2+J used as a trigger, and degree of 
preload of the SR with Ca2+. Reproduced from Nature 
(nJ with per'llission of Macmillan Journals Limited. 

ability of the SR to actively accumulate and re
lease Ca2+ (fig. 11-7), while it does not affect 
the sensitivity of the myofilaments to Ca2 + 
{87}. This effect on the cardiac SR is not ob
served in other tissues {86, 88}, but may cor
respond to a binding of arsenazo III to the car
diac SR similar to the binding which has been 
described in rabbit skeletal muscle by Beeler et 
al. {89}. An intracellular binding of arsenazo 
III seems to exist only in some tissues since 
Scarpa {86}, who has the most extensive expe
rience with arsenazo III, found that its binding 
to various cellular organelles was negligible in 
most tissues, including the barnacle muscle 
{86, 88}. 

RECORDING OF CHANGES IN THE AMOUNT 
OF CALCIUM BOUND TO THE INNER FACE OF 
THE SARCOPLASMIC RETICULUM MEMBRANE 
BY MONITORING THE FLUORESCENCE 
OF CHLOROTETRACYCLINE 

Chlorotetracycline has been used for monitor
ing the amount of Ca2 + bound to a variety of 
biologic membranes or micelles {90, 91}. To 
circumvent the problem presented by the low 
permeability of chlorotetracycline across the SR 
membrane, the SR had to be loaded with the 
calcium-chlorotetracycline chelate prior to in
ducing cl + release {92}. Then changes of the 
{free Ca2+} in the lumen of the SR caused by 
Ca2+ movements in and out of the SR resulted 
in changes in the amount of Ca2+ bound to the 
SR membrane, while chlorotetracycline re
mained trapped inside the SR. This resulted, 
in turn, in changes in the amount of calcium
chlorotetracycline chelate bound at the inner 
face of the SR membrane. In order to eliminate 
contractions that would cause artifacts on the 
fluorescence recording, the experiments had to 
be done either in the presence of a high {total 
EGTA} {92} or in skinned cardiac cell prepa
rations from which the myosin had been ex
tracted {87}. The fluorescence caused by the cal
cium-chlorotetracycline chelate can be distin
guished from that caused by the magnesium
chlorotetracycline chelate by the use of an ap
propriate wavelength for excitation (400 nm). 
The fluorescence emission was recorded at 530 
nm. A decrease of fluorescence indicated Ca2 + 
release from the SR whereas an increase of flu-
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orescence corresponded to a Ca2 + accumulation 
in the SR (fig. 11-8). 
The limitations of this method are the follow
ing: (a) It is not possible to record contraction 
simultaneously with the Ca2+ transient. (b) 
The measurement cannot be quantitative in 
terms of change of {free Ca2+} inside the lumen 
of the SR. The change of {free Ca2+} inside the 
lumen of the SR can be safely assumed to result 
in a change in the amount of Ca2+ bound to 
the inner face of the SR membrane because this 
bound ci + is likely to be in rapid equilibrium 
with the free Ca2 + inside the lumen of the SR, 
yet the relation between the {free Ca2+} inside 
the lumen of the SR and the amount of Ca2 + 
bound to the inner face of the membrane is un
known and is unlikely to be linear {87}. (c) 
The experiments have to be done within a few 
seconds because of a photodynamic damage to 
the SR induced by the illumination of the 
preparation in the presence of chlorotetracyc
line and because chlorotetracycline has a weak 
Ca2+ iontophoretic effect {92}; in addition, de
spite its low permeability, chlorotetracycline 
slowly leaks through the SR membrane, which 
results in a progressive shift of the baseline (fig. 
11-8). Despite these disadvantages, the chloro
tetracycline method has a unique value because 

FIGURE 11-9. Recording of change of charge distribution 
on the SR membrane of skinned cardiac cells from the 
adult rat ventricle stained with 0.3 mg/ml of the poten
tial-sensitive dye NK 2367 (a and b) or with 5.0 X 10-6 

M of the potential-sensitive dye di-S-C3(5) (d-f). For 
comparison, phasic changes of myoplasmic [free Ca2+) are 
also recorded in the presence of 5 X 10 - 5 M arsenazo III 
(c). For these experiments, different skinned cardiac cells, 
which all had a width of 9-10 IA-m and a length of 57-
61 IA-m, were used. In all cases, the skinned cells had the 
myosin extracted by prior exposure to 0.510 M ionic 
strength, and the recording was done with differential ab
sorption microspectrophotometry. The [total EGTA) was 
4 X 10- 4 M, the [free Mg2+} 3.2 X 10--' M, [MgATP) 
3.2 X 10- 3 M, pH 7.10, ionic strength 0.160 M, and 
temperature 22°C, The stability constants were those cur
rently employed {l3}. Azide (1 X 10- 2 M) was present 
in all cases ro dissipate the membrane potential of the 
mitochondria (see Fabiato (94}). Note that in panels b, c, 
and f the signals exceeded the full-scale amplitude of the 
recorder channeL Reproduced from the Canadian Journal 
of Physiology and Pharmacology (87) with permission of the 
publisher. 

it is the only one available to monitor change 
of Ca2 + content of the SR as opposed to change 
of myoplasmic {free Ca2+} resulting from Ca2+ 
release from the SR. 

RECORDING OF CHANGES OF CHARGE 
DISTRIBUTION ON THE SARCOPLASMIC 
RETICULUM MEMBRANE WITH POTENTIAL
SENSITIVE DYES 

A number of dyes are used to record change of 
membrane potential from various tissues and 
organelles {93}. In skinned cardiac cells, three 
potential-sensitive dyes were used: merocyanine 
540 with fluorescence measurements, merocy
anine oxazolone (NK 2367) with light absorp
tion measurements, and di-S-C3(5) with both 
fluorescence and absorption measurements {87, 
94}. Again for this optical recording it is nec
essary to eliminate the contraction by the use 
of a high {total EGTA} or by extraction of the 
myosin. This is the case, at least for the 8- to 
lO-/-Lm-thick skinned preparations from both 
cardiac and skeletal muscle, even when the 
preparations are stretched at a sarcomere length 
beyond the overlap between thick and thin fil
aments {94}. In contrast, according to Best et 
al. {95}, a differential recording entirely elim
inates the contractile artifacts in about 70-/-Lm
diameter skinned fibers from skeletal muscle. 

In a first series of experiments (fig. 11-9A), 
it was demonstrated that change of charge dis
tribution on the SR membrane can be detected 
with these dyes. This change of charge distri
bution was generally elicited after equilibrating 
the preparation during more than 10 min in 
the presence of a medium containing potassium 
(K+) as the major cation and propionate (P-) 
as the major anion. Then the solution was rap
idly replaced by a solution containing choline 
(Ch +) as the major cation and chloride (CI-) 
as the major anion. Since Ch + diffuses more 
slowly into the SR than K + diffuses out, there 
should be a transient increase of cation concen
tration, and thus positive charge, outside the 
SR membrane. Simultaneously there should be 
a transient increase of anion concentration, and 
thus negative charge, inside the SR membrane 
because CI- diffuses more rapidly into the SR 
than P- diffuses out. Both cationic and anionic 
changes should, therefore, result in the outside 
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of the SR membrane becoming relatively more 
positive (or less negative) with respect to the 
inside. This will be subsequently referred to as 
a net increase of positive charge outside the SR 
membrane. The solution change from K+P- to 
Ch + CI- resulted in a transient signal on the 
light absorption or fluorescence recording (fig. 
11-9a) , while the return to the initial solution 
caused the recording to return to its initial 
baseline (fig. 11-9a). 

A number of artifactual possibilities for ex
plaining this type of signal have been elimi
nated {94}: (1) The signal appeared to be dye 
related since it was not observed in the absence 
of the dye. (2) The signal was not a particular 
property of a given dye or an artifact of a par
ticular optical recording method since light ab
sorption and fluorescence recordings done with 
three different dyes gave qualitatively the same 
results. (3) The signal was not caused by a con
traction artifact since all contraction had been 
eliminated. (4) The signal was not influenced 
by the polarization of the light at 0° or 90°. 
(5) The signal was related to the presence of the 
SR since no signal was observed in preparations 
in which the SR had been destroyed by deter
gent treatment. (6) The signal was not caused 
by a change of potential across the membrane 
of the mitochondria since azide (10 mM) was 
added to all the solutions in order to dissipate 
the membrane potential of the mitochondria. 
Comparative experiments in practically mito
chondria-free, 1O-f..Lm-wide skinned fibers from 
a fast skeletal muscle also eliminated a role of 
the mitochondria in the generation of the tran
sient signal. (7) The signal was not caused by 
the osmotic effect on the SR of the ionic sub
stitution. The change from K+P- to K+Cl
and the change from K + P - to Ch + P - both 
produced a signal in the same direction, the 
one presumed to correspond to an increase of 
the net positive charge outside the SR mem
brane. These ionic substitutions should have 
had opposite osmotic effects: swelling for the 
change from K + P - to K + Cl-, shrinkage for 
the change from K + P - to Ch + P -. (8) The 
signal was not caused by the translocation of 
Ca2+ across the SR membrane, since it could 
be observed when the SR had been unloaded of 
Ca2+ and in the virtual absence of free Ca2+ in 

the solution (fig. 11-9a). It must be noted, 
however, that such signals, induced by changes 
of charge distribution on the SR membrane 
that are not related to Ca2 + movement, have 
not been observed in large preparations of 
skinned fibers from skeletal muscles {95}. In 
these preparations and with the methods used 
by Best et al. {95}, Ca2+ movements across the 
SR membrane were a requirement for the ob
taining of signals (see the discussion following 
this symposium paper {95}). 

These experiments did not permit, however, 
a decision as to whether the signals recorded 
with potential-sensitive dyes corresponded 
truly to a change of transmembrane potential 
rather than to a change of surface potential (see 
Russell et al. {96, 97} for a discussion of this 
problem). 

A second series of experiments demonstrated 
that a signal in the direction of a decrease of 
net positive charge outside the SR membrane 
was observed during Ca2 + accumulation (fig. 
11-9d-e), whereas a signal in the direction of 
an increase of net positive charge was observed 
during Ca2 + release (fig. 11-9b and f, and Fa
biato {87, 94} and Fabiato and Fabiato {98}). 
These results will be discussed in the following 
section of the chapter. 

The major problem with respect to these po
tential-sensitive dye experiments is that they 
do not either support or eliminate the presence 
of a potential change across the SR membrane 
during Ca2 + accumulation and release. In ad
dition, the experiments cannot be done in the 
presence of a contraction. 

Mechanism of the Calcium Release from the 
Sarcoplasmic Reticulum 

EVIDENCE IN FAVOR OF A CALCIUM-INDUCED 
RELEASE OF CALCIUM FROM THE CARDIAC 
SARCOPLASMIC RETICULUM 

The hypothesis of a ci + -induced release of 
Ca2 + was proposed initially for skeletal muscle 
{99} (see Frank {l00} for a recent review). Di
rect tests of this hypothesis have been provided 
by experiments on skinned fibers of skeletal 
muscle {l01, 102}, cardiac muscle {l03}, and 
even smooth muscle {104}. For cardiac muscle, 
the hypothesis is that the transsarcolemmal in-
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flux of Ca2 + would not activate the myofila
ments directly, but would induce a Ca2 + re
lease from the SR that would then activate the 
myofilaments. 

In skinned cardiac cells of all adult mam
malian cardiac tissues, it is possible to induce 
a ci+ release from the SR with a {free Ca2 +} 

much lower than that required for directly ac
tivating the myofilaments. This can be quanti
tatively demonstrated by experiments done in 
the presence of a high {total EGTA} and using 
caffeine for the detection of the Ca2+ release as 
shown in figure 11-5 {2, 15, 79}' In contrast 
to the results reported for skinned fibers of 
skeletal muscle {l, 78}, a high, probably phys
iologic {free Mg2+} such as 3.16 mM free 
Mg2+, does not inhibit the Ca2+ release, but 
instead increases the amount of Ca2 + released 
{l3, 105}. The increase of {free Mg2+} results 
in an increase of {free Ca2 +} required for trig
gering Ca2 + release, but it also decreases the 
sensitivity of the myofilaments to Ca2 +. Con
sequently the {free Ca2+} requirement for 
Ca2 + -induced release of ci + remains much 
lower than that needed for directly activating 
the myofilaments {13, 105}. 

The experiments done in the presence of a 
high {total EGTA}, however, place the cell un
der an unphysiologic condition, in that myo
plasmic {free ci+} is homogeneous. In addi
tion, EGT A, at concentrations higher than 
1 mM, tends to modify the charge distribution 
on the SR membrane as detected with poten
tial-sensitive dyes {16, 87, 94}. The experi
ments done in the presence of a low {total 
EGTA} , as shown in figure 11-4D and E, 
demonstrate a Ca2+ -induced release of Ca2+ 
under conditions more closely approaching the 
physiologic Ca2 + buffering present in the in
tact cardiac cells. Unfortunately, these experi
ments do not permit an assessment of the {free 
Ca2+} required to induce this Ca2 + release. 

Thus, it has not yet been possible to provide 
quantitative information on the Ca2 + flux re
quired to trigger Ca2+ release, information 
that could be compared with the measurement 
of Ca2 + influx across the sarcolemma of an in
tact cell. Yet, some experiments suggest that 
no transsarcolemmal Ca2 + influx, irrespective 
of its magnitude, could activate the myofila-

ments without first triggering a Ca2 + release 
from the SR. Such an experiment is shown in 
figure 11-10. In this experiment, the {free 
Ca2+} requirement for tension development 
and the rate of tension development of the 
same skinned cardiac cell were evaluated before 
and after the disruption of the SR with a non
ionic detergent. Controls confirmed that the 
detergent does not significantly modify the sen
sitivity of the myofilaments to Ca2+ (fig. 11-
lOA and C). The experiment itself was done in 
the presence of a constant low {total EGTA} of 
5 X 10- 5 M (fig. 11-lOB). The widest 
skinned cardiac cell possible (14 J.Lm) was cho
sen to accentuate the diffusion delays of exter
nally applied solutions. It was observed that (a) 
contraction could be elicited by a much lower 
{free Ca2+} (or, if one prefers, much less total 
calcium with the same {total EGTA}) when the 
SR was present than after its destruction; and 
(b) tension induced in the absence of the SR 
even by a high {free Ca2 +} had a much lower 
rate of development than when the SR was 
present. 

Because these data were obtained in the pres
ence of a low {total EGTA}, they do not permit 
a precise definition of the {free Ca2+} required 
for the induction of a Ca2+ release. Neverthe
less, these data suggest that no transsarcolem
mal influx of Ca2+ of any magnitude could di
rectly activate the myofilaments without 
producing a Ca2 + -induced release of Ca2+ from 
the SR unless unphysiologic experimental con
ditions give to the SR of skinned cardiac cells 
properties that they do not have in the intact 
cells. 

The calcium "trigger" is not a simple change 
of {free Ca2+} at the external surface of the SR, 
d{Ca2+}ext> but also a function of the rate of 
this change, d{Ca2+}ex/dt. Thus a fast change 
of {free Ca2+} induces Ca2 + release from the 
SR whereas a slow change of {free Ca2 +} results 
in a loading of the SR with Ca2+ (fig. 11-8b). 
Thus, it was proposed {92} that the initial rel
atively fast burst of Ca 2 + influx across the sar
colemma (fig. 11-2, hatched area) could trig
ger Ca2+ release from the SR. The subsequent 
slow component of Ca2 + influx, corresponding 
to current flow through noninactivating Ca2 + 
channels (fig. 11-2), would load the SR with 
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an amount of Ca2 + available for release during 
subsequent beats {92}. 

The Ca2 + -induced release of Ca2+ is not an 
all-or-none process. Three factors of gradation 
have been described: the level of preload of the 
SR with Ca2 +, the rate of change of {free 
Ca2+}, and the level of {free Ca2 +} used as a 
trigger (fig. 11-8). The gradation as a function 

FIGURE II-to. Comparison of the amplitude and rate of 
tension development induced by application of Ca2+ be
fore and after the destruction of the SR. The experiment 
was done in a particularly large skinned cardiac cell from 
the rat ventricle (14 /-Lm wide and 50 /-Lm long). Such a 
large preparation was done in order to render more ob
vious the difference in rate of tension development caused 
by the Ca2 + release from the SR. Much shorter diffusion 
delays are obtained when directly activating the myofila
ments in the less than 10-/-Lm-wide preparations that are 
usually employed. The recordings were done in the order 
in which they are shown. The destruction of the ability 
of the SR to actively accumulate and release Ca2+ was 
accomplished by a 30-min treatment with 0.5% of the 
nonionic detergent polyoxyethylene cetyl ether 20 (Brij 
58). Note that the tension scale in panels A and C is half 
of that used in panel B. Arrows indicate the time of so
lution change. (A and C) Controls demonstrating that the 
detergent treatment did not modifY the sensitivity of the 
myofilaments ro Ca2+, as previously demonstrated [77}. 
(B) The experiment itself comparing the contractile acti
vation before and after detergent treatment in the pres
ence of a constant [rotal EGTA] of 5.10 X 10- 5 M. If 
it could be ascertained that the procedure used for remov
ing the membrane and the artificial solutions used for su
perfusing the skinned cell do not give unphysiologic 
properties to the SR, then this experiment would dem
onstrate that no transsarcolemmal Ca2 + influx, irrespec
tive of its magnitude, could activate the myofilaments 
without first triggering a Ca2+ release from the SR. Sim
ilar experiments have been done in skinned cells from the 
rabbit ventricle which is the adult cardiac tissue in which 
Ca2+ -induced release of Ca2+ from the SR is the least 
developed [15]. Even in the rabbit ventricular skinned 
cardiac cells, the results were qualitatively similar to those 
shown in the present figure which were obtained from the 
rat ventricular skinned cell in which the Ca2+ -induced 
release of Ca2+ from the SR is the most highly developed. 
Thus, the conclusion derived from these experiments 
seems to apply ro all mammalian cardiac tissues. It must 
be repeated, however, that this conclusion is qualified by 
the possibility that the SR of skinned cardiac cells may be 
in an unphysiologic condition, a possibility that cannot 
be definitely discounted. (Reproduced from the Anna/J of 
the New York Academy of ScienceJ [15] with permission of 
the publisher.) 

of the [free Ca2 +} used as a trigger has been 
observed in experiments detecting Ca2 + release 
through (a) tension transients in the presence of 
a low (total EGTA} [77}, (b) tension recording 
in the presence of a high (total EGTA} (fig. 
11-5B and C), (c) aequorin bioluminescence 
[l3}, and (d) chlorotetracycline fluorescence 
(fig. 11-8). This tight gradation of the Ca2 +_ 

induced release of Ca2 + with both the rate and 
amplitude of the [free Ca2 +} change triggering 
it is qualitatively consistent with the gradation 
of the contraction of the mammalian ventricle 
with the trans sarcolemmal Ca2 + current [28, 
106, 107}. When the [free Ca2+} becomes su
praoptimum, the amount of ci + released is 
decreased, suggesting an inactivation of the 
Ca2 + release caused by the excessive increase of 
[free Ca2 +} outside the SR [l3}. This finding 
is also consistent with the observation that the 
amplitude of the contraction of intact cardiac 
muscle from the rat ventricle is decreased in 
the presence of a supraoptimum extracellular 
{Ci+} [l08, 109}. 

Comparative studies between different ani
mal species and between different developmen
tal stages in the same cardiac tissue show a 
good correlation between a highly developed 
Ca2+ -induced release of Ca2 + from the SR and 
a short plateau of the action potential [l6}. In 
the skinned cell of the dog Purkinje tissue the 
{free Ca2 +} required to trigger Ca2 + release is 
higher than in the dog ventricular tissue, but a 
larger Ca2 + release is obtained. In addition, 
the myofilaments are less sensitive to Ca2 + in 
the dog Purkinje tissue than in the dog ven
tricular tissue or in any other adult mammalian 
cardiac tissue [l6}. 

As previously indicated, the observation of 
cyclic contractions (fig. 11-4) does not dem
onstrate in itself a Ca2 + -induced release of 
Ca2 +; yet, after a Ca2 + release has been in
duced by a rapid increase of (free Ca2+} in the 
myoplasm, the Ca2+ release repeats itself cycli
cally. This is clearly an unphysiologic phenom
enon. However, the repetition of the Ca2 + re
lease can be prevented by a decrease of the 
myoplasmic (free Ca2 +} by the same small 
amount that has been used to induce Ca2 + re
lease (fig. ll-llA as compared to B). This 



N
 "'" "'" 

T
 

(m
.g)

 R
AT

 V
EN

TR
IC

LE
 

0.3
 

A
 o 

fre
e[

Ca
2 )

 

B
 

2)(
 10

-8
 t 4

xlO
-8

 ~ 
2)(

 10
-8

 

I 
Na

:C
a 

Ca
 

ex
ch

an
ge

 

2)(
 10

-8
 t 1

0-7
 
J 2

)( 1
0-

8 

SL
-g

en
er

at
ed

 (
+)

 in
ot

ro
pi

sm
 

.
.
 

_
, 

. 
, 

" 
" 

. 
. ...

.. j
 ....

 j ..
.. •

 .. r
 ...

... 
: 

,-
,-

.... 
·-r

-.. ·
 .. rr

-r
-,-

-r
l--

;--
-t-

-r
-. 

.. 
. 

-j
--

j-
j ..

 -j-
r-

;-
I-

--
j-l

--
--

+-
+-

-o
H

--/
\--

--f
--r

-H
-·

-;
 .. ..

;.-
··j

-;·
-+

· 1
 .. ··
iI't

'-
, ...

. )
,.

. 
., 

-
-

,,
·-

,-
A

--
-l

·+
-f

-+
-H

-+
-!

-+
-H

--
jI\-

J---
----1

--
h

H
.-

H
-+

-

fre
e 

[C
a2

+) 
2x

10
-8
t 10-

7 

in
hi

bi
tio

n 
of 

Na
:C

a 
ex

ch
an

ge
 

(J g
) R

AB
BI

T 
VE

NT
RI

CL
E 

0.3
 ~
 

"I
 -

I 
I 
I
I
 

I.
d

 
t±

rr
t~

rr
l-

:t
--

r-
i-

Im
++

-t
-:

--
J-

I·
 l.

.i
 

L
.t

o
 H

 
·I

.I
.I.

IJ
.J

.J
-

c 
o 

fre
e 

[C
a2

+] 
2 x

lO
-a

t3
.2x

lO
-7

, 2
 x 1

0-
8 +

 10
-6

M
 cA

M
P 

~
 

1 s
ec

 

2 x
 lO-

a t
3.2

 x
 10

-7
 ~ 2

 x 1
0-

8 

SR
_g

en
er

at
ed

(+
) i

no
tro

pi
sm

 



11. Ca2+ RELEASE FROM CARDIAC SR 24S 

suggests that reaccumulation of Ca2 + by the 
SR is not sufficient to lower the myoplasmic 
{free Ca2 +} to a level low enough to prevent 
repetition of the Ca2 + release. Thus the Ca2 + 

reaccumulation into the SR must be backed up 
by another process which is likely to take place 
in the sarcolemma. As discussed in Sodium-cal
cium exchange, this process is not likely to be 
limited by the Na + _Ca2 + exchange which 
would function in the direction of an extrusion 
of Ca2+ after the Ca2+ release from the SR has 
caused an increase of myoplasmic {free Ca2+}. 
Instead the Ca2 + pump across the sarcolemma 
would function during diastole to maintain the 
myoplasmic {free Ca2 +} at a low level and pre
vent the reinduction of a Ca2+ release (see Sar
colemmal calcium pump). If the hypothesis that 
the cyclic repetition of Ca2 + -induced release of 
Ca2 + from the SR is prevented by the Ca2 + 
extrusion through the sarcolemma is correct, 

then it should be possible to induce repetitive 
Ca2 + release in intact preparations by inhibit
ing the extrusion of Ca 2 + across the sarco
lemma. This seems indeed to be the case under 
conditions causing an increase of myoplasmic 
{free Ca2 +}. Thus, for instance, aftercontrac
tions are observed during digitalis intoxication 
{1l2, 113} that may depress Ca2 + extrusion by 
both Na + _Ca2+ exchange and sarcolemmal 
C 2+ 

a pumr 
The Ca + -induced release of Ca2 + is influ-

enced by a number of factors that are known to 
influence the contraction in intact cardiac mus
cle. Many ionic or pharmacologic interventions 
which enhance Ca2 + accumulation into the SR 
also facilitate Ca2+ release. Consequently a 
lower [free Ca2 +} is required to induce Ca2 + 
release, and a larger amplitude Ca2 + transient 
is detected by tension or aequorin biolumines
cence. Figure ll-llC shows this type of effect 

FIGURE 11-11. Examples of experiments suggesting that the Ca2+ -induced release of Ca2+ from the SR demonstrated 
in skinned cardiac cells is compatible with known properties of the physiologic excitation-contraction coupling. The 
skinned cardiac cell from the rat ventricle (A and B) was 10 11m wide and 48 11m long. The skinned cardiac cell from 
the rabbit was 11 11m wide and 42 11m long. SL, sarcolemma; SR, sarcoplasmic reticulum. The arrows indicate the 
time of solution change. The {free Mg2+], pH, and apparent stability constant for the CaEGTA complex were the same 
as used for Figures 11--4 and 11-S. Comparison between the first and the second tension transients in panel A demon
strates that the amount of Ca2+ release resulting from the Ca2+ -induced release of Ca2+ from the SR increases when the 
{free Ca2+] used as a trigger is increased. This mechanism of gradation of the Ca2 + release could be produced physio
logically by an increase in the Ca2+ influx across the sarcolemma, such as that caused by catecholamines {l14], or by a 
decrease of the Ca2+ extrusion from the cell by Na + _Ca2+ exchange, which is a possible mechanism for the positive 
inotropic effect of digitalis. Comparison between panels A and B demonstrates that the cyclic repetition of the Ca2+ -
induced release of Ca2+ can be prevented by a decrease of the {free Ca2+] in the bulk of the solution by an amount 
whose absolute value is equal to the increase of {free Ca2+] that has been used to induce Ca2+ release. This suggests 
that the physiologic excitation-contraction coupling requires that a mechanism of Ca2+ extrusion actoss the SL back up 
the Ca2+ accumulation in the SR. When these results were initially presented {lS], it was thought that the arguments 
for a Ca2+ pump in the SL were insufficient. Thus the backup mechanism was entirely attributed to the Na + _Ca2+ 
exchange. In fact, recent evidence reviewed in the text (see Sodium-calcium exchange) suggests that, although the Na + -

Ca2+ exchange helps in removing Ca2+ at the peak of the Ca2+ release from the SR, the Ca2+ pump of the SL is the 
likely mechanism for maintaining the diastolic myoplasmic {free Ca2 +] low and preventing the repetitive reinduction of 
the Ca2+ release ftom the SR. Abnormal conditions indirectly depressing the Ca2+ extrusion mechanisms across the SL 
in the intact cardiac cells would result in a cyclic repetition of the Ca2+ -induced release of Ca2+ from the SR causing 
after contractions, as is observed during digitalis intoxication {l12, 113]. The experiment in panel C demonstrates that 
cyclic AMP, one of the effects of which is directly on the SR {114], causes an increase of the amount of Ca2+ released 
together with an increase of the rate of relaxation. This is an example of positive inotropic effect generated by action of 
a pharmacologic mediator on the SR. This experiment has been done in a skinned cardiac cell from the rabbit ventricle 
in which the Ca2+ -induced release of Ca2+ is poorly developed and the rate of relaxation slow under control conditions. 
Comparison between panels C and A and B shows that the application of cyclic AMP gives to the SR of the rabbit 
ventricular skinned cell properties similar to those observed in the skinned cell from the rat ventricle, which is the 
mammalian ventricular tissue in which the Ca2+ -induced release of Ca2 + is the most highly developed {lS, 16]. Repro
duced from the Annals of the New York Academy of Sciences {lS] with permission of the publisher. 
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with cyclic AMP. A skinned cardiac cell from 
the rabbit ventricle has been selected for this 
experiment because the skinned cells from this 
tissue have a poorly developed Ca2+ -induced 
release of Ca2+ and a low rate of relaxation un
der control conditions. The results of this type 
of experiment have suggested some interaction 
between the mechanism of the Ca2 + -induced 
release of Ca2 + and the Ca2 + pump of the SR 
{l5, 74, 75, 79}, but the effect of Mg2+ is an 

.. h· h C 2+ exceptiOn lnasmuc as It en ances a accu-
mulation in the SR while increasing the [free 
Ca2+} required to trigger Ca2+ release. Thus it 
seems that the hypothesis of a direct participa
tion of the mechanism of Ca2 + accumulation to 
the Ca2 + -induced release process should be re
jected. 6 One possibility, which has been sug
gested by Chiesi et al. [llO}, is that the occu
pancy of the high-affinity sites of the Ca2 + 
pump of the sarcolemma plays a permissive role 
for the ci + release from the SR. 

Experiments with potential-sensitive dyes 
[87, 94} might provide a first test of the hy
pothesis proposed by Chiesi et al. [llO}. When 
Ca2 + release is induced by an increase of myo
plasmic [free Ca2+}, a small, brief signal in the 
direction of a decrease of net positive charge 
outside the SR membrane is observed before 
the large, long signal in the direction of an in
crease of positive charge outside the SR mem
brane. The latter signal corresponds to the 
Ca2+ release from the SR (fig. 11-9b) , while 
the former is much faster than any signals in 
the same direction that are observed during 
Ca2 + accumulation. This is demonstrated by 
the experiments shown in figure 11-9d-f To 
clearly show the phase of Ca2 + accumulation, 
the skinned cell was initially placed in a low 
[free Ca2+} in all the three runs. Thus the SR 
was empty, and a phase of Ca2 + accumulation 
of long duration was observed when the [free 
Ca2+} in the bathing solution was increased. A 
larger increase of [free Ca2+} resulted in a 
larger signal in the direction of a decrease of 
net positive charge outside the SR membrane 
(fig. 11-9d and e). When the [free Ca2+} 
reached a level sufficient to induce Ca2 + re
lease, the signal caused by Ca2+ accumulation 
was followed by a more than 50-fold faster sig-

nal in the direction of a decrease of positive 
charge outside the SR membrane. This was, in 
turn, followed by a reversal of the signal dur
ing the phase of Ca2+ release. 

It was tentatively suggested [87, 94} that 
this rapid, small signal might give a first hint 
to the Ca2 + binding to the high-affinity sites 
of the Ca2+ pump proposed in the hypothesis 
of Chiesi et al. {l1O}. Many problems remain 
to be solved before the testing of this hypoth
esis may be pursued. The fact that a similar 
signal preceding Ca2 + release is observed with 
chlorotetracycline (see fig. 11-8 and Fabiato 
[87}) may suggest that it corresponds to an 
event taking place inside the SR. On the other 
hand, it may also suggest that chlorotetracy
cline and potential-sensitive dyes record, in 
fact, the same basic transmembrane ionic per
tubation, or change of charge distribution, or 
undefined conformational change. For instance, 
Cohen et al. [Ill} briefly mentioned that the 
fluorescence signal recorded with chlorotetra
cycline is sensitive to membrane potential in 
squid axons. In the case of the cardiac SR there 
may be no membrane potential at all, but both 
chlorotetracycline and the three potential
sensitive dyes used may record the same type of 
altered charge distribution related to Ca2 + 
movement across the SR membrane. Yet, con
trol experiments have demonstrated that ionic 
switch from K+P- to Ch +Cl- does not in
duce any signal in skinned cardiac cells stained 
with chlorotetracycline (Fabiato, unpublished 
observations). It must be noted that although 
this ionic switch induced a signal with poten
tial-sensitive dyes, it does not produce a Ca2 + 
release from cardiac SR even when the SR has 
been loaded with Ca2 + [2, 80, 123} as opposed 
to the results obtained from skinned fibers of 
skeletal muscle {l}. 

Another potential problem with the experi
ment shown in figure 11-9b and d-f is that the 
brief signal in the direction of a decrease of net 
positive charge outside the SR membrane 
might correspond to a redistribution of the dye 
with respect to the SR membrane during the 
beginning of the ci+ release. Such oscillations 
of the signal are observed with potential
sensitive dyes during the recording of change 
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of transmembrane potential in squid axon when 
the preparations are damaged, for instance, by 
microelectrode impalement. Thus, it would be 
very interesting to be able to ascertain that this 
brief signal in the direction of a decrease of 
positive charge outside the SR membrane in
deed precede the Ca2+ release. Since two op
tical recordings cannot be done simultaneously, 
a Ca2+ recording with ion-selective electrodes 
would theoretically be the best approach. This 
is why we have done the collaborative work 
which is illustrated in figure 11-6. Unfortu
nately, the result indicates that the recordings 
with cl + ion-selective electrodes are too slow 
to answer the question of whether the very 
rapid signal recorded with potential-sensitive 
dyes precedes the Ca2 + release from the SR. 

ARGUMENTS AGAINST A CALCIUM-INDUCED 
RELEASE OF CALCIUM FROM THE 
SARCOPLASMIC RETICULUM 

Perhaps the most important argument against 
the hypothesis of a Ca2 + -induced release of 
Ca2 + from the SR is that no satisfactory mech
anism has yet been proposed to explain how an 
increase of [free Ca2 +} outside the SR mem
brane induces a release of Ca2 + from the lumen 
of the SR and why this phenomenon is graded 
rather than all-or-none. 7 However major this 
problem may be, it does not represent in itself 
a compelling argument. against the hypothesis. 
It simply indicates that much more work is 
needed before the hypothesis can be thoroughly 
tested. 

Another major argument against the accep
tance of a physiologic role for Ca2 + -induced re
lease of Ca2 + from the SR is the possibility, 
stated many times in this chapter, that unphys
iologic conditions may give the SR properties 
that it does not have in the intact cells. These 
potential unphysiologic conditions are of two 
types: structural modifications and superfusing 
solutions which do not accurately mimic the 
physiologic intracellular milieu. 

Among the structural modifications, a dila
tion of the SR has been shown in skinned car
diac cells (see fig. 6 in Fabiato and Fabiato 
[15}). The addition of 100 mM sucrose to the 
solution in order to reduce the swelling of the 

SR [115, 116} did not inhibit the Ca2+ -in
duced release of Ca2 + from skinned cells but, 
to the contrary, facilitated it [l5}. Alterna
tively it has been suggested that the swelling 
of the SR could be passive and caused by the 
swelling of the myofilament lattice observed in 
skinned fiber preparations [117}. Shrinkage of 
the myofilament lattice by adding polyvinyl
pyrrolidone to the solution did not modify the 
Ca2+ -induced release of Ca2+ [15, 77}. 

Another possibility is that the skinning pro
cedure may remove important structures par
ticipating in excitation-contraction coupling 
such as the junction between the sarcolemma 
and superficial cisternae of the SR[118}. This 
possibility has been explored by comparing re
sults in skinned single cardiac cells with those 
obtained in groups of cardiac cells with dis
rupted, but not removed, sarcolemma. Some 
results from preparations with disrupted sarco
lemma made from frog ventricle have been re
viewed in this chapter (see Arguments against a 
calcium release. . . .). Results obtained with 
similar preparations from the mammalian car
diac tissue have been previously discussed [16, 
80, 123} with the conclusion that these data 
are very difficult to interpret. Nevertheless, 
even in these preparations, phasic contractions 
are induced by a small increase of [free Ca2 +} 
in the solution [16, 80}. 

With respect to imperfections in simulating 
the intracellular milieu, two types of problems 
are encountered. The first concerns the ionic 
composition of the intracellular milieu. As 
knowledge of the intracellular ionic concentra
tions has progressed, the solutions used for ex
periments in skinned cardiac cells have been 
modified (76}. Unphysiologic constituents in 
the solution, such as glucoseB which was used 
in early experiments (77} have been removed 
(76}, while intracellular metabolites, such as 
pyruvate and malate, have been introduced in 
the experiments in which the function of the 
mitochondria was evaluated (76}. The results 
reported up to now did not include the system
atic addition of metabolites and mediators such 
as cyclic-AMP-dependent protein kinase and 
calmodulin to the solutions. 

The improvement in the accuracy in which 
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the solution used in skinned cardiac cells mim
ics the intracellular milieu is apparent when 
comparing the methods section of the succes
sive publications. This improvement is slow for 
two reasons. First, the composition of the in
tracellular milieu, the concentration of metab
olites and mediators, and the stability con
stants for these compounds such as calmodulin 
that bind Ca2+ are only slowly established. 
Secondl y, when the concentration and stability 
constants of an ion, metabolite, or pharmaco
logic mediator become known, then it is 
needed to thoroughly test the effects of its ad
dition to the solution on the properties of 
skinned cardiac cells. At this point, compari
sons between the results obtained before and 
after the additions and modifications are pub
lished so that the earlier results can be reinter
preted. 

An example of this slow improvement has 
been the successive changes of the pH buffer 
used for the experiments. Initially [103}, im
idazole was used because this was the pH buffer 
employed by most investigators in skeletal 
muscle skinned fiber experiments [10 I}. Then 
it was observed that imidazole, a phosphodies
terase stimulator, depressed the contraction 
elicited by Ca2 + -induced release of Ca2 + from 
the SR [119}. Accordingly, imidazole was re
placed by tris-(hydroxymethyl) aminomethane 
(Tris) which had been thoroughly tested by 
Endo [102} for its absence of deleterious effect 
in skinned skeletal muscle fibers. But Tris is a 
poor buffer at a pH of around 7.00. This prob
lem became a major one when Endo's method 
[1, 78} using a high [total EGTA} to induce 
Ca2 + release was employed. The release of 
Ca2 + from the SR causes a displacement of H + 

from EGTA. The resulting decrease of pH 
causes a decrease of the apparent stability con
stant of the CaEGTA complexes. This may ex
plain why Endo observed a phasic contraction 
induced by caffeine even in the presence of 10 
mM total EGTA. The effective Ca2 + buffering 
capacity of CaEGTA was considerably reduced 
during Ca2 + release. Accordingly, when this 
method had been employed in skinned cardiac 
cells, it was necessary to return to the use of 
imidazole, especially when the effect of lower
ing the pH was studied; yet, for the experi-

ments at acidic pH, controls were done [79} 
with (bis[2-hydroxyethyl}amino)-tris(hydroxy
methyl)methane (Bis-Tris, pKa 6.46). Then 
Ashley and Moisescu [120} demonstrated that 
TES is devoid of any deleterious effect on 
skinned fibers of skeletal muscle while it has a 
better buffering capacity at physiologic pH 
than Tris. Accordingly, TES was used in all 
subsequent experiments in skinned cardiac cells 
[13, 16, 76, 87, 92, 94}. This was reasonable 
because at that time it was established that the 
intracellular physiologic pH was probably 
slightly more alkaline than 7.00 [76}, yet TES 
has a too alkaline pKa (7.44 at 22°C) to be 
ideal. More recently, thorough tests done by 
A. Fabiato and by ].c. Kentish, in the De
partment of Physiology of Leeds University 
(personal communication 1980), have demon
strated that N,N-bis(2-hydroxyethyl)-2-ami
noethane sulfonic acid (BES) which has a pKa 
of 7. 14 has no toxic effect on skinned cardiac 
cells. Thus its use is recommended for further 
experiments in these preparations. 

In conclusion, with respect to the successive 
corrections of the artificial intracellular milieu, 
none of these corrections has resulted in an in
hibition of the Ca2 + -induced release of ci + 

from the SR, whereas some of them have re
sulted in the enhancement of this process. 
There is no doubt, however, that more correc
tions will have to be done. 

To these arguments against the hypothesis of 
a Ca2+ -induced release of Ca2+ from the SR, 
Chapman [1O} adds some others which deserve 
careful consideration inasmuch as they led him 
to the firm conclusion that the hypothesis 
should be rejected. Before considering these ar
guments in detail, it must be stated that they 
are only minor considerations in this excellent 
article, whose reading is encouraged as this is 
probably the most comprehensive and thought
provoking recent review on cardiac excitation
contraction coupling. 9 

When evaluating the method using a low 
[total EGTA} (see p. 18 in Chapman [10}), 
Chapman finds it puzzling that the sustained 
tension levels in the presence of a low [total 
EGT A} are lower than those in the presence of 
a high [toral EGTA}. In fact, this is the very 
principle of the method since this finding sug-
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b C 2+ . gests a competition etween a a store 10-

side the cell and the CaEGTA buffer, as had 
been thoroughly explained in the article that he 
reviews [77}. Chapman rightly emphasizes that 
the [free Ca2 +} in the solution containing a low 
[total EGTA} does not permit an inference of 
the [free Ca2+} in the vicinity of the SR. But 
this had been stated in all the articles in which 
this method has been used (see pp. 477 and 
483 and fig. 3 in ref. 77; p. 121 and fig. 1A 
in ref. 2; pp. 501-508 and fig. 1 in ref. 15; 
and pp. 469 and 492 in ref. 13). As explained 
in detail (for instance in refs. 2, 13, and 15), 
the arguments for demonstrating a Ca2 + -in
duced release of Ca2 + do not make any use of 
the actual value of the [free Ca2 +} in the vicin
ity of the SR. One example of such an argu
ment is shown by the experiment in figure 11-
10. Although Chapman seems to prefer the 
method using a [high EGT A} and caffeine [1O} 
to demonstrate Ca2 + release, he does not dis
cuss the results obtained with this method 10 

skinned cardiac cells which were reported in 
the articles that he reviewed. 

Chapman is correct in emphasizing that im
idazole has depressive effects on the cardiac SR 
[119}, yet he may be inaccurate in using this 
fact as an argument (see p. 19 in Chapman 
[10}) for rejecting the results obtained in a 
study [77} in which imidazole was not used as 
a pH buffer, while on the other hand not crit
icizing another study [121} in which the con
centration of imidazole was not only very high 
but also was varied to adjust the ionic strength 
at different [free Ca2+} values. Since imidazole 
is only partially ionized, a large concentration 
is needed to compensate for a relatively small 
change in ionic strength. 

Even if all his preceding arguments against 
the hypothesis of Ca2 + -induced release of Ca2 + 

are not compelling, Chapman's review offers 
the following very interesting argument: the 
hypothesis should be rejected for the cardiac SR 
because Endo [102}, who originally proposed 
this hypothesis for skeletal muscle, has now re
jected it [1J. Indeed, the similarity between 
cardiac and skeletal muscle suggests that a pro
cess present in one of the tissues is unlikely to 
be absent in the other. Accordingly, one of the 
most productive approaches for cardiac muscle 

physiology has been to extend to this muscle 
type the conclusions derived from experiments 
in skeletal muscle fibers, as is very nicely ex
plained by Chapman [1OJ. 

Yet, it may also be productive to use the 
reverse approach, at least for the excitation
contraction coupling process. The mechanism 
of excitation-contraction coupling may be sim
pIer, more rudimentary, in cardiac than in 
skeletal muscle because the cardiac cell offers a 
shorter pathway for the diffusion of Ca2 + . 
Thus, the following working hypothesis has 
been developed [16, 87, 122}: the complexity 
of excitation-contraction coupling may increase 
with the diameter of the striated muscle cell. 
The simplest process would be present in frog 
ventricular cells in which the 3- to 5-/-Lm di
ameter could permit a direct activation of the 
myofilaments by the trans sarcolemmal Ca2 + in
flux. In mammalian cardiac cells, which have a 
fivefold larger diameter than the frog cardiac 
cells, the transsarcolemmal Ca2 + influx might 
be amplified by the Ca2 + -induced release of 
Ca2 + from the SR. In skeletal muscle fibers, 
with a diameter about five times that of mam
malian ventricular cells, an unknown process 
would precede the Ca2 + -induced release of 
Ca2 +. This process is likely to involve the 
transverse tubules, but not the extracellular 
Ca2+ (see, for instance, Frank [100} for a re
view). 

This working hypothesis has led to a recon
sideration of the arguments against a Ca2 + -
induced release of Ca2 + in skinned fibers of 
skeletal muscle based on the experience gained 
from skinned cardiac cells in which the Ca2 + -

induced release of Ca2 + is easier to demonstrate 
[ 1, 2}. As previously indicated, the experi
ments in skinned cardiac cells showed that the 
[free Ca2+} trigger is dependent upon the time 
required for the change of [free Ca2 +} outside 
the SR (see Evidence in favor of a calcium-induced 
release. . . .). In the approximately 100-/-Lm
wide skeletal muscle skinned fibers, the 
changes of myoplasmic [free Ca2+} are ex
tremely slow. This may explain the very high 
[free Ca2 +} changes in 200 ms resulted in a 
[free Ca2 +} requirement for inducing ci + re
/-Lm-wide bundles of myofibrils with attached 
SR from a fast mammalian skeletal muscle, 
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[free cl +} changes in 200 ms resulted in a 
[free Ca2+} requirement for inducing Ca2+ re
lease 2-3 orders of magnitude lower than that 
observed by Endo [1, 78}. In addition, this 
Ca2+ -induced release of Ca2+ [16, 87} did not 
require a heavy preload of the SR and was ob
tained in the presence of a high [free Mg2 +} 
(3. 16 X 10 - 3 M) which inhibits Ca2+ -in
duced release of Ca2+ in the usual large 
skinned fibers [1, 78}. Yet, it must be empha
sized that these experiments have not yet been 
done in the amphibian skeletal muscle in 
which Endo [1, 78} has done other experi
ments, permitting him to exclude any role of 
the Ca2+ -induced release of Ca2 +. His conclu
sion remains unchallenged, at least in this par
ticular type of skeletal muscle. 

In this comparison between cardiac and skel
etal muscles, the reverse working hypothesis 
supported by Chapman [1O} should continue to 
be considered simultaneously [4}. Until the 
mechanism initiating the Ca2+ release from the 
SR of skeletal muscle is established, some 
doubt should remain about the possible role of 
such a still-unknown mechanism in intact car
diac muscle in addition to, or instead of, the 
Ca2 + -induced release of cl +. Several hy
potheses have been proposed for such a mecha
nism. As indicated in the Introduction, they will 
be reviewed in another article. Accordingly, 
the present chapter must end with no conclu
sion on whether there is Ca2+ release from the 
SR during the physiologic cardiac excitation
contraction coupling or on whether the mech
anism of this possible Ca2+ release is that de
scribed as Ca2+ -induced release of Ca2+ from 
the SR. 

Notes 
1. Reference 123, published after the original submis

sion of this chapter. 
2. These cellular fixed and soluble Ca2+ buffers are 

taken into account in computations of the relationship be
tween tension and increase of [total calcium} resulting 
from transsarcolemmal Ca2+ influx which are reported in 
another article that was published after the original sub
mission of this chapter [l24}. 

3. Since the submission of this chapter, reference 35 
has been written as an excellent and challenging full ar
ticle [l25}. The quantitative inference of the increase of 
myoplasmic [free Ca2+} resulting from the extracellular 

total calcium depletion measured in this article IS dis
cussed in reference 124. 

4. See Fabiato [l24}. 
5. These computations are reported in reference 124, 

which also includes a discussion of the highly pertinent 
estimates of the increase of [total Cal caused by the Ca2+ 
current in isolated bovine myocytes done by Isenberg 
[l26}, which were not available when this chapter was 
initially written. In addition, a recent series of articles by 
Isenberg and K1iickner [l27-129} describes in detail the 
Ca2+ tolerance and electrical properties of the excellent 
preparation of intact isolated adult cardiac myocytes that 
these investigators have developed. 

6. This process is further discussed in reference 124, 
in which the current working hypothesis for the mecha
nism of Ca2 + -induced release of calcium is described in 
detail. 

7. Reference 124, however, proposes a mechanism for 
the Ca2+ -induced release of Ca2+ from the SR and ex
plains that it is not all-or-none because of the presence of 
the negative feedback: increase of [free Ca2+} to the level 
reached during the peak of the Ca2+ transient inactivates 
the Ca2+ -induced release of Ca2+ . 

8. Credit should be given to Dr. H.]. Mensing from 
Tiibingen University for wondering in a personal letter 
why glucose was present in the solutions used. This ques
tion, however, came at a time when glucose had already 
been deleted from the solutions. Glucose was included 
because the first experiments were done in homogenate of 
disrupted, but not skinned, cells [103}. It was wrong, 
however, to maintain glucose in the subsequent early ex
periments in which one skinned single cardiac cell was 
studied. However, the 7 roM glucose did not appear to 
have any effect since its deletion did not cause any signif
icant modification of the results. 

9. Since the submission of this chapter, Chapman's 
work has led him to a much less negative view of the 
possible physiologic role of the Ca2+ -induced release of 
Ca2+ from the SR in cardiac excitation-contraction cou
pling [130}. Therefore, most of what is said in this sec
tion of the chapter is no longer relevant, and we apologize 
for it. 
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Introduction 
The contraction-relaxation cycle of the myocar
dium is physiologically regulated by a change 
in the intracellular Ca2 + concentration [1-3]. 
The cardiac contractile system, like that of 
skeletal muscle, is activated maximally when 
the ionized Ca2 + concentration reaches the 
value of ~ 10 - 5 M while the active state can 
be converted to the resting one when the ion
ized Ca2+ falls below 10- 7 M. In the fast skel
etal muscle, this change in the intracellular 
Ca2 + is regulated solely by the sarcoplasmic re
ticulum (SR). Release and subsequent accumu
lation of Ca2+ by this organelle induce contrac
tion and relaxation of the contractile system. In 
the cardiac muscle, however, the intracellular 
C 2+ . d' h a concentratIOn unng t e contraction-
relaxation cycle is controlled not only by the 
SR but also by other cellular organelles such as 
the sarcolemma [4-8}. The extent to which the 
SR participates in the regulation of the beat-to-
b C 2+ . eat a movement vanes among different 
animal species [5, 6}. In the mammalian ven-
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tricle, the SR is fairly well developed [9} and 
there is evidence that the SR plays a major role 
in initiating contraction and relaxation [5-7}. 
In contrast, in the cardiac muscle of lower ver
tebrates such as frog ventricle, the SR appears 
to be less developed and available data indicate 
that the sarcolemma plays a more important 
role [5, 6}. Although mitochondria have long 
been implicated in the control of cardiac relax
ation, recent experiments indicate that they do 
not play a significant role both in amphibian 
and mammalian cardiac muscle under physio
logic conditions [5, 7}. 

Accumulation by and release of Ca2 + from 
the SR have been studied using various experi
mental systems ranging from the preparations 
of isolated SR vesicles to the intact fiber, ob
tained mainly from the mammalian cardiac 
muscle. The mechanism by which the SR ac
cumulates Ca2 + to induce relaxation, and its 
regulation, which is physiologically and phar
macologically important, have been elucidated 
fairly well. In contrast, the mechanism by 
which the SR releases Ca2 + to initiate contrac
tion has not been clarified. As the latter subject 
is discussed elsewhere in this book (chapter 
11), this chapter summarizes the present 
knowledge of Ca transport across the SR mem
branes and its regulation, with an emphasis on 
the molecular mode by which Ca2+ is accu
mulated by the Ca pump of the cardiac SR. 
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Structure and Composition 
of SR Membranes 

The SR of the mammalian myocardium con
sists of a membrane-limited structure that 
forms a network surrounding the bundles of 
myofilaments {9}. The lumen of the SR forms 
a closed intracellular system that is not contin
uous with the extracellular space. The trans
verse tubular system (T system), another tubu
lar structure running mainly perpendicular to 
the long axis of the myocardial cell and thus 
segmenting the SR at the Z lines, is continu
ous with the surface membrane, its lumen 
communicating with the extracellular space. 
The SR can be divided into two components: 
the free SR and the junctional SR {9, 1O}. The 
former does not participate in the formation of 
any junction with other membranes, but sur
rounds the myofilaments mainly in the center 
of the sarcomere. The latter is located beneath 
the cell surface membrane to form a peripheral 
coupling with the sarcolemma or situated 
alongside the T system to form an interior cou
pling with the membranes of the T system. 
The interior couplings occur in the forms of the 
dyads or triads in which one or two elements 
of junctional SR form couplings on one or ei
ther side of the T tubules, respectively. The 
junctional SR that forms peripheral and inte
rior couplings is often referred to as the subsar
colemmal cisternae and the terminal cisternae, 
respectively. The junction between the junc
tional SR and either the cell surface membrane 
or the membrane of the T system is character
ized by the presence of "feet", regular periodic 
projections extended from the membrane of the 
junctional SR {9, 1O}. These structures may 
provide the basis for transmission of a signal 
from the sarcolemma to the SR. In addition to 
"feet", the junctional SR is further character
ized by the presence of dense granular material 
inside its lumen. These dense materials are 
negatively charged and are considered to rep
resent a Ca-binding protein which is similar to 
calsequestrin of skeletal SR. In addition to 
these portions of SR, specialized form of junc
tional SR, which differ from ordinary junc
tional SR in geometry and in topographic as
pect, can be identified in the cardiac muscle 

{9}. In contrast, the free SR is devoid of these 
features of the junctional SR. Therefore, differ
ent portions of the SR have special structural 
features, suggesting that different functions 
may be assigned to these portions of the SR. In 
accord with this notion, storage and release of 
Ca2 + occur primarily at the terminal cisternae 
in the skeletal muscle fiber {ll, I2}, while Ca 
uptake appears to occur alongside the entire 
surface of the SR membrane. 

The ionic composition of the SR in situ has 
been studied with electron-probe analysis of 
skeletal muscle {I2}. The contents of K+, 
Na + , and Cl- in the SR in the resting muscle 
are not very different from those in the cyto
plasm, but are quite different from those of the 
extracellular space. Such observations indicate 
that the SR is an intracellular compartment 
and argue against the existence of a resting po
tential across the SR membranes if the in situ 
SR membranes are permeable to K +, Na + , 

and CI- as in the isolated SR vesicles. When a 
short tetanus is induced in frog muscle, it has 
been shown that the terminal cisternae release 
more than half of their Ca2+ content into the 
cytoplasm {I2}. This Ca2+ release is associated 
with a significant uptake of Mg2 + and K + into 
the terminal cisternae. As Ca2+ released signif
icantly exceeds the total measured cation accu
mulation, it was suggested that protons and/or 
organic ions are also taken up by the terminal 
cisternae to compensate for a large charge defi
cit. These results thus indicate that various 
ions are moving into or out of the SR coupled 
to the Ca movement during activation and re
laxation of the muscle fiber. 

PREPARATION OF FRAGMENTED SR 

When cardiac muscle is homogenized, the SR 
membranes are fragmented and then reseal 
spontaneously into small vesicles. These vesi
cles can be isolated in microsomal fractions by 
differential centrifugation of homogenized car
diac muscle {13-I7}. The microsomes sedi
men ted between 8000-10,000 and 37,000-
40,000 g are usually further treated with 0.6 
M KCl to remove contaminating contractile 
proteins. The resultant preparations, which are 
used commonly in most laboratories, are highly 
enriched in the SR membranes, as judged on 
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the basis of the marker enzyme actIvItieS (Ca 
uptake and Ca2 + -dependent ATPase activities, 
and Ca2 + -dependent acylphosphoenzyme for
mation; see below). The yield of this prepara
tion from dog heart is about 0.63 mg/g wet 
muscle, which is approximately 10% of the SR 
membranes present in the muscle homogenate 
[16}. These preparations are contaminated with 
mitochondrial fragments so that their ATPase 
activity is inhibited significantly by sodium 
azide, a mitochondrial inhibitor [13, 18-20}. 
Their Ca-uptake activity, however, is not af
fected by this reagent [13, 16}. These prepa
rations are also significantly contaminated with 
the sarcolemmal membranes, the latter content 
being estimated to be up to 15% {21}. The SR 
and the contaminating membrane fractions can 
be separated by sucrose density gradient cen
trifugation after the microsomal fraction is sub
jected to Ca oxalate loading in the presence of 
ATP prior to centrifugation [17, 21, 22}. The 
sarcolemmal membranes are concentrated in 
the light fraction but are practically absent in 
the densest fraction which contains Ca oxalate. 
As can be predicted from the finding that the 
SR in situ is composed of different regions 
within the sarcomere, the isolated fragmented 
SR membranes are not homogenous. Meissner 
[23} separated the fragmented SR membranes 
isolated from skeletal muscle into subfractions 
of different density by centrifugation through 
sucrose gradient. The light and heavy fractions 
show some difference in protein composition 
[23} and Ca-release activity [24}. The bio
chemical and morphologic data indicate that 
light and heavy fractions are derived from the 
longitudinal SR (free SR) and the terminal cis
ternae (junctional SR), respectively [23, 25}. 
Similar studies have not been carried out with 
cardiac fragmented SR membranes, but Jones 
and Cala {26} have recently shown that cardiac 
SR membranes also consist of heterogeneous 
subpopulations. They observed that ryanodine, 
an alkaloid, could selectively enhance Ca up
take by a subpopulation of cardiac SR mem
branes and that this ryanodine-sensitive SR 
fraction could be differentiated from the re
mainder of the SR membranes by other bio
chemical properities including protein compo
sition. At present, however, the physiologic 

relevance of this observation is not clear. 
The isolated cardiac SR membrane vesicles 

are largely spherical with a diameter of about 
0.1-0.2 I.L when examined in an electron mi
croscope [27}. These vesicles are considered to 

be sealed and retain the original right-side-out 
orientation, Ca2 + thus being transported into 
their lumen. 

PROTEIN AND LIPID COMPOSITION 

When cardiac SR vesicles are subjected to poly
acrylamide gel electrophoresis in the presence 
of sodium dodecylsulfate, a considerable num
ber of protein bands can be observed (fig. 12-
1). The major component is a polypeptide with 
a molecular weight of approximately 100,000 
daltons. This polypeptide represents the 
ATPase protein of the SR which plays a central 
role in the Ca transport by the SR. The ATPase 
protein has recently been partially purified 
from pigeon heart [I7} and dog heart [28, 29} 
SR membranes after solubilizing the membrane 
proteins by deoxycholate. The cardiac ATPase 
protein is immunologically different from that 
of fast skeletal muscle [27}. Electrophoresis of 
cardiac SR membranes also demonstrates pro
tein bands with molecular weights ranging 
from 50,000 to 60,000 daltons. These compo
nents may correspond to calsequestrin, the 
high-affinity Ca-binding protein and/or the 
glycoprotein of the skeletal muscle SR (see be
low). However, the properties and functional 
roles of these and other protein components of 
cardiac SR membranes have not been well de
fined except for the ATPase protein, calseques
trin, and phospholamban, a 22,000-dalton 
protein which serves as the substrate for protein 
kinase and controls the function of the Ca 
pump of the SR (see below and Tada and Katz 
(30}). Phospholamban appears to be an acidic 
proteolipid and partially exposed on the cyto
plasmic surface of the SR vesicles. Its content 
in the cardiac SR membranes was estimated to 
be 4%-6% of the total protein nO}. 

In contrast to the cardiac SR, the protein 
composition of SR membranes isolated from 
fast skeletal muscle has been studied exten
sively and five major protein components
namely, the ATPase protein (Mr - 100,000), 
the 12, OOO-dalton proteolipid, the 53, OOO-dal-
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Phospholamban --+ 

ton glycoprotein, calsequestrin (Mr ~ 44,000), 
and the high-affinity Ca-binding protein (Mr 
~ 55, OOO)-have been identified and charac
terized {31, 32J. The ATPase protein consti
tutes 60%-90% of the total protein; 1 mol of 
the ATPase protein contains approximately 2 
mol of high-affinity Ca-binding sites (KI, ~ 
0.3 /-LM) and 1 mol of high-affinity ATP-bind
ing site (Kd , 0.5-3.0 /-LM) {33-35J. 
The ATPase protein is an amphipathic single
chain polypeptide. Its molecular weight deter
mined by sedimentation equilibrium in the an
alytic ultracentrifuge in the presence of deter
gents is 115,000-119,000 {36}. The hydro
phobic region of the ATPase polypeptide is in
timately associated with the membrane lipid 
phase while its hydrophilic portion appears to 
be exposed on the cytoplasmic side of the SR 

~IOOK 
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FIGURE 12-1. Sodium dodecylsulfate polyacrylamide gel 
electrophoresis of dog cardiac SR preparation. 

membrane (fig. 12-2). Five major water-solu
ble peptides (segments I-V in fig. 12-2), 
which constitute about 60% of the total amino 
acid residues, have been sequenced (37-39J. 
These include the NHrterminal peptide (seg
ment I) and the COOH-terminal peptide (seg
ment V). Limited trypsin digestion of the in
tact closed SR vesicles cleaves the ATPase 
polypeptide first into two fragments: fragment 
A (Mr ~ 55,000) and fragment B (Mr ~ 
45,000). By further trypsin digestion, frag
ment A is cleaved into two fragments: frag
ment Al (Mr ~ 30,000) and fragment A2 (Mr 
~ 25,000) {31, 37, 38J. These tryptic frag
ments contain both the hydrophilic and hydro
phobic portions, and remain firmly bound to 
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T tryptic cleavage site 

®-- phosphorylation sIte 

FIGURE 12-2. Diagrammatic representation of the align
ment and location of various segments of the ATPase 
polypeptide: T" T 2 , tryptic cleavage site; @----, phos
phorylation site; Ac-N, amino terminus of peptide; 
COOH, carboxyl terminus of peptide. Modified from 
Maclennan et ai. {3S}. 

the membrane (fig. 12-2). Based on the se
quence data, these tryptic fragments could be 
aligned in the following order: fragment Ar 
fragment AI-fragment B [37-39}. Fragment 
A2 contains the NH2 terminus which is acety
lated, whereas fragment B contains the COOH 
terminus. Figure 12-2 illustrates the align
ment and location of the tryptic and the se
quenced fragments of the ATPase polypeptide. 
Water-soluble sequenced fragments (segments 
I-V) of the ATPase are considered to be ex
posed on the cytoplasmic surface of the SR ves
icles because little of the ATPase is located at 
the inner surface of the vesicles (see below). In 
contrast, water-insoluble peptide regions are 
presumably embedded in the membrane. 
Therefore, the ATPase appears to fold in a 
complex way in the membrane (see fig. 12-2). 
Localization of segments I-III on the cyto
plasmic surface is consistent with the following 
observations [37-40}: (a) The tryptic cleavage 
sites (T I and T 2), which should be exposed on 
the cytoplasmic surface, are located on seg
ments II and III, respectively. (b) The active 
site of the ATPase, which is phosphorylated by 
the terminal phosphate of ATP during the en-

Ac· ~ 
Ac- ~ 

A 

Ac·N---
A, A, 

COOH 
V 

n~ 
Pl 

COOH 

COOH 
B 

COOH 
B 

zyme catalysis (see below), is located on the 
tryptic fragment AI> the aspartate residue in 
segment III being phosphorylated. (c) A spe
cific cysteinyl residue of segment I is labeled by 
membrane-impermeant SH reagents. 

It should be noted that the phosphorylation 
site and the Ca-transporting site appear to be 
located in the different regions of the polypep
tide. The Ca-transporting site appears to be as
sociated with the tryptic fragment A2 since this 
fragment possesses Ca ionophore activity when 
incorporated into lipid bilayer [3S}, and is co
valently labeled with dicyclohexykarbodiimide 
(DCCD) under conditions in which high-affinity 
Ca binding to the ATPase is inhibited by this 
reagent [41}. 

The proteolipid is also an intrinsic protein of 
the SR membranes. Although it was suggested 
that this proteolipid is necessary for reconsti
tution of the efficient Ca pump with purified 
ATPase and phospholipids [42}, its physiologic 
role has yet to be clarified [3S}. 

Calsequestrin and the high-affinity Ca-bind
ing protein are loosely bound to the membrane 
and are easily extracted by mild treatment with 
detergents [31, 32}. Calsequestrin is a protein 
of strong negative charge, its molecular weight 
varying between 44,000 and 65,000, depend
ing on the conditions used for gel electropho
resis. This protein, presumably localized inside 
the SR vesicles, has a low affinity but a large 
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binding capacity for Ca2 +. It binds an appre
ciable amount of ci + when intravesicular 
Ca2 + concentration exceeds millimolar ranges. 
This protein varies greatly in its content, being 
very low in the light fraction and greatly en
riched in the heavy fraction (up to 25% of total 
protein) [23, 25}. It is suggested that this pro
tein primarily serves as a storage site of accu
mulated Ca. Recently purified cardiac calse
questrin has been shown to have properties 
similar to those of skeletal calsequestrin [141}. 
The high-affinity Ca-binding protein is also 
suggested to be localized inside SR vesicles 
[43}. Its physiologic role is not known at pres
ent. 

The 53,000-dalton glycoprotein is, like the 
ATPase and the proteolipid, an intrinsic mem
brane protein of the SR [43, 44}. It is exposed 
on both outside and inside surfaces of the SR 
vesicles. Interestingly, this glycoprotein has 
molecular weight and amino acid and sugar 
compositions very similar to the glycoprotein 
subuni t of N a +, K + ATPase. Therefore this 
glycoprotein may have some role in the Ca 
transport by the SR membranes. 

The lipids of cardiac SR membranes are not 
well defined because the purity of cardiac SR 
preparations has not been established. In the 
SR preparations isolated from fast skeletal mus
cle, phospholipids make up about 80% of the 
total lipids on a molar basis, phosphatidylcho
line being the most prominent molecular spe
cies (65%-73%) [32}. The low cholesterol con
tent and the relatively high degree of 
unsaturation of the fatty acid component of the 
major phospholipids are characteristics of the 
SR membranes of rabbit fast skeletal muscle. 
The purified ATPase protein contains phospho
lipid, the composition of which is similar to 
that of the intact SR membrane [31}. Phospho
lipid molecules intimately associated with the 
ATPase protein are required for its enzymic ac
tivity. Thus, phospholipase treatment of the 
purified ATPase protein or the native SR mem
branes results in inhibition of ATP hydrolysis 
and/or Ca transport by the membranes [45}. 

STRUCTURAL ORGANIZATION 
OF SR MEMBRANES 

The structural organization of the SR mem
branes of skeletal and cardiac muscles, either 

isolated or in situ, has been studied using var
ious electron-microscopic preparations [9, 10, 
15, 27, 31, 46, 47}. The thin-sectioned SR 
membranes demonstrate a trilamellar structure 
which is characteristic of biologic membranes. 
Electron-microscopic pictures of freeze-frac
tured SR membranes indicate that the hydro
phobic interior of the membranes is filled with 
globular particles about 90 A in diameter. The 
majority of these particles are concentrated in 
the outer leaflet of the membrane bilayer. Neg
ative staining of the SR membrane vesicles re
veals the presence of smaller particles (about 40 
A in diameter) with stalks projecting from the 
surface of the membranes. These surface and 
intramembranous particles have been shown to 
represent the structural features of the ATPase 
protein. It is thus thought that a large part of 
the ATPase protein is localized in the cyto
plasmic leaflet of the bilayer membrane of the 
SR and that this protein extends into the cy
toplasm to form 40-A particles. The density of 
90-A particles in cardiac muscle SR is about 
half that in skeletal muscle SR [9}. Therefore, 
the density of the ATPase protein in the mem
brane would be correspondingly lower in the 
cardiac SR. Although the nonpolar portion of 
the ATPase polypeptide penetrates the mem
brane interior (fig. 12-2), there is no direct ex
perimental evidence to support the view that 
the ATPase polypeptide spans the entire SR 
membrane and is exposed at the inner surface. 
However, the exposure of the polypeptide 
at the inner surface is presumably required 
for Ca2 + to be transported through the mem
brane. 

The ATPase peptide appears to be self-asso
ciated in the membrane [32, 36, 46, 48}. The 
number of the smaller surface particles on the 
outer surface of the vesicles is 3-4 times more 
than that of the intramembranous particles, 
suggesting that the ATPase forms oligomers 
within the membrane. Some recent kinetic, 
spectroscopic, and labeling experiments also 
support this conclusion [36, 48}. Although it 
was shown that the monomeric form of the 
ATPase obtained in the presence of detergents 
still maintains full enzymic activity [36}, these 
results may suggest that an oligomer of ATPase 
peptide is the functional unit for Ca transport 
in the native SR membrane. 
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FIGURE 12-3. Ca uptake by cardiac SR vesicles in the 
absence of Ca-precipitating anion. Ca uptake was mea
sured with 0.2 mg/ml of chicken cardiac SR preparation 
in 0.1 M KCl, 20 mM Tris-maleate (pH 6.8), 5 mM 
MgCl2> 2 mM ATP, 0.1 mM 4sCaCl2> and various con
centrations of EGT A. Ionized Ca2+ concentrations were 
0, 3.0 fLM,; 6., 1.1 fLM; .,0.35 fLM. Membrane fil
tration method was used. From Kitazawa [51}. 

Ca Uptake by the Fragmented SR 

Ca UPTAKE AND ATP HYDROLYSIS 

Isolated cardiac SR vesicles can take up Ca2+ 
in the presence of Mg2 + and ATP, thereby re
ducing markedly Ca2 + concentration in the re
action medium {l, 45}. At relatively low ion
ized Ca2+ (3-50 /-LM) and in the absence of 
Ca2 + -precipitating anions such as oxalate or 
phosphate, SR vesicles rapidly accumulate up 
to 70 nmol Ca2+ Img protein (fig. 12-3) {l4-
16, 49-5 I}. This Ca2+ flows out of the vesicles 
at a slow rate in the presence of EGTA, a 
membrane-impermeable Ca-chelating agent. 
This Ca2+, however, is rapidly and completely 
released when the SR membrane is made leaky 
with detergents or Ca ionophores {52}. These 
observations indicate that Ca 2 + is transported 
across the SR membranes and stored within 
their lumen. If the internal space of the cardiac 
SR vesicles is assumed to be 4-5 /-LlImg pro
tein, which is the value reported for the skele-

tal SR vesicles {45}, the intravesicular Ca2 + 

concentration could be as high as 17 mM. Al
though a significant portion of this Ca2 + may 
be bound to the intravesicular structures such 
as Ca-binding proteins and membrane phos
pholipids, the intravesicular ionized Ca2 + 
would still be at the millimolar range, indicat
ing that Ca2 + is transported against the con
centration gradient under these conditions. 

After a steady-state level of up to 70 nmol 
Ca2 + Img protein is reached, further Ca accu
mulation is not observed even when the Ca2 + 

and ATP concentrations in the medium are suf
ficient to activate the Ca pump. The constant 
level of Ca accumulation indicates that both 
the rates of active Ca influx by the pump and 
passive Ca efflux are equal. The influx depends 
on the degree of activation of the Ca pump and 
the concentration of intravesicular Ca2 + while 
the efflux depends on the intravesicular Ca2 + 
concentration and the Ca permeability of the 
SR membranes. As noted below, intravesicular 
ci + at millimolar ranges inhibits the Ca 
pump by interfering with an intermediary step 
of ATP hydrolysis. The passive permeability of 
the SR membranes to Ca2 + in the absence of 
ATP is relatively low, about 50-100 times 
slower than the maximal initial rate of Ca up
take in skeletal muscle SR {45}. This low 
permeability to Ca2+ primarily reflects the in
trinsic property of the lipid bilayer matrix on 
which SR membranes are built. It was found, 
however, that the SR permeability to Ca2+ in
creases markedly during ATP-supported Ca up
take when Ca2 + concentrations outside the SR 
vesicles increase {53}, 

When oxalate is included in the reaction me
dium, cardiac SR vesicles take up as much as 
6-10 /-Lmol Ca2+/mg protein {l6, l7}. An 
equimolar amount of Ca2 + and oxalate is taken 
up under these conditions and Ca oxalate crys
tal is formed inside the SR vesicles {l, 13, 22, 
54}, indicating that the intravesicular concen
tration of Ca oxalate is higher than its solubil
ity product. Ca uptake observed under these 
conditions proceeds linearly over a considerable 
period of time until Ca2+ concentrations in the 
medium become too low to activate the Ca 
pump or until Ca uptake is limited by the Ca 
oxalate storing capacity of the vesicles. There
fore, oxalate, which is freely permeable to the 
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SR membranes and forms crystal with Ca2+, 
appears to sustain Ca uptake by maintaining 
the intravesicular Ca2 + concentrations at a low 
level, thereby removing an inhibitory effect of 
intravesicular high Ca2 + on Ca transport {55}. 

Ca uptake by SR vesicles is usually measured 
using radioactive 45Ca2+ by the membrane fil
tration method, which allows rapid separation 
of 45Ca2 + -loaded vesicles from the reaction me
dium. This technique is appropriate for follow
ing the time course of Ca uptake in a time scale 
of minutes. The reported maximal rates of Ca 
uptake by cardiac SR vesicles measured with 
this techique in the presence of oxalate range 
from 0.2 j.Lmollmg protein/min at 25°C {56} 
to 1. 5 j.Lmollmg protein/min at 37°C {l6}. In 
the absence of Ca-precipitating anion, this 
technique does not allow accurate determina
tion of the rate of Ca uptake because Ca uptake 
proceeds linearly only for a short time (fig. 12-
3). Ca uptake in time scales of milliseconds to 
seconds can be followed with stopped-flow 
techniques or quench-flow method. In the for
mer, a rapid time-dependent spectral change of 
Ca indicator dyes such as murexide or arsenazo 
III, which reflects variation of the Ca2+ con
centration in the medium, is monitored spec
trophotometrically; while, in the latter, fast 
45Ca uptake by the vesicles is measured after 
quenching the uptake reaction with EGTA or 
La3 + using a rapid-quenching apparatus. The 
initial rate of ATP-supported Ca uptake by car
diac SR vesicles measured with murexide 
through the stopped-flow technique was re
ported to be 16 ~ 21 nmol Ca2 + /mg protein / 
150 ms at 25°C {49}. In contrast, an initial 
uptake rate of 33.4 nmol Ca2 + /mg protein/s 
was measured at 22°C in the presence of 18.9 
j.LM Ca2 + with a rapid-quenching apparatus 
and EGTA {57}. It should be noted that these 
values of Ca-uptake rate are much greater than 
those obtained at the steady state in the pres
ence of oxalate (see above). 

Ca transport across cardiac SR membranes is 
an energy-requiring process {l, 54}. SR vesi
cles exhibit Ca2 + -dependent and Ca2+ -inde
pendent ATP hydrolysis. In the usual prepara
tions of cardiac SR membranes, a large portion 
of Ca2 + -independent ATPase activity appears 
to be derived from the activity associated with 

the contaminating mitochondrial fragments 
{l3, 18-20}. In contrast, the ci+ -dependent 
portion of ATP hydrolysis is catalyzed by the 
ATPase protein of the SR. In skeletal muscle 
SR, the Ca2+ -dependent ATP hydrolysis and 
Ca uptake parallel each other under a variety of 
conditions {l, 54}, indicating that the former 
represents an energy source for the latter. 
Ca2 + -dependent ATP hydrolysis and Ca uptake 
are tightly coupled, 2 mol Ca2+ being trans
ported for 1 mol ATP hydrolyzed both in the 
presence and absence of oxalate {l, 46, 54}. In 
accord with this coupling ratio, 1 mol of ATP
ase protein was shown to contain 2 mol of 
high-affinity Ca-binding sites and 1 mol of 
high-affinity ATP-binding site (see above). A 
coupling ratio of 2 mol Ca2 + taken up per 
mole ATP hydrolyzed is also observed in the 
intact cardiac SR vesicles {l9}. The coupling 
ratio, however, decreases when the passive 
permeability of SR membranes to Ca2 + is in
creased by various means. Treatment of SR ves
icles with detergents or ionophores, for exam
pIe, renders the SR membranes leaky and 
prevents net uptake of Ca2 + while a high rate 
of ATP hydrolysis is maintained for a pro
longed period of time. Low coupling ratios 
have often been reported even in intact SR ves
icles {26}. This may indicate that a significant 
fraction of the SR vesicles in these preparations 
is open membrane fragments or that some un
known mechanisms may be operating to main
tain the increased permeability of the SR mem
branes under certain experimental conditions. 

Ca uptake and Ca2+ -dependent ATP hydrol
ysis by cardiac SR vesicles are activated by very 
low Ca2 + concentrations in the medium out
side SR vesicles {I, 45}. The rates of both ac
tivities rise with increasing Ca2 + concentra
tions, reaching a maximum at 3-10 j.LM Ca2+ . 
Half-ma~imal activation is seen at 0.3-4.7 j.LM 
Ca2 + (Kc.) at pH 6.8-7.0 {l4-16, 20, 50, 
5 1, 56, 58}. This rather large variation of the 
optimal range of Ca2 + for activation arises 
partly from the different binding constants for 
the Ca-EGTA complex employed by different 
investigators. It should be noted that the opti
mal range of Ca2 + (Kc.) for Ca uptake and 
ATP hydrolysis measured in the presence of ox
alate is approximately fivefold greater than that 
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for the steady-state Ca accumulation obtained 
in the absence of Ca-precipitating anions [l6}. 
The former, being in agreement with that for 
formation of a phosphoenzyme intermediate of 
ATP hydrolysis (see below), appears likely to 
reflect Ca2 + dependence of Ca influx effected 
by the Ca pump. The latter, however, may not 
give true Ca2 + dependence of the pump activ
ity because a steady-state Ca accumulation is 
determined by the dynamic equilibrium be
tween Ca influx into and Ca efflux from the SR 
vesicles. Because the permeability of the SR 
membrane to Ca2+ increases with increasing 
Ca2+ outside the SR vesicles (53}, the high in
travesicular Ca2 +, which is the result of the 
pump activity, would increase Ca efflux signif
icantly at higher Ca2+ in the medium. This, 
together with the decreased turnover of the Ca 
pump caused by high intravesicular Ca2 + (see 
below), could lower Ca2 + concentrations at 
which Ca2 + dependence of the steady-state ac
cumulation exhibits a saturation. The activat
ing effect of Ca2 + can be mimicked by Sr2 + or 
Mn2+ (1, 59}, La3+ at relatively high concen
trations inhibits both Ca uptake and ATP hy
drolysis (32}. Both activities are inhibited by 
high Ca2+ inside SR vesicles, as mentioned 
above. 

In cardiac SR, like in skeletal SR (32}, an 
equimolar complex of Ml + and ATP appears 
to serve as the substrate for Ca uptake and 
Ca2+ -dependent ATP hydrolysis. The Ca2+_ 
dependent ATP hydrolysis exhibits a complex 
MgATP dependence: in the presence of an 
ATP-regenerating system, the ATPase activity 
shows saturation at about 10 f.LM MgATP (Km , 

1-2 f.LM) while a further increase in activity is 
observed at higher MgATP concentrations (Km 
~ 0.18 mM) (20, 60}. The Km value obtained 
at low A TP is similar to that for formation of 
phosphoenzyme intermediate of the ATPase 
(see below), indicating that this low Km site 
corresponds to a high-affinity catalytic site. 
The stimulatory effect of high ATP is consid
ered to arise from the regulatory action of the 
nucleotide on the turnover of the Ca pump be
cause high concentrations of ATP exert an ac
tivating effect on the intermediary steps of 
ATP hydrolysis (see below). In addition, the 
analogues of ATP, which are not hydrolyzed or 

hydrolyzed little by the enzyme, mimic the ef
fect of high ATP [35, 61}. Therefore, the 
ATPase appears to have a high-affinity catalytic 
site and low-affinity regulatory site. Besides 
ATP, the Ca pump of SR utilizes other natural 
nucleotide triphosphates (1, 32, 62}. The rates 
of utilization at 5 mM by the cardiac Ca pump 
are in the following order; A TP > CTP > ITP 
> GTP > UTP (13}. Other phosphate com
pounds such as acetylphosphate and p-nitro
phenylphosphate also serve as substrates al
though the rates of utilization are very slow 
(63}. 

Mg2 +, in addition to serving as the compo
nent of the true substrate MgA TP, accelerates 
an intermediary step of ATP hydrolysis (see be
low). The possibility that Ca uptake is obliga
torily coupled to countertransport of Mg2 + has 
been excluded by recent experiments with skel
etal SR vesicles (59, 64.}. 

Monovalent cations such as K + are required 
for the full activation of the Ca-pump activity 
[65-67}. Removal of monovalent salts from re
action medium reduces the rates of Ca uptake 
and ci + -dependent ATP hydrolysis to ap
proximately one-fourth of those observed in the 
presence of optimal concentrations of these 
salts. The effectiveness of these salts at 100 
mM is graded in the following order: K + > 
Na+ ~ NH3 + ~ Rb+ > Cs+ > Li+ [65-
67}. As discussed later, these monovalent salts 
also accelerate one of the intermediary steps of 
ATP hydrolysis. 

pH dependence of the rates of Ca uptake and 
Ca2+ -dependent ATP hydrolysis by the cardiac 
SR vesicles exhibits a bell-shaped profile with 
the optimum at pH 6.2-6.5 for Ca uptake and 
at pH 7.5-8.0 for ATP hydrolysis (20, 68}. 

Effects of ion fluxes and the membrane po
tential on Ca uptake have been studied using 
native skeletal SR vesicles (69} or purified skel
etal SR ATPase protein incorporated into phos
pholipid bilayer vesicles (70}. The rate of ATP
dependent Ca uptake is stimulated when a 
membrane potential, negative inside, is im
posed across the reconstituted SR membranes 
with a K + concentration gradient and valino
mycin. This observation suggests that the Ca 
pump of the SR is electrogenic. pH gradient 
(inside acidic) was also shown to increase the 
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initial rate of Ca uptake {69, 71}. H+ was 
found to be ejected from the SR vesicles during 
the initial phase of Ca uptake {59, 72}. This 
H+ ejection and Ca uptake may be tightly cou
pled in such a way that H + is exchanged for 
Ca2+ in an antiport system {59, 71}. On the 
other hand, the native membranes of skeletal 
SR have been shown to be highly permeable to 
ions such as K+, Na+, H+, and Cl-, al
though they are relatively impermeable to 
C 2+ M 2+ d I . h T . + a , g ,an arger lOns suc as flS , 

choline +, or gluconate - [73, 7 4}. A specific 
K + channel has been identified and extensively 
characterized in the skeletal SR membranes 
[75, 7 6}. An anion channel which is blocked 
by anion-transport inhibitors was also identi
fied in the skeletal SR membranes en}. It is, 
therefore, also possible that charge displace
ment caused by the activity of the electrogenic 
Ca pump may be counterbalanced by fluxes of 
these highly permeable ions which are not di
rectly coupled to the Ca-pump activity. 

MECHANISM OF ATP HYDROLYSIS 

As mentioned earlier, Ca uptake by cardiac SR 
is an energy-requiring process and is stoichio
metrically linked to ATP hydrolysis. As Ca up
take can be reconstituted from the ATPase pro
tein purified from skeletal SR and 
phospholipids [38, 78}, the ATPase protein is 
considered to serve not only as a Ca transporter 
but also as a transducer of chemical energy into 
the osmotic energy. To elucidate the mecha
nism by which Ca2+ is transported across SR 
membranes, analysis of the elementary steps of 
Ca2+ -dependent ATP hydrolysis and compari
son of these with those of Ca transport must be 
carried out. A current view of the mechanism 
of ATP hydrolysis by the Ca-pump ATPase is 
summarized below. 

During ci + -dependent ATP hydrolysis by 
cardiac SR vesicles, the terminal phosphate of 
A TP is incorporated into the ATPase protein 
[l8, 20, 58, 79-82}. The phosphoenzyme for
mation requires micromolar ranges of Ca2 + and 
ATP, indicating that high-affinity sites for 
Ca2+ and ATP, which are responsible for acti
vation of ATP hydrolysis (see above), are in
volved in phosphorylation of the ATPase (20, 
58, 80}. When concentrations of Ca2+ and 

A TP are varied at a relatively low concentration 
range, complete parallelism can be observed 
between the steady-state level of phosphoen
zyme and the rate of ATP hydrolysis [20}, sup
porting the view that the phosphoenzyme is an 
intermediate of ATP hydrolysis. The chemical 
characteristics of the phosphoenzyme isolated 
by the addition of acid are those of an acyl
phosphoprotein [20, 80}. In skeletal SR, the 
phosphoryl group was shown to be covalently 
bound to the f3-carboxyl group of aspartic acid 
residue {83}. The maximum amount of phos
phoenzyme formed in the ordinary preparations 
of cardiac SR, which could reflect the amount 
of the ATPase protein in the preparations, var
ies significantly from one animal species to the 
other, the SR preparation from dog heart giv
ing the highest value of up to 1. 3 nmollmg 
protein [l8, 20, 80}. When the SR prepara
tions from pigeon heart are further purified by 
sucrose density gradient after Ca oxalate load
ing, a phosphoenzyme level as high as 2.45 
nmol/mg protein can be obtained [l7}. 

Steady-state and transient kinetic studies of 
ATP hydrolysis by cardiac and skeletal SR 
membranes and the extensive use of various 
conformational probes revealed that the ATPase 
enzyme undergoes successive conformational 
transitions during catalysis [32, 46, 48, 62, 
81, 84-86}. The results may be summarized as 
shown in the following scheme (scheme 1): 

ATP ADP 
Cao 

~ E, ~ CaoE,ATP Ca,E,P 

2 

~u, 5 3 

4 
E] 

( \ E2P 

Pi H2O 

where Cao and Caj refer to Ca2+ located outside 
and inside the SR vesicles, respectively. Ca oc
cluded within the membrane is also referred to 
as Caj. The ATPase is considered to assume two 
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major conformations E I and Eb the former (E I 
or EIP) having high Ca affinity and the latter 
(E2 or E2P) having low Ca affinity. The mi
cromolar range of Ca2 + stabilized the EI con
formation of the free enzyme whereas removal 
of Ca2 + from the medium at low pH and high 
temperature or addition of vanadate stabilized 
the E2 type of the free enzyme {86, 87}. Under 
physiologic conditions, 2 mol Ca2+ and 1 mol 
of MgATP react with 1 mol of the ATPase (E I) 
on the outside surface of the SR membranes to 

form a Michaelis complex (step 1). Formation 
of the EI-type phosphoenzyme (EIP) (step 2) is 
accompanied by the transient occlusion of Ca 
bound to the Ca-transport site {88}. Metal-free 
ADP is released on the outside surface of the 
membranes {89}. Mg2+ thus remains bound to 

the enzyme at this stage {93}. Ca2 + is then 
released into the vesicular lumen when EIP is 
converted to the E2 type of phosphoenzyme 
(E2P) (step 3). E I P is a "high energy" type of 
phosphoenzyme as it donates its phosphate 
group to added ADP to form ATP, while E2P 
is a "low energy" type because it does not react 
with added ADP. Therefore, decrease of the af
finity for Ca2 + is coupled to the conversion of 
the "high energy" to "low energy" state of the 
phosphoenzyme. In step 4, E2P decomposes to 

yield inorganic phosphate (Pi) and the free en
zyme E2 on the outside surface of the SR vesi
cles. Mi + appears to be released from the 
ATPase at this step. Then, E2 is transformed 
to EJ, the enzyme thus completing a catalytic 
cycle. 

Enzyme phosphorylation in cardiac SR vesi
cles is very rapid (fig. 12-4) {81, 90, 91}. It 
reaches a maximum level at 30 ms at 20°-22°C 
when ATP (10 J.LM) is added to cardiac SR ves
icles in a Ca2+ -containing medium. After 
reaching a maximum level, phosphoenzyme de
creases slightly to the steady-state level ("over
shoot"). In contrast, Pi liberation exhibits a 
distinct lag phase during accumulation of phos
phoenzyme, indicating that Pi is derived from 
the turnover of phosphoenzyme. When enzyme 
phosphorylation is started by the addition of 
ATP and Ca2 + to the reaction medium con
taining the enzyme and EGT A, phosphoryla
tion proceeds at a much slower rate and the 
"overshoot" cannot be observed (fig. 12-4). 

These observations are taken to indicate that 
the E2 to EI transition (step 5), which is 
induced by Ca2 + addition, is slow and con
trols the rate of enzyme phosphorylation. 
The slow transition of E2 to EI (step 5) can also 
be followed by monitoring changes of intrinsic 
fluorescence of the enzyme or the fluorescence 
of fluorescein bound to the enzyme {86, 87, 
92}. 

Phosphoenzyme decomposition is accelerated 
by Mg2 + or K +, but inhibited by high 
Ca2+ [18, 20, 32, 46, 65, 82}. At high Ca2+ 
(> 1.0 mM), the EIP to E2P conversion is in
hibited because Ca binding to the low-affinity 
Ca-binding site on E2P accelerates reversal of 
this reaction step, thereby decreasing the con
centration of E2P. Mg2 + accelerates the E I P to 

E2P conversion and E2P hydrolysis {84, 94}. A 
recent report {93} has shown that Mg2+, which 
is derived from the metal component of the 
MgATP complex bound to the substrate site of 
the enzyme, is responsible for acceleration of 
phosphoenzyme decomposition. 

Monovalent cations such as K + accelerate 
E2P hydrolysis {94}, thus shifting the equilib
rium of step 4 markedly to E2 plus Pi' In the 
absence of K +, E2P hydrolysis is very slow and 
limits the overall rate of ATP hydrolysis. In 
the presence of 100 mM KCl, which is usually 
included in the reaction medium for the mea
surement of Ca uptake and ATP hydrolysis by 
the SR, E2P hydrolysis is much faster than the 
rate of the EIP to E2P conversion {94, 95}. 

High concentrations of ATP exert stimula
tory effects on the intermediary steps of A TP 
hydrolysis {96}. High ATP accelerates E2P hy
drolysis and the conformational transition of E2 
to EI (step 5) {85, 94}, suggesting that high 
A TP unstabilizes the E2 conformation of the 
enzyme. A low-affinity regulatory site for ATP 
(see above) appears to be involved in this effect 
of high ATP [35, 61, 85, 87, 94}. Therefore, 
in the physiologic conditions where high con
centrations of Mi +, ATP, and KCI are pres
ent, E2P hydrolysis and the E2 to EI transition 
become faster, and may not limit the overall 
reaction rate. Instead, the rate of the EIP to 

E2P conversion (step 3) may control the overall 
reaction rate under these conditions. In addi
tion to the effects described above, high ATP 
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was shown to accelerate the formation of the 
phosphoenzyme intermediate [32). 

It was shown in skeletal SR vesicles that the 
reaction sequence outlined above is completely 
reversible [32, 62, 85, 97} . Lowering Ca2+ in 
the medium outside the Ca-loaded intact SR 
vesicles by a Ca-chelating agent leads to ATP 
synthesis from ADP and Pi, which is coupled 
with Ca efflux. Synthesis of 1 mol ATP is cou
pled to the outflow of 2 mol Ca2+ [98}. Rever
sal of Ca transport requires that ADP, Pi, and 
Ml + are present in the medium outside the 
SR vesicles. The free enzyme should be in the 
E2 conformation for the reversal of the Ca 
pump to occur. Therefore, high ATP or the 
micromolar range of Ca2 + , which stabilizes the 
E j conformation, inhibits the pump reversal. 
During the pump reversal, the ATPase is phos
phorylated by Pi' The resultant phosphoenzyme 
reacts with added ADP to form ATP, which is 
coupled to Ca efflux. Phosphorylation of the 
ATPase by Pi also occurs even when the SR 
vesicles are rendered leaky or solubilized so that 
Ca gradient across the SR membranes cannot 
be developed [62, 85, 99}. The resultant phos
phoenzyme, however, does not react with 
added ADP to form ATP. Under these condi
tions, simultaneous addition of high Ca2+ and 
ADP to the phosphoenzyme leads to the net 
synthesis of ATP [85, lOO}. The Ca2 + concen-

FIGURE 12-4. Time courses of formation of phosphoen
zyme intermediate before (0 6) or after (. A) the treat
ment with cyclic-AMP-dependent protein kinase: 6, A, 
ATPase reaction started with SR plus Ca2+; 0, ., 
ATPase reaction started with Ca2+ -free SR. The final re
action medium contained 10 f.LM [,y_ l2pJATP and 14 f.LM 
ionized Ca2+. Temperature and pH used were 22°C and 
6.8, respectively. From Tada et al. [90J . 

tration required for the synthesis of A TP is in 
the millimolar range, which presumably reacts 
with the low-affinity Ca-binding site on the en
zyme. Therefore, reversal of ATP hydrolysis 
can be achieved without using the osmotic en
ergy that might be derived from the concentra
tion graident of Ca 2 + across the SR membrane. 
For the synthesis of ATP in the intact SR ves
icles, therefore, the concentration gradient of 
Ca2+ appears to be required only to provide 
high intravesicular Ca2 + concentrations and to 
saturate the internal low-affinity Ca-binding 
site [85} . 

COMPARISON OF Ca PUMPS OF CARDIAC AND 
SKELETAL MUSCLE SR 

As described in the preceding section, the 
mechanism of Ca uptake and ATP hydrolysis 
by cardiac SR vesicles is generally similar to 

that by skeletal SR vesicles. However, signifi
cant differences are noted in the two types of 
SR preparations. (a) Ca uptake and ATP hy-
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drolysis are considerably slower in cardiac than 
in skeletal SR preparations [1, 45}. (b) In the 
cardiac SR membranes, a specific regulatory 
mechanism, which is physiologically and phar
macologically important, controls Ca transport 
and ATP hydrolysis (see below) nO}. (c) The 
cardiac SR ATPase protein is immunologically 
different from that of fast skeletal muscle [27}, 
suggesting that there may be some structural 
difference in the two types of ATPase protein. 

To define the basis for the slower Ca uptake 
by the cardiac SR preparations, the steady-state 
ATPase reactions by dog cardiac and rabbit fast 
skeletal SR preparations were compared under 
the identical experimental conditions [20}. 
ATP hydrolysis by cardiac preparations at sat
urating Ca2 + is 3-6 times slower than that by 
skeletal preparations, whereas, at low Ca2+ (1-
2 /-LM), the former is more than ten times 
slower than the latter. A study on ATP depen
dence of the rate of ATP hydrolysis revealed 
that the Km value for A TP is similar in both 
types of SR preparation while the maximum 
rate of ATP hydrolysis is about fourfold less in 
cardiac preparations. The maximum level of 
enzyme phosphorylation, which reflects the 
density of the ATPase protein in each SR prep
aration was also found to be about fourfold less 
in dog cardiac preparations. In addition, the 
concentration of ionized ci + that elicits half
maximal activation of the ATPase of dog car
diac preparation (KcJ is 3-4 times higher than 
that of the corresponding value for Kca in rab
bit skeletal preparations. These results there
fore indicate that the relatively slow rate of Ca 
uptake by dog cardiac preparations primarily 
reflects a low density of Ca-pumping sites and 
lower Ca affinity for these sites, rather than a 
low turnover rate. It may be added that the pH 
optimum for ATP hydrolysis is at a slightly 
more alkaline level in cardiac SR preparations. 

In addition to these results obtained in the 
steady-state analysis of ATP hydrolysis, the re
cent transient-state kinetic data indicate that 
there are quantitative differences in the rate 
constants of some of the partial reactions of the 
ATPase of both types of SR [81, 101}. When 
the ATPase reaction is started by the addition 
of ATP and Ca2 + to the reaction medium con
taining EGTA and enzyme, enzyme phosphor-

ylation is slow, reflecting the slow conforma
tional transition of E2 to El (step 5 of scheme 
1). In dog cardiac preparations, the estimated 
rate constant of the E2 to El transition in the 
presence of 10 /-LM ATP is approximately five 
times smaller than that in rabbit skeletal prep
arations. The rate of phosphorylation, however, 
is the same for both types of SR preparation 
when the reaciton is started by the addition of 
ATP (10-50 /-LM) to SR vesicles in a Ca2+_ 

containing medium, indicating that steps 1 
and 2 of Scheme 1 occur at similar rates in the 
two types of SR preparation. 

It was shown that dissociation of ci + , 
which is bound to the ATPase protein during 
the initial phase of enzyme activation, is 1.5-
fold slower in the dog cardiac preparations. 
Phosphoenzyme decomposition, as measured 
after the new formation of phosphoenzyme is 
prevented by chelation of Ca2+ by EGTA in 
the presence of 3 mM MgCh and 100 mM 
KCl, exhibits complex time courses but ap
pears to be slightly slower in the dog cardiac 
SR preparations. These transient-state kinetic 
data collectively indicate that the slower con
formational transition of the E2 to El (step 5) 
in the dog cardiac preparations is the most 
prominent difference observed. The difference 
in the rate of this reaction step could be re
sponsible for the lower rates of ATP hydrolysis 
and Ca uptake by cardiac SR preparations at 
low ATP. At high ATP concentrations, how
ever, the E2 to El transition may not control 
the overall rate of reaction because high A TP 
appears to enhance this reaction step [85}. It 
should be added that enzyme phosphorylation 
(steps 1 and 2), when started by the addition 
of ATP to the enzyme in a Ca2+ -containing 
medium, is significantly slower in the absence 
of added KCl than in the presence of this salt 
at 100 mM in the dog cardiac SR preparations 
{91}. This effect of KCI was not observed 10 

the rabbit skeletal preparations {89, 102}. 

Regulation of Ca Uptake 
by Fragmented SR 
In cardiac SR membranes, a regulatory mecha
nism exists in which a specific protein compo
nent of the SR membranes (phospholamban) 
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serves as a regulator controlling the Ca-pump 
activity and presumably plays a key role in me
diating the actions of hormones and drugs on 
heart muscle. 

CYCLIC-AMP REGULATION OF Ca UPTAKE 

Phospholamban Phosphorylation. When cardiac 
SR membranes are incubated with {-y_32p}ATP 
and cyclic AMP in the presence or absence of 
cyclic-AMP-dependent protein kinase, 32p is 
incorporated into SR membranes {l03-105}. 
Formation of this phosphoprotein is indepen
dent of Ca2+ up to 0.1 mM, but is markedly 
dependent on cyclic AMP between 0.1 and 10 
Il-M with the half-maximal activation occurring 
at about 0.2 Il-M {l04}. The phosphoprotein, 
unlike the phosphorylated intermediate of the 
ATPase of the SR (see above), exhibits stability 
characteristics of a phosphoester in which the 
phosphate is largely incorporated into serine 
residue {l04-106}. On gel electrophoresis in 
the presence of sodium dodecylsulfate, most of 
the 32p label is associated with a protein of ap
proximately 22,000 daltons {105, 107}. Phos
phorylation of the 22,OOO-dalton protein also 
occurs in cardiac SR preparations that were vir
tually freed from sarcolemmal membranes 
through sucrose density gradient centrifugation 
after Ca oxalate loading {21}. Since this 
22,000-dalton protein is specifically associated 
with functional alterations in the SR (see be
low), it was termed "phospholamban" in view 
of its ability to receive phosphate from ATP 
{107, 108}. Under the conditions in which 
phospholamban is phosphorylated, several 
other lower-molecular-weight proteins are also 
phosphorylated {30}. 

Phospholamban, which is an acidic proteo
lipid and contains 40%-45% hydrophobic 
amino acid residues {29, 109, 11O}, is inti
mately associated with the SR membrane. A 
portion of phospholamban is exposed at the 
outer surface of SR vesicles because it is labeled 
with {-yYp}ATP in the presence of cyclic
AMP-dependent protein kinase and because 
proteolytic digestion results in the disappear
ance of the 22,OOO-dalton protein when the 
latter is not phosphorylated {l07}. Upon phos
phorylation, the phosphorylation site of phos-

pholamban may be transposed within the 
membrane because tryptic digestion becomes 
much less effective {107}. The lack of iodina
tion of phospholamban, which contains tyro
sine, may reflect the location of these residues 
within the membrane interior {l11}. 

Although phospholamban is originally 
thought to represent a single peptide that elec
trophoretically migrates as a 22,000-dalton 
component in the presence of sodium dodecyl
sulfate, addition of Triton X-IOO or boiling of 
the phosphorylated SR membranes in sodium 
dodecylsulfate solution results in the complete 
disappearance of the 22, OOO-dalton phospho
protein with the concomitant appearance of 
11,000-dalton and, even lower, 5000- to 

7000-dalton phosphoproteins {112, 113 J. While 
the possible existence of oligomer-monomer 
transition should be further sought, these re
sults may be related to the observation that 
phospholamban contains two kinds of phos
phorylatable sites that are phosphorylated by 
two different protein kinases (see below). 

A protein-protein interaction appears to ex
ist between phospholamban and the ATPase 
protein, which is dependent on the phosphor
ylation state of the former {l09, 114}. When 
phospholamban is phosphorylated, the two 
proteins remain associated even after solubili
zation of the SR membranes with detergents. 
In contrast, phospholamban appears to be sep
arated easily from the ATPase protein by mild 
treatment with detergents when it is not phos
phorylated. The stoichiometric relation be
tween the amounts of phospholamban and the 
ATPase protein in the membranes may be 1: 1 
as the amount of phospholamban phosphoryla
tion is similar to the maximum amount of the 
phosphorylated intermediate of the ATPase 
{58}. 

Stimulation 0/ Ca Uptake. The rate of Ca up
take by cardiac SR vesicles in the presence of 
oxalate is more than doubled when the SR ves
icles are previously phosphorylated by incuba
tion with an optimum concentration of cyclic 
AMP and cyclic-AMP-dependent protein ki
nase {l9J. In contrast, Ca uptake by the SR 
vesicles isolated from fast skeletal muscle does 
not exhibit such stimulation, nor is there any 
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significant phosphorylation of similar protein 
(115}. The extent to which Ca uptake by car
diac SR vesicles is stimulated is correlated well 
with the increase in phospholamban phosphor
ylation, but not with other phosphoproteins 
[116}. Protein kinase obtained from cardiac 
muscle (type-II kinase) produces such stimula
tion, while that obtained from skeletal muscle 
(type-I kinase) is also functional but to a much 
lesser extent (104}. When the rate of Ca up
take by cardiac SR vesicles is examined at dif
ferent Ca2+ concentrations, cyclic-AMP-depen
dent phosphorylation of phospholamban 
reduces by approximately threefold the Ca2+ 
concentration at which a half-maximal activa
tion of Ca uptake is observed (19, 117). When 
the phosphorylated SR membranes are incu
bated with phosphoprotein phosphatase ob
tained from bovine heart, most of the phos
phorylated phospholamban is dephosphorylated 
{118, 119}. Dephosphorylation leads to a com
plete reversal of the effect produced by protein 
kinase. When Ca uptake and phospholamban 
phosphorylation are compared in the presence 
of a fixed amount of protein kinase and differ
ent amounts of protein kinase inhibitor (mod
ulator), a linear relationship is observed be
tween the decrease in Ca uptake and the 
inhibition of phosphorylation of the SR mem
branes (120}. 

Protein-kinase-catalyzed phosphorylation is 
capable of stimulating Ca transport also in the 
absence of oxalate {57, 90}. Under these con
ditions, the effect is evident only at the initial 
phase (up to 300 ms) after the start of the re
action. 

Effect of Phospholamban on Partial Reactions of 
ATP Hydrolysis. Ca uptake by SR vesicles is 
coupled with Ca2+ -dependent ATP hydrolysis. 
The observed stimulation of Ca uptake by 
phospholamban phosphorylation could be de
rived either from the enhanced turnover of the 
ATPase or from the increased efficiency of the 
Ca pump, namely, the increased coupling ratio 
between Ca uptake and ATP hydrolysis. In 
fact, acceleration of Ca uptake is accompanied 
by the enhanced rate of concomitant ATP hy
drolysis, the stoichiometry between Ca2 + taken 
up and ATP hydrolyzed being maintained at 

about 2 after phospholamban is phosphorylated 
(19}. The observed alteration in kinetic prop
erties of Ca2 + -dependent ATPase induced by 
phospholamban phosphorylation can be dis
cussed using the reaction sequence described in 
scheme 1. When phospholamban is phosphory
lated, the ATPase activity in the presence of 
saturating concentrations of Ca2+ and ATP in
creases without alteration of a phosphoenzyme 
intermediate level {58}, suggesting that the in
creased rate of A TP hydrolysis may be due to 
the enhanced turnover of the phosphoenzyme 
intermediate. In accord with this view, the ra
tios between rates of A TP hydrolysis and 
steady-state levels of phosphoenzyme interme
diate obtained at different Ca2 + concentrations 
(0.1-10.0 J.LM), and the hydrolysis rates of 
phosphoenzyme intermediate which are mea
sured directly after preventing the new forma
tion of phosphoenzyme by the addition of Ca
chelating agent, are doubled when phospho
lamban is phosphorylated {58}. In light of 
the presently available reaction scheme of 
Ca2+ -dependent ATPase as seen in scheme 
1, enhancement of phosphoenzyme hydrolysis 
can be derived from acceleration of either step 
3 or step 4 and 5. Step 3 is probably accel
erated since it is the rate-limiting step during 
phosphoenzyme decomposition under condi
tions where saturating concentrations of Ca2 + , 
Ml+, and K+ are present (see above). Thus, 
phospholamban phosphorylation may stimu
late the conversion of ElP to E2P (step 3 of 
scheme 1). 

The rate of formation of phosphoenzyme in
termediate is significantly accelerated by phos
pholamban phosphorylation when reaction is 
initiated by the addition of ATP and Ca2 + to 
the reaction medium containing EGTA and the 
enzyme (fig. 12-4) {90}. However, the rate of 
phosphoenzyme formation is not affected sig
nificantly when ATP is added to cardiac SR 
vesicles in a Ca2 + -containing medium. In the 
former experiment, the rate of phosphoenzyme 
formation is limited by the E2 to El transition 
(step 5 of scheme 1, see above). Phospholam
ban phosphorylation, therefore, enhances this 
slow reaction step. It is of interest to note that 
phospholamban phosphorylation enhances two 
slow steps (steps 3 and 5) in the reaction se-
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quence of ATP hydrolysis. These are the steps 
at which a significant conformational change of 
the ATPase enzyme occurs and the affinity of 
enzyme for Ca2+ is greatly altered (see above). 
As mentioned earlier, ATP phosphorylates the 
30,000-dalton moiety of the ATPase protein 
while Ca2+ appears to interact with the 
25, OOO-dal ton portion of the enzyme. Phos
pholamban phosphorylation may exert a direct 
effect on the conformational state of the 
30,OOO-dalton moiety, allowing the rate of 
translocation of Ca2 + through the 25,000-dal
ton moiety of the enzyme to be stimulated 
{30}. The molecular mechanism by which 
phospholamban phosphorylation controls Ca 
uptake by the cardiac SR vesicles remains to be 
found. 

CALMODULIN-DEPENDENT REGULATION 
OF Ca UPTAKE 

It has recently been shown that phosphate can 
be incorporated into phospholamban in the 
presence of Ca2 + and calmodulin {112, 121-
123}. It is postulated that phosphorylation is 
catalyzed by an endogenous protein kinase as
sociated with cardiac SR membranes which is 
activated by calmodulin and Ca2 +. The phos
phorylation of phospholamban by calmodulin
stimulated protein kinase occurs at a serine res
idue which is different from that phosphory
lated by cyclic-AMP-dependent protein kinase 
{l1O, 112}. The maximal amount of phospho
lamban phosphorylation catalyzed by calmodu
lin-dependent protein kinase at the optimal 
Ca2 + concentration of 5-10 f.LM is about the 
same as that found with cyclic-AMP-dependent 
protein kinase {l22}. Since phosphorylation 
catalyzed by the two kinases occurs indepen
dently, an additive elevation of the amount of 
phosphorylation is observed when the cardiac 
SR vesicles are incubated under conditions fa
vorable for both types of kinases {112, 121, 
122}. 

In accord with the reports that phospholam
ban is phosphorylated by Ca2+ and calmodu
lin-dependent protein kinase, preincubation of 
the SR membranes with calmodulin results in 
an enhanced rate of Ca uptake {l12, 121-124}. 
It was reported that, in the absence of calmo
dulin-dependent phosphorylation of phospho
lamban, Ca uptake is not enhanced by cyclic-

AMP-dependent protein kinase {112}. Others 
found, however, that cyclic-AMP-mediated en
hancement of Ca uptake can be observed even 
when calmodulin-dependent phosphorylation 
does not occur {l21, 122}. Ca uptake is en
hanced when either of the systems is opera
tional and the effects are additive in accord 
with the finding that phosphorylation by the 
two kinases occurs in the independent and ad
ditive manners {l21, 122}. It is possible that 
the Ca2 + concentrations employed in the for
mer report are far too high (0.1 mM) to see the 
physiologic effect of Ca control in the cardiac 
SR. The stimulatory effects could be seen only 
when the Ca2 + concentrations are within the 
physiologic range (0.1-10 f.LM) {l21, 122}. 
One group claims that calmodulin does not af
fect ATPase activity {l12}. Others, however, 
indicate that at physiologic concentrations of 
Ca2 + (0.1-50.0 f.LM), calmodulin-dependent 
phosphorylation of phospholamban results in 
stimulation of the rate of ATP hydrolysis {l22, 
123, 125}. The stoichiometry of Ca2 + taken 
up per mole of A TP hydrolyzed remains the 
same before and after phospholamban phos
phorylation by Ca2 + and calmodulin-depen
dent protein kinase {l22, 123}' At present it 
is not clear how the stimulatory effects pro
duced by calmodulin are related to cyclic
AMP-mediated enhancement of the Ca uptake 
and ATP hydrolysis by the cardiac SR mem
branes. 

Physiologic Relevance 
In the mammalian myocardium, the SR is con
sidered to be the major system involved in 
bringing about relaxation {5-8}. The SR is also 
implicated as the major source of Ca2 + for ac
tivation of contraction (see chapter 11). The 
molecular mechanism of the Ca pump of the 
SR, which effects cardiac relaxation, is fairly 
well understood as described in the preceding 
sections. In the following, the physiologic rel
evance of the Ca-pump activity of the isolated 
cardiac SR membranes is discussed briefly. 

Ca UPTAKE BY THE SR AND 
CARDIAC RELAXATION 

In the isolated cardiac contractile system, full 
activity occurs when 50-100 nmol Ca2+ Ig wet 
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muscle are available for binding to the contrac
tile proteins [3, 126}. In the intact mammalian 
heart cells, however, the myoplasmic free Ca2 + 
reached during the physiologic contraction ap
pears to be significantly lower than that neces
sary for the full activation of the contractile 
system [127, 128}. In heart cells from adult rat 
or rabbit, the tension developed during the 
maximum twitch was estimated to be about 
70% of the maximum tension [128}. In addi
tion, in intact rabbit ventricular cells the ten
sion developed during regular single-pulse 
stimulation at 12/min was only 20% of the 
maximum [128}. According to the estimate by 
Solaro et al. [l26}, 70% and 20% maximal 
force development require that 25.8 and 17.1 
nmol Ca2+ Ig wet muscle are delivered to the 
dog cardiac myofibrils, respectively, suggesting 
that this range of Ca2 + must bind to and be 
removed from the contractile system in vivo 
during each cardiac cycle under physiologic 
conditions. 

ATP-supported Ca accumulation by the iso
lated cardiac SR vesicles has been studied in 
the presence and absence of Ca-precipitating 
anions. Ca accumulation in the absence of Ca
precipitating anions is clearly the one that is 
more physiologically relevant because a Ca2 + -
trapping mechanism like that provided by ox
alate has not been defined in vivo. The steady
state levels of Ca accumulation by the isolated 
cardiac vesicles, obtained at the physiologic 
ranges of cl + in the absence of Ca-precipitat
ing anions, and the maximum yield of the SR 
vesicles isolated from the heart muscle, can 
give an estimate of the maximum capacity of 
the SR in vivo to accumulate Ca2 + at corre-

d · C 2+ . Th . spon mg a concentratiOns. e estlmate 
given by Solaro and Briggs [l6} indicates that 
the SR in dog heart can accumulate Ca2+ in 
amounts well in excess of those necessary to ac
tivate the contractile proteins under the com
parable conditions. Therefore, the Ca-accumu
lating capacity of the isolated SR vesicles can 
adequately explain the relaxed state of cardiac 
muscle at the steady state. 

There have been some uncertainties, how
ever, regarding the relationship between the 
quantitative aspects of the rate of Ca uptake by 
the isolated SR vesicles and of relaxation in the 
intact heart. The rate of Ca uptake by clI(diac 

SR vesicles in vitro, as measured in the pres
ence of oxalate over a time scale of minutes, 
is about 5-20 times less than the physiologic 
requirement [45}. Recent experiments in 
which fast Ca accumulation by the SR vesicles 
is followed with stopped-flow or quench-flow 
techniques, however, provide different results. 
One group reported that the amount of Ca2 + 
taken up by the cardiac SR vesicles during an 
interval of 0-150 ms, when measured with 
stopped-flow techniques in the presence of 
murexide, was 37 nmollmg protein at 37°C 
[49}. If adjustment is made for the SR con
tent in the heart muscle (-6.3 mg/g wet 
muscle [l6}), the SR vesicles could remove as 
much as 250 nmol/g wet muscle during times 
required for heart relaxation (-200 ms). This 
amount of Ca2 + is significantly greater than 
that which must be removed from the fully 
activated contractile system to effect complete 
relaxation. In contrast to this report, 1-2 or
ders of magnitude smaller rate of Ca uptake 
was measured by another group using a sim
ilar experimental method [129}. It should be 
pointed out, however, that the experimental 
conditions employed by the latter group are 
likely to be the reason for the very low rate 
of Ca uptake observed. The reaction mixture 
used as described in the figure legends does 
not contain Ml +, which is essential for the 
optimum activity of the Ca pump of the SR 
(see above). 

. The fast rate of Ca uptake by the cardiac SR 
vesicles was also measured with a rapid
quenching apparatus using Ca2 + chelator as a 
quencher of the uptake reaction [57}. The 
amount of Ca2 + accumulated by the cardiac SR 
vesicles at 0.2-18.9 /-LM Ca2 + during the first 
200 ms of the uptake reaction was found to be 
comparable to that which is necessary to acti
vate the isolated contractile system at corre
sponding Ca2 + concentrations. Although the 
data described above do not provide an ade
quate quantitative description of Ca uptake by 
the SR in vivo during cardiac relaxation, they 
are consistent with the view that the SR plays 
the major role in the relaxation of the mam
malian myocardium, especially since it is 
known that mitochondria do not take up Ca2 + 
significantly under physiologic conditions f5. 
7, 51}. 
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PHYSIOLOGIC RELEVANCE OF 
PHOSPHOLAMBAN PHOSPHORYLATION 

Tada et al. [19, 107, 108} first proposed that 
cyclic-AMP-mediated acceleration of Ca uptake 
by cardiac SR may explain the two principal 
mechanical effects of catecholamines on heart 
muscle: abbreviation of systole and increased 
contractili ty. C yelic -AMP -mediated stimula
tion of the rate of Ca uptake by the SR could 
explain abbreviation of systole because Ca2 + 

would be removed from tfoponin at an in
creased rate. The increased rate of Ca uptake 
following phospholamban phosphorylation 
could increase the amount of Ca2 + stored in
side the SR membranes, allowing the cell to 
retain some of the Ca2 + which would otherwise 
be lost during diastole. This Ca2 + could add to 
the amount of Ca2 + available for delivery to 
the contractile proteins in subsequent contrac
tions, thus promoting augmentation of myo
cardial contractility [142}. 

The proposed sequence of events appears to 
find support from experiments in skinned and 
intact heart cells. Catecholamines produce re
laxation at the very early phase, followed by 
augmentation of contraction [130}. The onset 
of increased tension development after exposure 
of the heart to catecholamines is gradual, 
reaching the steady state after about 20 beats 
[131}. A recent experiment in which the Ca 
transient in the intact heart cell is studied with 
the use of aequorin, a Ca-sensitive biolumines
cent protein, indicates that catecholamines 
augment the initial rate of Ca release into the 
cytoplasm during the early phase of contraction 
as well as the rate of reduction of Ca2 + during 
relaxation [132}. Employing a skinned cardiac 
cell, which exhibits cyeles of phasic contrac
tions upon addition of an appropriate amount 
of Ca2+, Fabiato and Fabiato [l33} demon
strated that a brief preincubation with cyclic 
AMP results in an increased amplitude of con
traction and faster rates of tension development 
and relaxation. 

The intracellular level of cyclic AMP appears 
to increase prior to the development of in
creased contractility after exposure of the heart 
cell to catecholamines [134, 135}. Others 
found, however, that there is no detectable in
crease in cyclic AMP when catecholamines co-

valently attached to glass beads augment con
traction [136, 137}. It is not known at present 
whether a subtle increase in cyclic AMP, which 
might have been too low to detect, could have 
given rise to significant mechanical changes. 
Alternatively, dissociation of inotropic re
sponses from cyelic-AMP formation may reflect 
some other effect of catecholamines on sarco
lemmal systems such as calcium channels. 

Phospholamban phosphorylation was dem
onstrated to occur in the intact heart. The ad
dition of the isoproterenol to the heart perfused 
with 32 Pi results in increased 32p incorporation 
into the 22,OOO-dalton microsomal protein 
(phospholamban) with simultaneous increase in 
the rates of tension development and relaxation 
[138, 143}. It is of interest to note that the 
extent of phospholamban phosphorylation and 
the rate of Ca uptake are significantly increased 
in the cardiac SR preparations of the hyperthy
roid rat [139}' Aging does not affect the extent 
to which Ca uptake by the SR is accelerated by 
the cyelic-AMP-phospholamban system [140}. 

In addition to the cyelic-AMP-mediated 
phosphorylation of phospholamban, additional 
phosphorylation is catalyzed by Ca2+ and cal
modulin-dependent protein kinase (see above). 
Phospholamban phosphorylation by the latter 
system appears to function in the intact heart 
cell because calmodulin inhibitor (fluphenazine) 
significantly reduced phospholamban phosphor
ylation in vivo [l38}. As Ca uptake by the iso
lated cardiac SR vesicles is enhanced when ei
ther of the cyelic-AMP-mediated or calmodulin
dependent systems is operational, and effects 
are additive, Ca uptake by the SR in vivo may 
be regulated by these two systems in separate 
manners. Calmodulin-mediated phosphoryla
tion of phospholamban would occur when the 
intracellular Ca2 + concentration increases dur
ing contraction, thus enhancing Ca uptake by 
the SR. It is possible, therefore, that the cal
modulin system could regulate the function of 
the SR at least on a beat-to-beat basis. 

References 
1. Weber A: Energized calcium transport and relaxing 

factors. Curr Top Bioenerg 1:203-254, 1966. 
2. Ebashi S, Endo M: Calcium ion and muscle con-



12. Ca UPTAKE BY CARDIAC SR 273 

traction. Prog Biophys Mol Bioi 18: 123-183, 
1968. 

3. Katz AM: Contractile proteins of the heart. Physiol 
Rev 50:63-158, 1970. 

4. Langer GA: Heart: excitation-contraction coupling. 
Annu Rev Physiol 35:55-86, 1973. 

5. Chapman RA: Excitation-<:ontraction coupling in 
cardiac muscle. Prog Biophys Mol Bioi 35: 1-52, 
1979. 

6. Fabiato A, Fabiato F: Calcium and cardiac excita
tion-contraction coupling. Annu Rev Physiol 
41:473--484, 1979. 

7. Winegrad S: Electromechanical coupling in heart 
muscle. In: Berne RM, Sperelakis N, Geiger SR 
(eds) Handbook of physiology. Sect 2: The cardio
vascular system Vol 1: The heart. Bethesda MD: 
American Physiological Society, 1979, pp. 393-
428. 

8. Katz AM: Congestive heart failure: role of altered 
myocardial cellular control. N Engl J Med 
293:1184-1191, 1975. 

9. Sommer JR, Johnson EA: Ultrastructure of cardiac 
muscle. In: Berne RM, Sperelakis N, Geiger SR 
(eds) Handbook of physiology. Sect 2: The cardio
vascular system. Vol 1: The heart. Bethesda MD: 
American Physiological Society, 1979, pp. 113-
186. 

10. Franzini-Armstrong C: Structure of sarcoplasmic re
ticulum. Fed Proc 39:2403-2409, 1980. 

11. Winegrad S: Intracellular calcium movements of 
frog skeletal muscle during recovery from tetanus. 
J Gen Physiol 51:65-83, 1968. 

12. Somlyo AV, Gonzalez-Serratos H, Shuman H, 
McClellan G, Somlyo AP: Calcium release and ionic 
changes in the sarcoplasmic reticulum of tetanized 
muscle: an electron-probe study. J Cell Bioi 
90:577-594, 1981. 

13. Fanburg B, Gergely J: Studies on adenosine tri
phosphate-supported calcium accumulation by car
diac subcellular particles. J Bioi Chern 240:2721-
2728, 1965. 

14. Harigaya S, Schwartz A: Rate of calcium binding 
and uptake in normal animal and failing human 
cardiac muscle. Circ Res 25:781-794, 1969. 

15. Pretorius PJ, Pohl WG, Smithen CS, Inesi G: 
Structural and functional characterization of dog 
heart microsomes. Circ Res 25:487-499, 1969. 

16. Solaro RJ, Briggs FN: Estimating the functional ca
pabilities of sarcoplasmic reticulum in cardiac mus
cle: calcium binding. Circ Res 34:531-540, 1974. 

17. Levitsky DO, Aliev MK, Kuzmin AV, levchenko 
TS, Smirnov VN, Chazov EI: Isolation of calcium 
pump system and purification of calcium ion-depen
dent ATPase from heart muscle. Biochim Biophys 
Acta 443:468--484, 1976. 

18. Pang DC, Briggs FN: Reaction mechanism of the 
cardiac sarcotubule calcium (II) dependent adeno
sine triphosphatase. Biochemistry 12:4905--4911, 
1973. 

19. Tada M, Kirchberger MA, Repke DI, Katz AM: 

The stimulation of calcium transport in cardiac sar
coplasmic reticulum by adenosine 3': 5' -monophos
phate-dependent protein kinase. J Bioi Chern 
249:6174-6180, 1974. 

20. Shigekawa M, Finegan JM, Katz AM: Calcium 
transport ATPase of canine cardiac sarcoplasmic re
ticulum. J Bioi Chern 251:6894-6900, 1976. 

21. Jones lR, Besch HR Jr, Fleming JW, Mc
Connaughey MM, Watanabe AM: Separation of 
vesicles of cardiac sarcolemma from vesicles of car
diac sarcoplasmic reticulum: comparative biochem
ical analysis of component activities. J Bioi Chern 
254:530-539, 1979. 

22. Carsten ME, Reedy MK: Cardiac sarcoplasmic re
tiulum: chemical and electron microscope studies of 
calcium accumulation. J Ultrastruct Res 35:554-
574, 1971. 

23. Meissner G: Isolation and characterization of two 
types of sarcoplasmic reticulum vesicles. Biochim 
Biophys Acta 389:51-68, 1975. 

24. Miyamoto H, Racker E: Calcium-induced calcium 
release at terminal cisternae of skeletal sarcoplasmic 
reticulum. FEBS Lett 133:235-238, 1981. 

25. Campbell KP, Franzini-Armstrong C, Shamoo AE; 
Further characterization of light and heavy sarco
plasmic reticulum vesicles: identification of the 
"sarcoplasmic reticulum feet" associated with heavy 
sarcoplasmic reticulum vesicles. Biochim Biophys 
Acta 602:97-116, 1980. 

26. Jones lR, Cala SE: Biochemical evidence for func
tional heterogeneity of cardiac sarcoplasmic reticu
lum vesicles. J Bioi Chern 256: 11809-11818, 
1981. 

27. De Foor 'PH, Levitsky D, Biryukova T, Fleischer S: 
Immunological dissimilarity of the calcium pump 
protein of skeletal and cardiac muscle sarcoplasmic 
reticulum. Arch Biochem Biophys 200: 196-205, 
1980. 

28. Van Winkle WB, Pitts BJR, Entman Ml: Rapid 
purification of canine cardiac sarcoplasmic reticulum 
Ca2+ -ATPase. J Bioi Chern 253:8671-8673, 1978. 

29. Bidlack JM, Ambudkar IS, Shamoo AE: Purifica
tion of phospholamban, a 22,000-dalton protein 
from cardiac sarcoplasmic reticulum that is specifi
cally phosphorylated by cyclic AMP-dependent pro
tein kinase. J Bioi Chern 257:4501-4506, 1982. 

30. Tada M, Katz AM: Phosphorylation of the sarco
plasmic reticulum and sarcolemma. Annu Rev 
PhysioI44:401-423, 1982. 

31. Maclennan DH, Holland PC: Calcium transport in 
sarcoplasmic reticulum. Annu Rev Biophys Bio
eng 4:377--404, 1975. 

32. Tada M, Yamamoto T, Tonomura Y: Molecular 
mechanism of active calcium transport by sarco
plasmic reticulum. Physiol Rev 58:1-79,1978. 

33. Meissner G: ATP and Ca2+ binding by the Ca2+ 
pump protein of sarcoplasmic reticulum. Biochim 
Biophys Acta 298:906-926, 1973. 

34. Ikemoto N: The calcium binding sites involved in 
the regulation of the purified adenosine triphospha-



274 I. CARDIAC MUSCLE 

tase of the sarcoplasmic reticulum. J BioI Chern 
249:649-651, 1974. 

35. Dupont Y: Kinetics and regulation of sarcoplasmic 
reticulum ATPase. Eur J Biochem 72:185-190, 
1977. 

36. Mpller JV, Andersen JP, Le Maire M: The sarco
plasmic reticulum CaB -ATPase. Mol Cell Biochem 
42:83-107, 1982. 

37. Green NM, Allen G, Hebdon GM: Structural rela
tionship between the calcium- and magnesium
transporting ATPase of sarcoplasmic reticulum and 
the membrane. Ann NY Acad Sci 358: 149-158, 
1980. 

38. MacLennan DH, Reithmeier RAF, Shoshan V, 
Campbell KP, Le Bel D, Herrmann TR, Shamoo 
AE: Ion pathways in proteins of the sarcoplasmic 
reticulum. Ann NY Acad Sci 358:138-148, 1980. 

39. Tong SW: Studies on the structure of the calcium
dependent adenosine triphosphatase from rabbit 
skeletal muscle sarcoplasmic reticulum. Arch 
Biochem Biophys 203:780-791, 1980. 

40. Reithmeier RAF, MacLennan DH: The NH2 ter
minus of the (CaB + MgB)-adenosine triphos
phatase is located on the cytoplasmic surface of the 
sarcoplasmic reticulum membrane. J BioI Chern 
256:5957-5960, 1981. 

41. Pick U, Racker E: Inhibition of the (Ca2+) ATPase 
from sarcoplasmic reticulum by dicyclohexycarbo
diimide: evidence for location of the CaB binding 
site in a hydrophobic region. Biochemistry 18: 108-
113, 1979. 

42. Racker E, Eytan E: A coupling factor from sarco
plasmic reticulum required for the translocation of 
CaB ions in a reconstituted Ca2+ ATPase pump. J 
BioI Chern 250:7533-7534, 1975. 

43. Michalak M, Campbell KP, MacLennan DH: Local
ization of the high affinity calcium binding protein 
and an intrinsic glycoprotein in sarcoplasmic retic
ulum membranes. J BioI Chern 255:1317-1326, 
1980. 

44. Campbell KP, MacLennan DH: Purification and 
characterization of the 53, OOO-dalton glycoprotein 
from the sarcoplasmic reticulum. J BioI Chern 
256:4626-4632, 1981. 

45. Martonosi A: Biochemical and clinical aspects of 
sarcoplasmic reticulum function. Curr Top Membr 
Transp 3:83-197, 1972. 

46. Inesi G: Transport across sarcoplasmic reticulum in 
skeletal and cardiac muscle. In: Giebish G, Toste
son DC, Ussing HH (eds) Membrane transport in 
biology. Berlin: Springer, 1979, pp 357-393. 

47. Martonosi A: The structure and function of sarco
plasmic reticulum membranes. In: Mason LA (ed) 
Biomembranes, vol 1. New York: Plenum, 1971, 
pp 191-256. 

48. Ikemoto N: Structure and function of the calcium 
pump protein of sarcoplasmic reticulum. Annu Rev 
Physiol 44:297-317, 1982. 

49. Besch HR, Schwartz A: Initial calcium binding 

rates of canine cardiac relaxing system (sarcoplasmic 
reticulum fragments) determined by stopped-flow 
spectrophotometry. Biochem Biophys Res Commun 
45:286-292, 1971. 

50. Repke DI, Katz AM: Calcium-binding and cal
cium-uptake by cardiac microsomes: a kinetic anal
ysis. J Mol Cell CardioI4:401-416, 1972. 

51. Kitazawa T: Physiological significance of Ca uptake 
by mitochondria in the heart in comparison with 
that by cardiac sarcoplasmic reticulum. J Biochem 
80: 1129-1147, 1976. 

52. Entman ML, Gillette PC, Wallick ET, Pressman 
BC, Schwartz A: A study of calcium binding and 
uptake by isolated cardiac sarcoplasmic reticulum: 
the use of a new ionophore (X537A). Biochem Bio
phys Res Commun 48:847-853, 1972. 

53. Katz AM, Repke DI, Fudyma G, Shigekawa M: 
Control of calcium efflux from sarcoplasmic reticu
lum vesicles by external calcium. J BioI Chern 
252:4210-4214, 1977. 

54. Hasselbach W: Relaxing facror and the relaxation 
of muscle. Prog Biophys Mol BioI 14:167-222, 
1964. 

55. Weber A: Regulatory mechanisms of the calcium 
transport system of fragmented rabbit sarcoplasmic 
reticulum. I. The effect of accumulated calcium on 
transport and adenosine triphosphate hydrolysis. J 
Gen Physiol 57:50-70, 1971. 

56. Suko J: The calcium pump of cardiac sarcoplasmic 
reticulum: functional alterations at different levels 
of thyroid state in rabbits. J Physiol 228:563-582, 
1973. 

57. Will H, Blanck J, Smettan G, Wollenberger A: A 
quench-flow kinetic investigation of calcium ion ac
cumulation by isolated cardiac sarcoplasmic reticu
lum: dependence of initial velocity on free calcium 
ion concentration and influence of preincubation 
with a protein kinase, MgATP, and cyclic AMP. 
Biochim Biophys Acta 449:295-303, 1976. 

58. Tada M, Ohmori F, Yamada M, Abe H: Mecha
nism of the stimulation of Ca2 + -dependent ATPase 
of cardiac sarcoplasmic reticulum by adenosine 
3' : 5' -monophosphate-dependent protein kinase: 
role of the 22,000-dalton protein. J BioI Chern 
254:319-326, 1979. 

59. Chiesi M, Inesi G: Andenosine 5'-triphosphate de
pendent fluxes of manganese and hydrogen ions in 
sarcoplasmic reticulum vesicles. Biochemistry 
19:2912-2918, 1980. 

60. Van Winkle WB, Tate CA, Bick RJ, Entman ML: 
Nucleotide triphosphate utilization by cardiac and 
skeletal muscle sarcoplasmic reticulum: evidence for 
a hydrolysis cycle not coupled to intermediate acyl 
phosphate formation and calcium translocation. J 
BioI Chern 256:2268-2274, 1981. 

61. Shigekawa M, Akowitz AA, Katz AM: Stimulation 
of adenosine triphosphatase activity of sarcoplasmic 
reticulum by adenylyl methylene diphosphate. 
Biochim Biophys Acta 526:591-596, 1978. 



12. Ca UPTAKE BY CARDIAC SR 275 

62. Hasselbach W: The reversibility of the sarcoplasmic 
calcium pump. Biochlm tllOpnys 1\cta ) D:23-53, 
1978. 

63. Trumble WR, Sutko JL, Reeves JP: ATP-depen
dent calcium transport m cardiac sarcolemmal 
membrane vesicles. Life Sci 27:207-214, 1980. 

64. Ueno T, Sekine T: Study on calcium transport by 
sarcoplasmic reticulum vesicles using fluorescence 
probes. J Biochem 84:787-794, 1978. 

65. Shigekawa M, Pearl LJ: Activation of calcium trans
port in skeletal muscle sarcoplasmic reticulum by 
monovalent cations. J BioI Chern 251:6947-6952, 
1976. 

66. Jones LR, Besch HR Jr, Watanabe AM: Monova
lent cation stimulation of Ca2+ uptake by cardiac 
membrane vesicles: correlation with stimulation of 
Ca2+ -ATPase activity. J BioI Chern 252:3315-
3323, 1977. 

67. Duggan PF: Calcium uptake and associated adeno
sme triphosphatase activity m fragmented sarco
plasmic reticulum: requirement for potassium ions. 
J BioI Chern 252: 1620-1627, 1977. 

68. Tate CA, Van Winkle WB, Entman ML: Time
dependent resistance ro alkaline pH of oxalate-sup
ported calcium uptake by sarcoplasmic reticulum. 
Life Sci 27:1453-1464, 1980. 

69. Meissner G: Calcium transport and monovalent cat
ion and proron fluxes in sarcoplasmic reticulum ves
icles. J BioI Chern 256:636-643, 1981. 

70. Zimniak P, Racker E: Electrogenicity of Ca2+ 
transport catalyzed by the Ca2+ -ATPase from sar
coplasmic reticulum. J BioI Chern 253:4631-4637, 
1978. 

71. Ueno T, Sekine T: A role of H + flux in active Ca2 + 

transport into sarcoplasmic reticulum vesicles. I. 
Effect of an artificially imposed H + gradient on 
Ca2+ uptake. J Biochem 89:1239-1246, 1981. 

72. Madeira VMC: Proton movements across the mem
branes of sarcoplasmic reticulum during the uptake 
of calcium ions. Arch Biochem Biophys 200:319-
325, 1980. 

73. Meissner G, McKinley D: Permeability of sarco
plasmic reticulum membrane: the effect of changed 
ionic environments on Ca2+ release. J Membr BioI 
30:79-98, 1976. 

74. Meissner G, Young RC: Proton permeability of sar
coplasmic reticulum vesicles. J BioI Chern 255: 
6814-6819, 1980. 

75. McKinley D, Meissner G: Evidence for a K +, Na + 

permeable channel m sarcoplasmic reticulum. J 
Membr BioI 44: 159-186, 1978. 

76. Miller C: Voltage-gated cation conductance channel 
from fragmented sarcoplasmic reticulum: steady
state electrical properties. J Membr BioI 40: 1-23, 
1978. 

77. Kasai M, Kometani T: Inhibition of anion permea
bility of sarcoplasmic reticulum vesicles by 4-ace
roamido-4' -isothiocyano-stilbene-2, 2' -disulfonate. 
Biochim Biophys Acta 557:243-247, 1979. 

78. Racker E: Reconstitution of a calcium pump with 
phospholipids and a purified Ca + + -adenosine tri
phosphatase from sarcoplasmic reticulum. J BioI 
Chern 247:8198-8200, 1972. 

79. Fanburg BL, Matsushita S: Phosphorylated inter
mediate of ATPase of isolated cardiac sarcoplasmic 
reticulum. J Mol Cell Cardiol 5:111-115, 1973. 

80. Suko J, Hasselbach W: Characterization of cardiac 
sarcoplasmic reticulum ATP-ADP phosphate ex
change and phosphorylation of the calcium trans
port adenosine triphosphatase. Eur J Biochem 
64: 123-130, 1976. 

81. Sumida M, Wang T, Mandel F, Froehlich JP, 
Schwartz A: Transient kinetics of Ca2+ transport of 
sarcoplasmic reticulum: a comparison of cardiac and 
skeletal muscle. J BioI Chern 253:8772-8777, 
1978. 

82. Jones LR, Besch HR Jr, Watanabe AM: Regulation 
of the calcium pump ot ~"rdiac sarcoplasmic retic
ulum: interactive roles of potassium and ATP on 
the phosphoprotein intermediate of the (K + , Ca2 +)

ATPase. J BioI Chern 253:1643-1653, 1978. 
83. Degani C, Boyer I'V: A borohydride reduction 

method for characterization of the acyl phosphate 
linkage in proteins and its application to sarco
plasmic reticulum adenosine triphosphatase. J BioI 
Chern 248:8222-8226, 1973. 

84. Shigekawa M, Dougherty JP: Reaction mechanism 
of Ca2 + -dependent ATP hydrolysis by skeletal mus
cle sarcoplasmic reticulum in the absence of added 
alkali metal salts. III. Sequential occurrence of 
ADP-sensitive and ADP-insensitive phosphoen
zymes. J BioI Chern 253: 1458-1464, 1978. 

85. De Meis L, Vianna AL: Energy interconversion by 
the Ca2+ -dependent ATPase of the sarcoplasmic re
ticulum. Annu Rev Biochem 48:275-292, 1979. 

86. Pick U, Karlish SJD: Regulation of the conforma
tional transition m the Ca-ATPase from sarco
plasmic reticulum by pH, temperature, and calcium 
ions. J BioI Chern 257:6120-6126, 1982. 

87. Pick U: The interaction of vanadate ions with the 
Ca-ATPase from sarcoplasmic reticulum. J BioI 
Chern 257:6111-6119, 1982. 

88. Dupont Y: Occlusion of divalent cation in the phos
phorylated calcium pump of sarcoplasmic reticu
lum. Eur J Biochem 109:231-238, 1980. 

89. Yamada S, Ikemoto N: Reaction mechanism of cal
cium-ATPase of sarcoplasmic reticulum: substrates 
for phosphorylation reaction and back reaction, and 
further resolution of phosphorylated intermediates. 
J Bioi Chern 255:3108-3119, 1980. 

90. Tada M, Yamada M, Ohmori F, Kuzuya T, Inui 
M, Abe H: Transient state kinetic studies of Ca2+ -
dependent ATPase and calcium transport by cardiac 
sarcoplasmic reticulum: effect of cyclic AMP-depen
dent protein kinase-catalyzed phosphorylation of 
phospholamban. J Bioi Chern 255: 1985-1992, 
1980. 

91. Briggs FN, Wise RM, HearnJA: The effect of lith-



276 I. CARDIAC MUSCLE 

ium and potassium on the transient state kinetics of 
the (Ca + Mg)-ATPase of cardiac sarcoplasmic re
ticulum. J Bioi Chern 253:5884-5885, 1?78. 

92. Dupont Y: Fluorescence studies of the sarcoplasmic 
reticulum calcium pump. Biochem Biophys Res 
Commun 71:544-550, 1976. 

93. Shigekawa M, Wakabayashi S, Nakamura H: Effect 
of divalent cation bound to the ATPase of sarco
plasmic reticulum: activation of phosphoenzyme hy
drolysis by Mg2+. J Bioi Chern 258:14157-14161, 
1983. 

94. Shigekawa M, Dougherty JP: Reaction mechanism 
of Ca2 + -dependent ATP hydrolysis by skeletal mus
cle sarcoplasmic reticulum in the absence of added 
alkali metal salts. II. Kinetic properties of the phos
phoenzyme formed at the steady state in high Mi + 

and low Ca2+ concentrations. J Bioi Chern 
253: 1451-1457, 1978. 

95. Shigekawa M, Akowitz AA: On the mechanism of 
Ca 2 + -dependent adenosine triphosphatase of sarco
plasmic reticulum: occurrence of two types of phos
phoenzyme intermediates in the presence of KCl. J 
Bioi Chern 254:4726-4730, 1979. 

96. Froehlich JP, Taylor EW: Transient state kinetic 
studies of sarcoplasmic reticulum adenosine triphos
phatase. J Bioi Chern 250:2013-2021, 1975. 

97. Panet R, Selinger Z: Synthesis of ATP coupled ro 
Ca2+ release from sarcoplasmic reticulum vesicles. 
Biochim Biophys Acta 255:34-42, 1972. 

98. Makinose M, Hasselbach W: ATP synthesis by the 
reverse of the sarcoplasmic calcium pump. FEBS 
Lett 12:271-272, 1971. 

99. Kanazawa T: Phosphorylation of solubilized sarco
plasmic reticulum by orthophosphate and its ther
modynamic characteristics. J Bioi Chern 250: 113-
119, 1975. 

100. Knowles AF, Racker E: Formation of adenosine tri
phosphate from Pi and adenosine diphosphate by 
purified Ca2+ -adenosine triphosphatase. J Bioi 
Chern 250:1949-1951, 1975. 

1Ol. Sumida M, Wang T, Schwartz A, Younkin C, 
Froehlich JP: The Ca2 + -ATPase partial reactions in 
cardiac and skeletal sarcoplasmic reticulum: a com
parison of transient state kinetic data. J Bioi Chern 
255: 1497-1503, 1980. 

102. Shigekawa M, Kanazawa T: Phosphoenzyme for
mation from ATP in the ATPase of sarcoplasmic 
reticulum: effect of KCl or ATP and slow dissocia
tion of ATP from precursor enzyme-ATP complex. 
J Bioi Chern 257:7657-7665, 1982. 

103. Wray HL, Gray RR, Olsson RA: Cyclic adenosine 
3' , 5' -monophosphate-stimulated protein kinase and 
a substrate associated with cardiac sarcoplasmic re
ticulum. J Bioi Chern 248:1496-1498, 1973. 

104. Kirchberger MA, Tada M, Katz AM: Adenosine 
3' : 5' -monophosphate-dependent protein kinase
catalyzed phosphorylation reaction and its relation
ship to calcium transport in cardiac sarcoplasmic re
ticulum. J Bioi Chern 249:cl166-6173, 1974. 

105. La Raia PJ, Morkin E: Adenosine 3',5' -monophos-

phate-dependent membrane phosphorylation: a pos
sible mechanism for the control of microsomal cal
cium transport in heart muscle. Circ Res 35:298-
306, 1974. 

106. Will H, Levchenko TS, Levitsky DO, Smirnov VN, 
Wollenberger A: Partial characterization of protein 
kinase-catalyzed phosphorylation of low molecular 
weight proteins in purified preparations of pigeon 
heart sarcolemma and sarcoplasmic reticulum. 
Biochim Biophys Acta 543: 175-193, 1978. 

107. Tada M, Kirchberger MA, Katz AM: Phosphoryla
tion of a 22,000-dalton component of the cardiac 
sarcoplasmic reticulum by adenosine 3': 5' -mono
phosphate-dependent protein kinase. J Bioi Chern 
250:2640-2647, 1975. 

108. Katz AM, Tada M, Kirchberger MA: Control of 
calcium. transport in the myocardium by the cyclic 
AMP-protein kinase system. Adv Cyclic Nucleotide 
Res 5:453-472, 1975. 

109. Bidlack JM, Shamoo AE: Adenosine 3',5'-mono
phosphate-dependent phosphorylation of a 6000 and 
a 22,000 dalton protein from cardiac sarcoplasmic 
reticulum. Biochim Biophys Acta 632:3lO-325, 
1980. 

110. Le Peuch C], Le Peuch DAM, Damaille JG: Phos
pholamban, activator of the cardiac sarcoplasmic re
ticulum calcium pump: physicochemical properties 
and diagonal purification. Biochemistry 19:3368-
3373, 1980. 

111. Louis CF, Katz AM: Lactoperoxidase-coupled iodi
nation of cardiac sarcoplasmic reticulum proteins. 
Biochim Biophys Acta 494:255-265, 1977. 

112. Le Peuch C], Haiech J, Demaille JG: Concerted 
regulation of cardiac sarcoplasmic reticulum calcium 
transport by cyclic adenosine monophospate depen
dent and calcium-calmodulin-dependent phosphor
ylations. Biochemistry 18:5150-5157, 1979. 

113. Kirchberger MA, Antonetz T: Phospholamban: dis
sociation of the 22,000 molecular weight protein of 
cardiac sarcoplasmic reticulum into 11,000 and 
5,500 molecular weight forms. Biochem Biophys 
Res Commun 105:152-156, 1982. 

114. Tada M, Yamada M, Ohmori F, Kuzuya T, Abe H: 
Mechanism of cyclic AMP regulation of active cal
cium transport by cardiac sarcoplasmic reticulum. 
In: Mukohata Y, Packer L (eds) Cation flux across 
biomembranes. New York: Academic, 1979, pp 
179-190. 

115. Kirchberger MA, Tada M: Effects of adenosine 
3': 5' -monophosphate-dependent protein kinase on 
sarcoplasmic reticulum isolated from cardiac and 
slow and fast contracting skeletal muscles. J Bioi 
Chern 251:725-729, 1976. 

116. Kirchberger MA, Chu G: Correlation between pro
tein kinase-mediated stimulation of calcium trans
port by cardiac sarcoplasmic reticulum and phos
phorylation of a 22,000 dalton protein. Biochim 
Biophys Acta 419:559-562, 1976. 

117. Hicks MJ, Shigekawa M, Katz AM: Mechanism by 
which cyclic adenosine 3' : 5' -monophosphate-



12. Ca UPTAKE BY CARDIAC SR 277 

dependent protein kinase stimulates calcium trans
port in cardiac sarcoplasmic reticulum. Circ Res 
44:384-391, 1979. 

118. Tada M, Kirchberger MA, Li HC: Phosphoprotein 
phosphatase-catalyzed dephosphorylation of the 
22,000 dalron phosphoprotein of cardiac sarco
plasmic reticulum. J Cyclic Nu~leotide Res 1:329-
338, 1975. 

119. Kirchberger MA, Raffo A: Decrease in calcium 
transport associated with phosphoprotein phospha
tase-catalyzed dephosphorylation of cardiac sarco
plasmic reticulum. J Cyclic Nucleotide Res 3:45-
53, 1977. 

120. Tada M, Ohmori F, Nimura Y, Abe H: Effect of 
myocardial protein kinase modularor on adenosine 
3/ : 5/ -monophosphate-dependent protein kinase
induced stimulation of calcium transport by cardiac 
sarcoplasmic reticulum. J Biochem (Tokyo) 
82:885-892, 1977. 

121. Kranias EG, Bilezikjian LM, Potter JD, Piascik 
MT, Schwartz A: The role of calmodulin in regu
lation of cardiac sarcoplasmic reticulum phosphory
lation. Ann NY Acad Sci 356:279-291, 1980. 

122. Tada M, Inui M, Yamada M, Kadoma M, Kuzuya 
T, Abe H, Kakiuchi S: Effects of phospholamban 
phosphorylation catalyzed by adenosine 3' : 5/
monophosphate- and calmodulin-dependent protein 
kinases on calcium transport ATPase of cardiac sar
coplasmic reticulum. J Mol Cell Cardiol 15:335-
346, 1983. 

123. Kirchberger MA, Antonetz T: Calmodulin
mediated regulation of calcium transport and (Ca2 + 

+ Mg2+)-activated ATPase activity in isolated car
diac sarcoplasmic reticulum. J Bioi Chern 
257:5685-5691, 1982. 

124. Katz S, Remtulla MA: Phosphodiesterase protein 
activaror stimulates calcium transport in cardiac mi
crosomal preparations enriched in sarcoplasmic re
ticulum. Biochem Biophys Res Commun 83: 1373-
1379, 1978. 

125. Lopaschuk G, Richter B, Katz S: Characterization 
of calmodulin effects on calcium transport in cardiac 
microsomes enriched in sarcoplasmic reticulum. 
Biochemistry 19:5603-5607, 1980. 

126. Solaro RJ, Wise RM, Shiner JS, Briggs FN: Cal
cium requirements for cardiac myofibrillar activa
tion. Circ Res 34:525-530, 1974. 

127. Winegrad S: Studies of cardiac muscle with a high 
permeability ro calcium produced by treatment 
with ethylenediaminetetraacetic acid. J Gen Physiol 
58:71-93, 1971. 

128. fabiato A: Myoplasmic free calcium concentration 
reached during the twitch of an intact isolated car
diac cell and during calcium-induced release of cal
cium from the sarcoplasmic reticulum of a skinned 
cardiac cell from the adult rat or rabbit ventricle. J 
Gen Physiol 78:457-497, 1981. 

129. Scarpa A, Williamson JR: Calcium binding and 
calcium transport by subcellular fractions of heart. 
In: Drabikowski W, Strzelecka-Gotaszewska H, 

Carafoli E (cds) Calcium binding proteins. Amster
dam: Elsevier, 1974, pp 547-585. 

130. Morad M, RolettE1: Relaxing effects of catechol
amines on mammalian heart. J Physiol (Lond) 
224:537-558, 1972. 

131. Reuter H: Localization of beta adrenergic receprors, 
and effects of noradrenaline and cyclic nucleotides 
on action potentials, ionic currents and tension in 
mammalian cardiac muscle. J Physiol (Lond) 
242:429-451, 1974. 

132. Allen DG, Blinks JR: Calcium transients in ae
quorin-injected frog cardiac muscle. Nature 
273:509-513, 1978. 

133. Fabiato A, Fabiato F: Relaxing and inotropic effects 
of cyclic AMP on skinned cardiac cells. Nature 
253:556-558, 1975. 

134. Tsien RW: Cyclic AMP and contractile activity in 
heart. Adv Cyclic Nucleotides Res 8:363-420, 
1977. 

135. Schumann HJ, Endoh M, Brodde OE: The time 
course of the effects of 13- and a-adrenoceptor stim
ulation by isoprenaline and methoxamine on the 
contractile force and cAMP level of the isolated rab
bit papillary muscle. Naunyn Schmiedebergs Arch 
Pharmacol 289:291-302, 1975. 

136. Ingebretsen WR Jr, Becker E, Friedman WF, 
Mayer SE: Contractile and biochemical responses of 
cardiac and skeletal muscle to isoproterenol cova
lently linked to glass beads. Circ Res 40:474-484, 
1977. 

137. Venter JC, Ross J Jr, Kaplan NO: Lack of detecta
ble change in cyclic AMP during the cardiac ino
tropic response to isoproterenol immobilized on 
glass beads. Proc Natl Acad Sci USA 72:824-828, 
1975. 

138. Le Peuch CJ, Guilleux JC, Demaille JG: Phospho
lamban phosphorylation in the perfused rat heart is 
not solely dependent on j3-adrenergic stimulation 
FEBS Lett 114: 165-168, 1980. 

139. Limas CJ: Enhanced phosphorylation of myocardial 
sarcoplasmic reticulum in experimental hyperthy
roidism. Am J Physiol 234:H426-431, 1978. 

140. Kadoma M, Sacktor B, Froehlich JP: Stimulation 
by cAMP and protein kinase of calcium transport in 
sarcoplasmic reticulum from senescent rat myocar
dium {abstr}. Fed Proc 39:2040, 1980. 

141. Campbell KP, McLennan DH, Jorgensen AO, 
Mintzer MC: Purification and characterization of 
calsequestrin from canine cardiac sarcoplasmic retic
ulum and identification of the 53,000 dalton gly
coprotein. J BioI Chern 258:1197-1204, 1983. 

142. Tada M, Inui M: Regulation of calcium transport 
by the ATPase-phospholamban system. J Mol Cell 
Cardiol 15:565-575, 1983. 

143. Lindemann JP, Jones LR, Hathaway DR, Henry 
BG, Watanabe AM: j3-adrenergic stimulation of 
phospholamban phosphorylation and Ca2+ -ATPase 
activity in guinea pig ventricles. J BioI Chern 
258:464-471, 1983. 



13. CONTRACTILE AND MECHANICAL 

PROPERTIES OF THE MYOCARDIUM 

Allan]. Brady 

Introduction 
One of the principal concerns of cardiac muscle 
mechanics is the understanding of the relation 
between the contractile properties of the whole 
heart and the myofilaments. In its most super
ficial sense this relation is one of geometry. Di
mensionally, a measure of whole heart perfor
mance should be understandable from studies 
of the mechanical properties of long thin pap
illary muscles or trabeculae. From such one
dimensional analyses, one could surmise that 
the three-dimensional complexity of the whole 
heart could be approximated. Indeed, there 
have been numerous attempts to formulate ven
tricular performance in terms of "constitutive" 
parameters, i.e., in terms of parameters that 
are independent of external influences, which 
are based on the mechanical characteristics of 
papillary muscles. However, these approaches 
generally prove inadequate where functional 
differences in organ contractility are of interest. 
These deficiencies, in the large part, arise from 
the geometric approximations required to de
scribe the thick-walled asymmetric ventricle 
and from an inappropriate characterization of 
the one-dimensional mechanical properties of 
papillary muscle or trabecular preparations. 
This chapter primarily discusses the characteri
zation of the functional relations between force 
and length that may be used as the basis for 
the formulation of constitutive relations. 

Specifically, force-length relations are dis
cussed relating sarcomere length and muscle 
length to force development. Particular empha-
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sis is given to those parameters which affect 
force development such as nonuniform sarco
mere length, length-dependent activation, res
toring forces, and shortening. Also, the status 
of the force-velocity relation in heart muscle is 
discussed as it relates to earlier concepts of its 
use as an index of contractility. Finally, step
wise and cyclic perturbation analysis is men
tioned as this approach promises insight into 
muscle contractile properties of cross bridge ki
netics and their relation to known biochemical 
steps of the cardiac contractile process. 

Force Development 
The sliding filament mechanism of contraction 
proposed for skeletal muscle by Huxley and 
Hansen {I} and Huxley and Niedergerke {2} 
has gained wide acceptance. However, some 
controversy exists as to whether there is attach
ment of the myosin cross bridges to actin or 
only an electrostatic interaction between the 
myofilaments (discussed in Noble and Pollack 
{3}). Presumably, the attachment concept, as 
modified by Huxley and Simmons {4}, in gen
eral, must apply to heart muscle as well. For 
example, the kinetics of myofilament interac
tion of skeletal and cardiac muscle are ob
viously different, but the myofilament struc
tures are similar, calcium is an essential 
element in the initiation of contraction, and 
many of the contractile properties of force gen
eration and of shortening are related. Based on 
these common factors it is prudent to look for 
similarities in myofilament interaction pro
cesses in these two systems. 

Briefly, as summarized in various accounts 
by Ingels {5}, the sliding filament crossbridge 
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attachment concept of force development is the 
following: Calcium released from the sarco
plasmic reticulum (SR) by sarcolemmal excita
tion reacts with sites on tropomyosin (summa
rized in Murray and Weber [6}). A translation 
then occurs in the relation of tropomyosin to 
actin in the thin filaments such that a head (or 
heads) of the myosin thick filament crossbridge 
(CB) attaches to an actin site (fig. 13-1). This 
attachment is manifested as an increase in mus
cle stiffness (resistance to stretch) although not 
necessarily as an increase in active force devel
opment (see Julian (7) for a resume of the steps 
of the CB mechanical cycle). Presumably, force 
development occurs following CB attachment 
as the head undergoes a rotation about a flexi
ble "joint" between the S-1 and S-2 segments 
of the crossbridge (fig. 13-1). During the pro
cess of this rotation, two events are hypothe
sized to occur as force is developed and longi
tudinal translation begins to occur: (a) a spatial 
sequence of interactions of a CB head with ac
tin sites occurs (4}, and (b) the rotation results 
in an elongation of the S-2 segment of the CB. 
For the present a highly extensible S-2 segment 
(composed of a coiled-coil, alpha-helix element) 
should be considered more hypothetical than 
real as discussed by Julian (7). In this manner 
the CB head rotation and consequent S-2 elon
gation is presumed to create a translational 
force between the two sets of filaments. 

For the sake of analytic simplicity in some 
considerations [8} (and as also depicted in 
fig. 13-1) this rotational event is assumed to 

be a two-step process for each CB, i.e., attach
ment and rotation; however, from energetic 
considerations (9, 1O} the rotation needs to be 

FIGURE 1.3-\. Sketch of crossbridge (CB) attachment 
mechanism showing twO attached states: (IX) before head 
rotation and (13) after head rotation. SI and S, denote CB 
head and extensible connecting element, respectively. K 
is the elastic constant of S, and u is the extension of S, 
from its zero force position. From Julian P}. 

continuous, perhaps with many steps, but is 
presumably limited to a specific maximum ro
tational angle. 

These concepts of CB attachment and rota
tion lead to the prediction that total active 
force and stiffness in a muscle should be di
rectly proportional to the number of attached 
CB. It must be kept in mind, however, that 
an attached CB may not be in a force-developing 
mode (i.e., the CB head may not have rotated 
to a force-developing position but, if attached 
to actin, would still contribute to a resistance 
to stretch or compression). In any case, the cur
rent most widely accepted operating hypothesis 
of muscle force development relates active force 
development directly to the number of attached 
crossbridges. 

Force-Length Relations 

INTERMEDIATE AND LONG 
SARCOMERE LENGTHS 

At the next level of structural organization, 
i. e. , the sarcomere, force development should 
be directly related to sarcomere length if force 
development is assumed to be directly related 
to the number of attached crossbridges. More 
specifically, force development should be re
lated to the volume of overlap or interfilament 
surface between the sets of thick and thin fila
ments. In fully activated fibers this expectation 
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FIGURE 13-2. Tension- sarcomere-Iength (SL) plots of 
normalized data from various muscle preparations. (a) 
Skeletal muscle [ll}. (b) Tonically activated mechanically 
skinned rat ventricular fiber: data at short SL from Fabiato 
and Fabiato [105}; data at long SL from Fabiato and Fa
biato [l3} . (C) Similar data for dog mechanically skinned 
ventricular fiber. (d) Partially activated mechanically 
skinned rat ventricular fiber. Tensions are relative to peak 
active tension (Po) in respective muscle preparations. 

appears to be realized (fig. 13-2, dashed curve 
a) in skeletal muscle {11, 12) over the range 
of sarcomere lengths (SL) 2.2-3.6 J..Lm and, in 
cardiac muscle as well {13), to the extent that 
long sarcomere lengths can be obtained with
out undue constraints from other structural ele
ments (fig. 13-2, curves b and c). Measure
ment of active force in intact cardiac fibers is 
severely limited by the rapid rise in rest tension 
above SL = 2.2 J..Lm (fig . 13-3, curve h) and 
no plateau in total tension appears. However, 
the plateau of active tension can be very broad 
in tonically activated skinned cardiac fibers 
(fig. 13- 2, cur"e b). 

A simple relatIOn between myofilament over
lap and force development is challenged by 
some investigators {14) who, using laser dif
fraction to measure SL, found a positive slope 
for the length-tension relation of "condi
tioned" skinned rabbit soleus fibers at all sar-

comere lengths up to 3.0 J..Lm (similar to curve 
d). In contrast, Julian and Moss {15), noting 
sarcomere uniformity by direct photomicrogra
phy of skinned frog anterior tibial fibers, found 
a linear decline in force from SL = 2.2 to 3.6 
J..Lm similar to previous studies in intact frog 
semitendinosus (curve a) (lI}. 

Deviations from a simple relation between 
overlap and tension in this range of SL are ap
parent in partially activated cardiac muscle (fig . 
13-2 , curve d) {13, 16, 17) and in skeletal 
muscle (14, 18-20). In these responses, active 
force development continues to increase with 
extension of SL up to 3.0 J..Lm before beginning 
to decline. This observation that peak active 
force development in partially activated fibers 
occurs at less than optimum overlap challenges 
the simplicity of the overlap model and COIU

pels us to be concerned about other parameters 
of CB attachment or force development. Fa
biato and Fabiato (l3) discuss the possibility 
that myofilament sensitivity to Ca2 + may be 
increased at longer sarcomere lengths. Some in
dication of this possibility is found in recent 
observations in intact skeletal muscle {2I} in 
that maximum Ca2 + activation in skeletal 
muscle does indeed occur on the descending 
limb of the force-length relation. 
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In fully activated muscle, including heart 
muscle (fig. 13-2, curves b and c), a plateau of 
active force development occurs over the range 
of sarcomere lengths 1.8-2.2 J.Lm (or - 2.4 
J.Lm in mechanically skinned skeletal and car
diac fibers [13, 15J). In fact, the force-SL re
lation in mechanically skinned muscle appears 
to lie above that of intact fibers at SL > 2.2 
J.Lm (fig. 13-2). 

Maximum tension (stress) is about 12 N/m2 

(1.2 kg/cm2) for papillary muscle {22J com
pared to 30-40 N/m2 in single skeletal muscle 
fibers {II]. However, if allowance is made for 
the lower fractional cross-sectional area of myo
filaments in heart muscle {23J the maximal 
force-generating capabilities of the two types of 
muscle myofilaments are similar. 

FORCE-LENGTH RELA nONS AT SHORT 
SARCOMERE LENGTHS (FRANK
STARLING RELATION) 

A remarkable variation in the force-length re
lation occurs in heart muscle below SL = 2.2 
J.Lm (fig. 13-3), depending on the mode of ac
tivation and the amount of shortening that oc
curs during contraction. Comparison of curve e 
(force plotted vs initial muscle length in an in-
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FIGURE 13-3. Tension-SL plots of normalized data from 
various muscle preparations. (a) Skeletal muscle [II}. (b) 

Mechanically skinned rat ventricular fiber, as in figure 
13-2. (e) Data from thin intact papillary muscle with SL 
measured at peak of isometric muscle contraction [22}. (/) 
Same reference as e, but SL maintained constant by con
trolled stretch during contraction. (g) Phasic contractions 
of mechanically skinned rat ventricular fiber induced by 
Ca2+ -induced Ca2+ release [105}. (h) Resting tension 
data from thin rat papillary muscle [54}. Tensions are 
relative to peak active tension (Po) in respective muscle 
preparations. 

tact papillary muscle) with f (the same muscle 
force developed at constant controlled SL) 
shows the reduction in force development that 
can occur in a so-called "isometric" contraction 
(curve e) {22J. Curve g is a plot of the same 
parameters in a mechanically skinned rat ven
tricular fiber activated by phasic Ca2 + -induced 
Cal + release and curve b shows the response of 
a similar preparation with tonic Ca2 + activa
tion. Curve a, as in figure 13-2, gives the 
force-length relation of a tetanized single skel
etal muscle fiber preparation. Comparison of 
the four curves for rat cardiac muscle empha
sizes the fact that the full contractile potential 
of a fiber far excels the performance seen in an 
isometric muscle contraction (curve e). 
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FIGURE 13-4. Plot of restoflng force (RF, see inset) nec
essary to account for the decline in developed tension 
(DT) at shore muscle lengths. Curves show the ci + de
pendence of this restoring force factor. Numbers on curves 
give (Ca2+ }o in mM. From Jewell (27} and by permission 
of the American H eare Association. 

At least three factors are presumed to be re
sponsible for this disparity of force-length re
lations at sarcomere lengths below 2. D J.Lm (a) 
the possible limitation of force development by 
external and internal elastic structures that are 
distorted by muscle shortening, (b) shortening 
deactivation in which active shortening per se 
tends to reduce the ability of muscle to develop 
tension {24}, and (c) length-dependent activa
tion as exemplified by the reduction in Ca2 + -
induced Ca2+ release at short sarcomere lengths 
in mechanically skinned single cardiac myo
cytes in phasic contraction {2 5}. 

All three factors would be expected to sig
nificantly influence the shape of the ascending 
limb of the Frank-Starling force-length rela
tion. However, their relative contributions 
have yet to be quantified. Since, in any case, 
each factor is likely to playa role in contractile 
responses of cardiac muscle along the ascending 
limb, each phenomenon will be discussed in 
some detail. 

Restoring Forces (Extracellular) Actively short
ened muscle fibers (even single mechanically 
skinned fibers) will not remain at short sarco
mere lengths « l. 9 J.Lm) during relaxation. 
Hence some restoring force must exist in the 
structural network of the muscle or within the 
cells themselves. In this regard it might be ex
pected that as the muscle fibers increase in di
ameter with active shortening at constant vol
ume the extracellular structures would offer 
some elastic resistance and this constraint 
would limit the amount of force that the fibers 
could develop in the longitudinal direction. 
Additionally, compression of the extracellular 
collagen in the longitudinal direction with fi
ber shortening might also tend to reduce active 
force development external to the cells. Also 
Robinson and Winegrad {26} described a net
work of microfibrils and microthreads as well 
as collagen fibrils which link cells of the rat 
myocardium together. They suggested that this 
network might influence fiber motion. 

However, if contraction against restoring 
forces were solely responsible for the decline in 
tension at short sarcomere lengths, then the 
difference between peak tension at Lmax and iso
metric tension at shorter SL should be a mea
sure of the restoring force (assuming that the 
same number of CB attach between SL = 1. 6 
and 2.2 J.Lm) . Since the restoring force then 
should be strictly length dependent, the same 
restoring force-length correction should apply 
at all sarcomere lengths along the ascending 
limb of the Frank-Starling curve. Jewell (27) 
and Bodem et al. {28} tested this hypothesis 
(fig. 13-4) by noting, in varied external Ca2+ , 
the difference between peak tension at Lmax and 
peak tension along the ascending limb. They 
found that the difference factor (i.e., the restor
ing force component) must also be Ca2+ depen
dent. 

With respect to shortening capabilities in rat 
papillary muscle and frog atrial cells, a com
parison of the minimum sarcomere length to 
which unloaded multicellular and isolated sin
gle-cell preparations can shorten indicates little 
difference in their minimal sarcomere lengths. 
For example, rat papillary muscle {22, 29, 3D} 
and mechanically skinned single rat ventricular 
fibers (25) will contract to a minimum sarco-
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mere length of about 1. 6 /-Lm in unloaded 
shortening. In intact frog atrial trabeculae, 
Winegrad {31} reported a minimum sarcomere 
length of 1.5-1.6 /-Lm in freely shortening 
preparations, while Tarr et al. {32} showed 
shortening to about 1.45 /-Lm in very lightly 
loaded single atrial fibers. Contrasting the sin
gle-fiber and multifiber preparations, these ob
servations would suggest that the limitation to 
shortening probably lies within the cells rather 
than in external constraints to diameter change 
or longitudinal resistance to shortening. Simi
lar conclusions were reached by Parsons and 
Porter {3 3} , who observed, in cultured chick 
heart cells, some kinked fibrils at rest which 
straightened during contraction, indicating 
that an internal restoring force exists which re
establishes the rest length during relaxation. 

In skeletal muscle, Brown et al. {34} and 
Gonzales-Serratos {35} observed that the myo
fibrils of contracted fibers imbedded in gelatin 
became wavy during relaxation but straight
ened again during activation. Similar responses 
occurred in skinned cardiac cells {25, 36}. 
Thus, restoring forces do appear to exist in 
contracted muscle, but the major component 
must lie within the cell at short sarcomere 
lengths. 

These conclusions are not surprising when 
considering the fact that the collagen fiber di
rection appears to be predominantly parallel to 
the fiber direction. However, an absence of 
elastic constraints oriented radially to the mus
cle fibers indicates that the collagen probably is 
not rigidly linked in the transverse direction. 

Intracellular Restoring Forces. One considera
tion for a restoring force in intact heart muscle 
is a compression, during muscle shortening, of 
the sarcolemma, the SR, or mitochondria. 
However, this seems unlikely in view of the 
observation in the above study that relaxation 
to initial rest length still occurs in skinned 
preparations after Brij-58 treatment to remove 
all membrane structures {25}. 

Fabiato and Fabiato {25} reported that relax
ation in highly activated (pCa = 6), mechani
cally skinned rat ventricular fibers occurred in 
two phases, i.e., a fast component of relaxation 
from SL = 1. 1 to 1. 57 /-Lm occurring in about 

0.6 s and a slow component of further relaxa
tion to 1. 91 /-Lm occurring in about 43 s. Since 
there were no external forces on these fibers, 
the restoring forces must all lie within the 
skinned fiber. 

Fabiato and Fabiato {25} also attempted to 
measure this restoring force by letting a con
tracted cell relax against the force transducer. 
A restoring force of only 4% Po was measured; 
however, this observation may be somewhat in
accurate because it was not clear whether some 
myofilament buckling occurred in the relaxa
tion process so that the full restoring force was 
not measured by the transducer. 

Krueger et al. {37} considered internal elas
tic restoring forces as the basis for the sponta
neous and rapid relation that occurs in intact 
cardiac myocyte twitches. However, they con
cluded that, since the velocity of shortening in 
highly activated fibers was constant over the 
range SL = 2.0-1.7 /-Lm, no simple or appre
ciable elastic restoring force could be responsi
ble for the constant shortening velocity. 

In any case the restoring force in these 
skinned cells seems insufficient to account for 
the major portion of the slope of the ascending 
limb of the Frank-Starling relation. On the 
other hand, skinned fibers have a swollen lat
tice {25} so that a true measure of normal re
storing forces probably cannot be made in these 
preparations. We must wait for a more ade
quate quantification of the radial and longitu
dinal forces within heart cells before the mag
nitude of this component of the Frank-Starling 
force-length relation can be evaluated. 

Shortening Deactivation. One of the proposed 
factors that may influence the shape of the 
length-tension relation is the observation that 
shortening tends to reduce the ability of muscle 
to develop tension (in skeletal muscle {38-40}; 
in heart muscle {24, 41-43}). Figure 13-5 
shows one of several possible manifestions of 
the influence of shortening on the ability of a 
muscle to develop force. In these responses, re
leases to a light load are given at various times 
during contraction. These responses show that 
shortening following early releases reduces the 
later force generation capacity of the muscle 
relative to its capability when it remains iso-
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FIGURE 1.)-5. Tension (upper curves) and length change 
(lower curves) showing releases of a rabbit papillary mus
cle to a small load at various times during contraction. 
Note the reduced ability of the muscle co shorten or bear 
the load (deactivation) following the releases, i.e. , early 
releases reduce the period of shortening or force-generat
ing capability. Modified from Brady {l06}. 

metric until the later period. This deactivation 
is apparent immediately upon the onset of 
shortening since only brief transient shortening 
intervals «20 ms) initiate deactivation and the 
effect can last beyond a given contraction. 
Shortening deactivation is more prominent the 
later in a contraction the perturbation occurs. 
Shortening during the first Y4-V'l of a twitch 
has little effect on subsequent tension genera
tion or shortening capacity, but shortening 
during the relaxing phase of contraction may 
abruptly terminate the contraction and also re
duce the force generation or shortening capac
ity of a subsequent contraction. Shortening 
deactivation appears to be a result of shortening 
per se because the velocity of the shortening 
does not appear to influence subsequent con
tractile capability. The magnitude and time of 
occurrence of shortening during a contraction 
seem to be the primary factors that influence 
this negative inotropic effect. Edman [40} re
ports that in skeletal muscle the deactivation 
effect has a QlO of around 1 and therefore prob
ably has a basis in the myofilament protein 
structures. 

Shortening deactivation may play a signifi
cant role in the determination of the shape of 
the force-length relation, particularly in heart 
muscle. Considerable series compliance is evi
dent in most cardiac multicellular preparations 
and sarcomeric nonuniformity is evident in 
both multicellular and loaded single-cell prep
arations. Thus, even during an isometric con
traction, some degree of sarcomere shortening 
(and/or lengthening) probably occurs so that it 
is likely that sarcomeric shortening which oc
curs during these "isometric" muscle contrac
tions reduces the peak developed force . Resting 
sarcomere length in most multicellular prepa
rations (i. e., slack length) is between 1. 9 and 
2.2 /-Lm. Therefore, the force developed at a 
mean sarcomere length of, say, 1.6 /-Lm re
quires extensive sarcomere shortening, and 
probably deactivation, before the contraction 
becomes isometric at 1.6 /-Lm. The magnitude 
of this deactivation is difficult to evaluate be
cause of the above-mentioned factors of internal 
loading with shortening and length-dependent 
activation (next section). 

Some evidence for the magnitude of short
ening deactivation was obtained by Pollack and 
Krueger [22}, who measured force develop
ment at short sarcomere lengths using an ex
ponential controlled stretch to compensate for 
SL shortening (similar to the method proposed 
by Brady [44}). They found that this method 
reduces series compliance to 1%-2% (from 
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about 5%), but that peak tension still fell at 
reduced SL even with this minimal shortening; 
hence, they concluded that the ascending limb 
of the length-tension relation is not primarily 
due to shortening deactivation. 

Again, we do not have good quantitative 
data to provide a measure of the contribution 
of shortening deactivation to the slope of the 
Frank-Starling relation, but shortening deacti
vation is probably a significant factor. 

Length-Dependent Activation. In the operational 
range for heart muscle, i.e., 1.6-2.2 J.Lm, our 
concept of the relation between myofilament 
overlap and active force development is ex
tremely unclear in both cardiac and skeletal 
muscle. It is readily apparent that in all kinds 
of preparations (from intact multicellular prep
arations to length-clamped glycerinated myofi
brils) active force development declines at sar
comere lengths below 2.0 J.Lm. In the early 
proposals of the sliding filament hypothesis 
{ll}, and as proposed still by Julian and Moss 
[15}, the fall in developed tension at short sar
comere lengths (1.6-2.0 J.Lm) was related to a 
resistive elastic interaction between overlapping 
thin filaments and to a distortion of thick fila
ments abutting against the Z bands at less than 
1. 6 J.Lm S1. In this scheme, total CB force 
would decline very little, but sarcomere force 
would be reduced by the magnitude of the elas
tic interaction between thin filament regions of 
the sarcomere. This interpretation was called 
into question when it was observed that the 
deeper sarcomeres of myofibrils in a whole 
muscle fiber at short SL became wavy during 
twitch responses and that this waviness disap
peared with tetanic stimulation or in the pres
ence of caffeine [45, 46}. These observations 
suggested that perhaps activation was graded at 
short SL and that a reduction in CB force de
velopment (i. e., a reduction in the number of 
CB attachments) might be responsible for the 
decline in active force development at short S1. 
This interpretation has gained further support 
both in skeletal muscle [21} and cardiac muscle 
preparations by the observation that less Ca2+ 
is released from the SR at short sarcomere 
lengths [25}. 

In further support of the length-dependent 
activation concept, Hibbard and Jewell [47] 
found that the pCa-tension curve in chemically 
skinned rat trabeculae was shifted to the right 
by 0.2 pCa units at sarcomere length 1.9-2.04 
J.Lffi com pared to the range 2. 3-2. 5 J.Lm. Also 
in skinned cardiac cells Fabiato [48} found an 
. . I· b C 2+ . d d C 2+ Increasing re atlon etween a -In uce a 
release (determined with arsenaza III) and SL 
over the range of 1.8-2.3 J.Lm S1. These two 
observations suggest both a reduction in re
leased cl + and a reduction in Ca2 + sensitivity 
at short sarcomere lengths. 

However, the picture is not yet clear. Moss 
{49} found a similar shape of the ascending limb 
in unskinned (tetanized) and skinned skeletal 
muscle fibers in fixed Ca2 + concentrations and 
concluded that length-dependent variation in 
activator Ca2 + did not playa major role in de
termining the shape of the ascending limb. In 
support of this interpretation, he cites the ob
servation of Blinks et al. [17} that peak light 
responses of aequorin declined only gradually 
wi th sarcomere length from SL = 2.4 to 1. 4 
J.Lm. But Lopez et al. {21} indicate that Ca2+ -
induced activation (measured by aequorin fluo
rescence) in skeletal muscle is in fact decreased 
at short lengths and reaches its maximum on 
the descending limb of the length-tension re
lation (SL = 3.0-3.2 J.Lm). 

Perhaps the most novel concept suggesting a 
basis for an apparent dependence of force devel
opment on length comes from the recent report 
by Allen and Kurihara {50}, who showed a re
duced duration of aequorin fluorescence in 
twitches at increasing length (80%-100% 
Lmax) in mammalian myocardium. These obser
vations led them to the proposal that Ca2 + 
binding to troponin is increased with increas
ing force development. They point out that a 
force-dependent increase in the binding con
stant of troponin for Ca2 + predicts a steepening 
relation between pCa and tension {51} and also 
accounts for the shift in pCa-tension relation 
noted by Hibbard and Jewell [47}. This mech
anism offers an alternative to the concept of a 
length dependence of Ca2 + -induced Ca2 + re
lease [25} which does not well explain either 
the relative constancy of the peak aequorin sig-
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nal with muscle length noted by Allen and Ku
rihara {50} in the above report or the shallow 
slope of the tension-length relation in tonically 
activated skinned heart cells (curve b, fig. 13-
3). An increase in Ca2 + release from SR has 
also been questioned by Chuck and Parmley 
{52} as a basis for the slow caffeine-reversible 
increase in tension following a length change 
in cat papillary muscle. 

Obviously, the data are controversial and, 
furthermore, a detailed mechanism for the 
length dependence of activation has not been 
substantiated so that we have little direct in
sight into the details of this phenomenon. At 
this point we can only recognize that a length 
dependence of activation of contraction must be 
a consideration in any evaluation of cardiac per
formance. 

RELATION BETWEEN SARCOMERIC AND 
MUSCLE FORCE-LENGTH RELATIONS 

As an example of the problem of relating mus
cle length to sarcomere length, consider the 
following data. Julian and Sollins {53} mea
sured sarcomere lengths in thin rat papillary 
muscles by direct photomicrography of the sar
comeres. Resting sarcomere length averaged 
2.23 f..Lm at Lmax. Although the muscle was re
strained at Lm,x, sarcomere shortening occurred 
in the body of the muscle to a mean length of 
1.98 f..Lm (i.e., about 11%) during "isometric" 
contraction. At 0.75 Lm,x, 3%-6% sarcomere 
shortening occurred with isometric muscle con
traction. At some points between these two 
muscle lengths, sarcomere shortening up to 
15% was noted at constant muscle length. 
Similar results were obtained by Pollack and 
Huntsman {54], who found that about 40% of 
this length change could be attributed to end 
compliance, but the rest occurred as nonuni
formity within the body of the muscle. 

Thus it is evident that an isometric "muscle" 
contraction cannot be assumed to occur at con
stant sarcomere length or constant myofilament 
overlap. Furthermore, whether we attempt to 
deduce myofilament interactions from measure
ments in multifiber preparations or whether we 
try to predict papillary muscle or whole heart 
function from myofilament properties, we must 

contend with the complex structural organiza
tion and variability of this tissue. 

Sarcomeric and Segmental Nonuniformity. Since 
nearly all force measurements in heart muscle 
have been made in multicellular preparations, 
it has generally been presumed that muscle 
length was synonymous with sarcomere length. 
Only in the last few years have investigators 
become concerned with the now established ob
servation that, particularly in heart muscle, 
sarcomere lengths can vary considerably from 
segment to segment and even from cell to cell 
within the preparations. Thus, measured force
length relations in these preparations give only 
force-mean-sarcomere-Iength relations and can
not be interpreted in terms of myofilament 
overlap directly. The degree to which sarco
mere nonuniformity exists in heart muscle has 
been documented in several recent studies {53-
58]. In these studies, sarcomere uniformity ex
isted only in segments of varied length. A 
compliance of as much as 7% occurred in the 
end regions of these preparations, but signifi
cant nonuniformity also existed within the 
body of the muscle. 

Several techniques have been recently intro
duced to reduce the nonuniformity problem so 
that a relation between contractile force and 
myofilament overlap could be determined. As a 
measure of segment length, Pollack and Krue
ger {22} used the first-order laser diffraction 
line generated by the sarcomeres in a selected 
uniformly responding segment of a thin papil
lary muscle of the rat. This diffraction line 
served as the sensing element for segment con
trol in a servo system. Donald et al. (59] in
serted transverse pins through a papillary mus
cle and used the image of these pins projected 
onto a light-sensing device (CCD) to control 
segment length. Brady (44} attempted to de
termine the series elastic component of papil
lary muscles (including end compliance) by 
quick-stretch techniques and then use the 
force-extension relation of this SE to control a 
linear motor device attached to the muscle. All 
these approaches led to a large reduction in SE 
(to about 1.5%-2.0%) and to a broader pla
teau of the active force-length relation. While 
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these studies offered better control of sarcomere 
length during force-length evaluations, how
ever, they did not overcome the problem that 
sarcomeres must actively shorten (and therefore 
deactivate to some extent) in order to measure 
contractile force at short sarcomere lengths. 
Thus these techniques do not provide the 
clear-cut approach we need to resolve the basis 
of the ascending limb of the Frank-Starling 
force-length relation. 

On the other hand, sarcomere lengths in un
restrained single isolated cardiac cells display a 
remarkable uniformity even during contraction 
{25, 37, 60-62}. These latter observations in
dicate that either the collagen matrix within 
which the cells exist in multicellular prepara
tions or the application of mechanical con
straints (i.e., ties, clamps), or both, leads to a 
nonuniform distribution of stress during con
traction. Actually, Pinto and Win {55} report 
a high degree of nonuniformity in sarcomere 
lengths in resting papillary muscle as well. 
Therefore, it appears that the extracellular 
structures of cardiac muscle may impose a non
uniformity on both the active and passive mus
cle. 

Viscoelastic Properties of Heart Muscle 
The interpretation of the contractile properties 
of heart muscle, including its many inotropic 
states, requires an appreciation of the viscoelas
tic character of both resting and active muscle. 
Resting muscle length presages the subsequent 
contractile response, but resting length in mul
ticellular and whole heart preparations is deter
mined by both internal and external viscoelas
tic properties. 

The passive time- and velocity-dependent 
stress components of heart muscle responses are 
complex and play a significant role in the de
termination of sarcomere length and in the 
manifestation of muscle force. The more dra
matic viscoelastic component of active muscle 
is stress relaxation, which is multiexponential 
in its decay. However, it is most pertinent to 

rapid-perturbation studies and will be dis
cussed in that section. In resting muscle, stress 
relaxation is less dramatic since the forces in
volved are usually of lower magnitude; how-

ever, it is present and usually displays different 
decay factors than that of active muscle. Creep 
is another long-term phenomenon that must be 
dealt with when sarcomere length over an ex
tended time period is of interest. These phe
nomena have been quantified in various prepa
rations {63}, but we have little information 
regarding their structural or molecular basis. 
Consequently, we can do little more than de
scribe their appearance and discuss how they 
relate to contractile responses. In the case of 
viscoelasticity and creep of passive heart mus
cle, this will be mentioned in the section on 
Resting tension. 

MECHANICAL ANALOGUES 

When considering the relation between passive 
resting tension and active force development it 
is not clear that resting tension can be simply 
subtracted from total tension in order to obtain 
active tension. Such an operation presumes that 
these two forces are arranged in parallel. In 
general we do not know that this is the case. 
Indeed, if compliance at the ends of the muscle 
preparation is appreciable, as is apparent in the 
work of Pollack and Huntsman {54} and Julian 
and Sollins {53} above, the simple additive re
lation of resting and active tension is· invalid 
because passive parallel elastic elements in the 
body of the muscle will be unloaded during ac
tive contraction while their counterparts at the 
ends of the muscle become more loaded. For a 
meaningful measurement of active force, the 
mechanical relation between these two passive 
components must be known. Similarly, since it 
is well established that active force develop
ment is highly dependent upon sarcomere 
length over much of the operating length of 
the sarcomeres, sarcomere length must be 
known in order to establish the relation be
tween active force and sarcomere length. With 
the presence of end compliance and with the 
possibility of nonuniformity of stress distribu
tion in the muscle during contraction, how
ever, sarcomere length variations within the 
preparation are likely to occur. Additionally, as 
mentioned above, there is evidence that short
ening or extension of a sarcomere during active 
contraction alters its subsequent contractility. 
All these factors will influence the transform 



13. CONTRACTlLE AND MECHANICAL PROPERTIES OF THE MYOCARDIUM 289 

(or constitutive relation) which we must de
velop in order to relate myofilament mechanics 
to, say, papillary muscle behavior or whole 
heart performance. 

A good deal of information has been ob
tained in the past two decades in regard to 
these problems. While we cannot say that the 
ideal and unique transform has been derived for 
heart muscle, many previous simplifying as
sumptions in model analysis are now invali
dated and the types of experiments that must 
be done are more clearly defined. 

In recent years a large number of mechanical 
analogues have been evaluated in an attempt to 
define a unique analytic relation which would 
make possible an interpretation of myofilament 
force and length interactions in terms of me
chanical parameters measurable at the ends of 
the muscle. These models generally have 
tended to ignore viscous properties and have 
mostly dealt with undamped elastic responses 
of the preparation. To this extent these models 
only relate to instantaneous elastic properties of 
the muscle. Some more complex models in
clude dampers, but the inclusion of these ad
ditional elements results in a model with so 
many parameters that unique characterization 
of a preparation is beyond experimental verifi
cation. While muscle viscosity cannot be ig
nored, there is little advantage in phenomen
ologic attempts to model it until the structures 
with which it is associated can be identified. In 
any case the following models are based on 
rapid-perturbation data (quick stretch and re
leases) and do not include viscous components. 

The models in question include first a dis
cussion of the classic three-element model of 
A.V. Hill [64} (i.e., the so-called Maxwell 
model) in which resting tension was assumed 
to be attributable to passive elastic elements 
(PE) that solely bore rest tension and thus de
termined initial sarcomere length. Additional 
passive elastic elements (SE) that became evi
dent in an active muscle were presumed to be 
in series with the force-generating elements of 
the muscle. This series elastic component was 
most vividly demonstrated by releasing an ac
tive muscle to zero load during a contraction 
[65}. In multicellular heart preparations, SE 
compliance thus defined is of the order of 5 % 

Lo [22, 66}. PE varies widely with species from 
a relatively small stiffness at sarcomere lengths 
of 3.0-3.6 IJ.m in frog heart [13} to an exceed
ingly stiff PE in rat ventricle such that rest ten
sion at SL = 2.8 IJ.m can be as large as active 
tension [l3}. 

The Hill model has been very popular be
cause resting tension-length relations could be 
algebraically subtracted from total length-ten
sion relations in order to calculate active ten
sion. However, it is obvious that this simple 
analogue has serious limitations particularly in 
preparations in which considerable compliance 
exists at the ends of or in the attachments to 
the muscle. 

Recognition of this end compliance suggests 
an alternate three-element model, i.e., the so
called Voigt arrangement in which the series 
elasticity (SE) bears both resting and active 
contractile force. The interpretation of myofil
ament force-length relations in terms of this 
analogue gives different characteristics for myo
filament interactions than the Maxwell arrange
ment if short-term myofilament interaction is 
assumed to be stiff, i.e., if the contractile ele
ment is assumed to be rigid to short, fast per
turbations [44,67, 68}. Fung [69} did not ac
cept this assumption and claimed that the two 
models were indistinguishable. However, nei
ther of these two analogues includes the addi
tional elastic component of the crossbridges. 

Brady et al. PO} considered a large number 
of mechanical analogues and attempted to de
scribe a unique arrangement of elastic ele
ments, including parallel, series, and CB elas
ticity, which would be applicable to a given 
cardiac preparation. He used the stiffness-force 
relation at varied initial muscle lengths to de
scribe elastic responses of rabbit papillary mus
cle (see also Fung p1}). Perturbations of 1- to 
2-ms duration were employed in order to ob
tain some limited measure of CB elasticity as 
well as to characterize passive elasticity of the 
muscle. In some preparations a three-elastic
element lumped parameter model appeared to 
be adequate to fully describe the elastic prop
erties of papillary muscle over the functional 
range of muscle lengths (0.75-1.05 Lmax). 
However, it was recognized that considerable 
segmental inhomogeneity existed in these prep-
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arations as indicated by the movement of 
opaque microspheres placed in the vasculature 
of the papillary muscle prior to excision of the 
muscle. 

Furthermore, consideration of these stiff
ness-force data as a two-segment distributed 
system made up of two populations of sarco
meres with different stiffness-force characteris
tics (right diagram, fig. 13-6) led to an ana
logue analytically indistinguishable from the 
lumped three-element system (SRT/CB model, 
fig. 13-6). In other words, the elastic constants 
for the PE, SE, and crossbridges for either 
model (lumped or distributed parameters) 
could be derived from the stiffness-force data. 
Thus, without an independent measurement of 
segmental motion during contraction, it was 
impossible to determine which analogue ap
plied to a given preparation. It is clear then 
that this ambiguity makes it impossible to in
terpret myofilament interactions from measure
ments of whole muscle preparations where sar
comere nonuniformity is present. 

RESTING TENSION 

Extracellular Origins. Since the collagen ma
trix in which heart cells are imbedded form a 

Nonuniform 2 segment model 

FIGURE 13-6. Lumped three-element mechanical ana
logue (left) and two-segment four-element distributed an
alogue (right) of papillary muscle: PE, parallel elastic ele
ment; SE, series elastic element; CB, crossbridge elastic 
and force-generating element; numerical subscripts on 
dlstrtbuted analogue denote the two populations which 
may have different characteristics. Modified from Brady et 
al. [70}. 

three-dimensional system around the cells, 
these elastic structures may contribute to rest
ing tension by resisting longitudinal extension 
of the muscle fibers. As with restoring forces 
that may occur with muscle shortening, other 
candidates for elements bearing resting tension 
with muscle extension are the membrane struc
tures (sarcolemma, SR, mitochondria) and in
~ermediate filaments. The availability of single 
mtact myocytes of several species and proce
dures for partial extraction of cellular compo
nents makes possible a comparison of length
tension relations in single, multicellular, and 
p~rtially extracted preparations of the same spe
CIes. These components are discussed below. 

The contribution of extracellular elastic 
structures to muscle force has received consid
erable attention in the past two decades. Car
diac muscle exhibits substantial rest tension at 
much shorter lengths than skeletal muscle so 
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that the meshwork of collagen around the cells 
is a prime candidate for the higher rest tension. 
For example, Winegrad {31} concluded that 
connective tissue must limit the extension of 
frog atrial trabeculae because locally contract
ing cells could stretch the sarcomeres of quies
cent cells which were in series with the active 
cells more effectively than did a simple exten
sion of the whole trabecular preparation. Adja
cent cells were not influenced by these local 
contractions. 

The contribution of extracellular structures 
to rest tension at long sarcomere lengths was 
more clearly shown in this preparation by Tarr 
et al. {n}, who found that resting stress in the 
range of SL = 2.35-3.45 /-lm was 8- to 30-
fold greater in intact frog atrial trabeculae than 
in thp same isolated single cells. 

However, several studies show that, in the 
operating range of heart muscle, extracellular 
structures may not be the major components of 
resting tension. A particularly definitive study 
was conducted by Grimm and Whitehorn {73} 
which showed that the extraction of the myo
filaments of a rat papillary muscle with high 
salt (0.6 M KCl) destroyed the high rest ten
sion of this muscle while the collagen and other 
cellular structures were left intact. On the 
other hand, enzymatic disruption of the cellu
lar integrity (presumably the intercalated discs) 
reduced both active and passive rest tension, 
again suggesting that some structure within 
the cells, as well as cell-to-cell contact, was re
sponsible for rest tension. 

Cellular Components 0/ Resting Tension. As in
dicated above, cellular components that might 
be sources of resting tension are the sarco
lemma, intracellular membrane structures, and 
intermediate filaments [7 4}. However, studies 
in mechanically skinned skeletal muscle by Na
tori [75} and Podolsky {76} all show that the 
sarcolemma does not contribute to rest tension 
until SL = 3 /-lm. 

On the other hand, there is evidence in 
mammalian heart tissue that some detergent
soluble structures may be involved, at least to 
a limited extent, in the development of resting 
tension. For example, Fabiato and Fabiato {l3} 
found that mechanically skinned dog ventricu
lar fibers had a high resting tension until de-

tergent treatment, whereupon they exhibited a 
resting tension less than one-quarter Po at SL = 
3 /-lm (fig. 13-7, curve j). In contrast, skinned 
frog ventricular cells had a low resting tension 
(10% Po at SL = 3.0 /-lm) which was not sig
nificantly affected by the detergent Brij {58} 
and these fibers could be extended to SL = 
8 /-lm. However, they also noted that these 
ventricular cells had a higher resting tension 
than similarly prepared frog semitendinosus fi
bers. 

In mechanically skinned rat ventricular fibers 
[13}, detergent treatment reduced resting 
tension in the range of sarcomere lengths 
2.1-2.4 /-lm, but not beyond (fig. 13-7, curve 
i). Only treatment of the preparation with elas
tase reduced resting tension at the longer sar
comere lengths. This treatment also tended to 
disrupt lateral connections between myofibrils. 

Collectively, these findings indicate that the 
structural source of resting tension in heart 
muscle at SL below 3 /-lm probably is not re
lated to extracellular collagen, but must be a 
property of the muscle fibers themselves. In the 
range of SL = 2.0-2.4 /-lm, the sarcolemma 
or other detergent-soluble structures probably 
bear a substantial portion of resting tension 
(depending on species), but in preparations 
such as the rat ventricle other intracellular elas
tic structures must bear a major portion of the 
rest tension. 

Other candidates for rest tension are the lon
gitudinal distributions of intermediate fila
ments of heart cells (Lazar ides , personal com
munication). The mechanical properties of 
these elements are not established yet, but pre
liminary studies indicate that little stiffness re
mains in the observable residue of single rat 
heart myocytes after detergent (0.5% Triton 
X-lOO) and high-salt (0.6 M KI) treatment 
(Brady, unpublished observations). These re
sults and those of Grimm and Whitehorn {73} 
already cited indicate that the thin myofila
ments must be intact in order for heart cells to 
bear resting tension. 

VISCOSITY AND CREEP 

It has long been appreciated that muscle, par
ticularly cardiac muscle, undergoes a continu
ous increase in length when subjected to a 
constant load. This phenomenon has been de-
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scribed as creep and is characteristic of many 
long-chain highly cross-linked substances. In 
papillary muscle, creep has been characterized 
phenomenologically by Pinto and Patitucci 
[77}. They showed that at a load corresponding 
to the peak stress-strain ratio (0.2-1. 0 g/mm2, 
depending on species) an extension of 2%-3% 
occurred (logarithmically in time) over a 100-s 
period. Large initial extensions (> 15%) re
sulted in less creep in this interval. Creep was 
not strongly dependent on temperature. 

A most cntical observation in these studies 
was that in conditioned preparations (i.e., fol
lowing cyclic perturbations for a given period 
of time) creep deformation was symmetrically 
reversible in time. The initial creep rate was 
about 1 %/s following an applied stress equal to 
the peak stress-strain ratio. Based on these ob
servations we would expect creep extensions of 
less than 1 % during the normal cardiac cycle 
(60 beats/min). Also, since creep is symmetri
cally reversible, in the normal heart cycle, 
creep occurring during systole should be re
versed during diastole. Only with sustained 
changes in diastolic tension (or pressure) would 
the creep phenomenon affect successive contrac
tions differently. 

, , 
"'-

, 
....... 

"-
"- / , / 

"- / 

"- /' 
"- / 
'/ 

./' "-(il "-./' ....... 

-- ........ ( k ) "- , 
"-

2 .6 2 .8 3 .0 3.2 3.4 3 .6 

( ~m) 

FIGURE 13-7. Tension-SL plots similar to figures 13-2 
and 13-3. (a) Data from skeletal muscle ell}. (h) Rest
ing tension data from thin rat papillary muscle [54}. (i) 
Resting tension data from mechanically skinned rat ven
tricular fiber [l3}. (j) Resting tension data from mechan
ically skinned dog ventricular fiber [l3}. (k) Resting ten
sion data from chemically or mechanically skinned frog 
anterior tibial muscle [l5}. Tensions are relative to peak 
active tension (Po) in respective muscle preparations. 

In this study [77}, some attention was given 
to the tied ends of the preparation, but no con
sistent relation between creep and end effects 
was noted. They concluded that the creep effect 
was not specifically related to the end regions 
although the distribution of the creep defor
mation between the ends and the body of the 
muscle was not clear in their study. However, 
the relative creep rate in a 14-mm cat ventric
ular strip was almost identical to that in a 4-mm 
cat papillary muscle so that these creep rate 
values are probably indicative of the changes in 
mean sarcomere length under these loading 
conditions. In the worst case, it appears that 
changes in force development, expected from 
SL changes of 1 %, should be anticipated dur
ing short-tern! changes in resting tension. 
Long-term changes (> 100 s) may correspond 
to SL changes of 2%-3%. 
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Force-Velocity-Length Relations 

In cardiac muscle the interest in the force-ve
locity (P-V) relation has been twofold. First, 
there is the common interest with skeletal 
muscle that P-V relation might provide a rela
tion between the mechanical and energetic re
lations of the contracting muscle. Second, the 
fact that heart muscle functions on the ascend
ing limb of the force-length relation makes 
difficult the separation of inotropic contractile 
changes from length-dependent changes. Pre
vious work with mammalian papillary muscle 
indicated that shortening velocity reached its 
maximum early in contraction [78} and also 
suggested that V max (maximum shortening ve
locity) might be independent of initial muscle 
length so that this factor may serve as an index 
of contractility which related only to changes 
in the nongeometric aspects of the muscle [79, 
80}. More detailed studies show, however, that 
problems with the extrapolation of force-veloc
ity curves, the complicated interactions of con
tractile parameters such as length-dependent 
force changes, nonlinear elastic elements, 
shortening inactivation, nonuniformity of sar
comeres, and the time dependence of force gen
eration [22, 24, 81-86}, leave serious doubts 
of the utility of finding such a simple index of 
contractility in multicellular preparations. 

Parmley et al. [86} surveyed a number of 
possible indices of contractility and found that 
indices which were sensitive to the contractile 
state were also sensitive to preload (initial 
length) while indices that were less preload 
sensitive were also less reflective of contractile
state changes. In their analysis the maximum 
rate of isometric tension development (dP/dt) 
seemed most sensitive to the state of contractil
ity. 

Edman and Hwang [87} and Edman [88} in
troduced a measure of unloaded shortening ve
locity (Vo) whereby velocity is measured as the 
length change of a quick release to zero force 
divided by the time interval to take up the 
slack of the release. He showed that, in skeletal 
muscle, Vo compared favorably with V max in 
single fibers. Each had a similar QlO (2.67) be
tween 2° and 12°; Vo was independent of sar
comere length from 1.65 to 2.7 /-Lm and was 
similar for both twitch and tetanus. Tarr et al. 

[32} also found shortening velocity in single 
intact frog atrial fibers to be constant down to 
SL = 1.6 /-Lm. In contrast, Pollack and Krue
ger [22} used this technique along with a mea
surement of sarcomere length with laser diffrac
tion in a servo loop and showed that, in thin 
rat papillary muscles, Po and Vo varied in par
allel with changes in sarcomere length in the 
range SL = 1. 6-2. 1 /-Lm, but was constant 
only between SL = 2.1 and 2.3 /-Lm. In view 
of the latter observation in heart muscle, the 
possibility of obtaining a length-independent 
measure of contractility in terms of shortening 
velocity seems to be ruled out at the sarcomere 
level also. 

By way of comparison of shortening veloci
ties in intact and isolated cells, Pollack and 
Krueger [22} measured Vo at 10 /-Lm/s at 26°C 
at SL = 2.0 /-Lm. At the next level of struc
tural simplicity, Fabiato and Fabiato [l3} cal
culated a maximum shortening velocity of 20 
/-Lm/s in maximally activated, mechanically 
skinned rat myocytes. 

These values compare with an extrapolated 
V max in cat papillary muscle in the range of 
0.5-2.0 muscle lengthsls at comparable tem
peratures [82, 85, 89}. Obviously, the short
ening velocity in isolated cells can be much 
higher than in the larger multicellular prepa
rations. These comparisons suggest that inter
cellular interactions considerably impede short
ening rate capabilities of the fibers, although 
the same ultimate sarcomere length may be 
ac~ieved if force generation is sustained. 

Velocity-length relations have been consid
ered in cardiac muscle [78} and show an early 
maximum shortening rate followed by a con
stancy in the velocity-length profile of contrac
tion which is independent of initial muscle 
length and time. These results were interpreted 
to indicate that during the twitch the effects of 
shortening, i.e., internal forces, length-depen
dent activation, and shortening inactivation, 
exactly balance the rising activation from Ca2 + 
release. While this balance of interactions 
seems rather fortuitous, it demonstrates the 
complexity and reinforces the reservations that 
must be considered in the interpretation of the 
measured parameters of cardiac contraction. 

P-V relations in heart muscle are (a) short-
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ening velocity, because of the many contractile 
parameters that influence its measurement, 
cannot serve as a useful index of cardiac con
tractility independent of length factors, but (b) 
the high constant velocity of shortening in iso
lated cardiac cell systems, perhaps only mini
mally complicated by internal loading, may in
dicate more directly the shortening kinetics of 
CB turnover. This shortening rate may reflect 
the net effect of length-dependent activation 
and shortening deactivation, but these pro
cesses now seem more amenable to experimen
tal control, particularly if force measurements 
and SL can be simultaneously determined in in
tact isolated cells. 

Perturbation Analysis 
As mentioned in the Introduction, a primary ob
jective of the study of muscle function is to 

understand the mechanism whereby metabolic 
energy is transformed into mechanical work. 
Considerable advances have been made in mus
cle physiology at the biochemical level which 
relate the splitting of ATP to actomyosin inter
actions . Understandably, the most detailed in
formation on this energy transduction process 
comes from the most isolated or more com
pletely extracted muscle systems. From these 
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FIGURE 13-8. Delayed tension responses of glycerol-ex
tracted rabbit papillary muscle to quick stretch (left panel) 
and quick release (right panel). (Upper traces) Imposed 
length change (stretch or release). (Middle traces) Tension 
responses following 0.15% length step. (Lower traces) 
Tension responses following 1.0% length step. Active 
tension (To) prior to each step is about 250 mg. From 
Steiger (91}. 

structurally and chemically simplified systems 
we now have a large number of rate constants 
of reaction kinetics that pertain to the CB cy
cle. However, the effect of structural order and 
mechanical stress in these reaction kinetics is 
more difficult to obtain. 

In an attempt to derive this information 
from structured and mechanically stressed mus
cle preparations, a number of laboratories have 
introduced perturbation techniques (both step
wise and sinusoidal) to analyze the force or 
length response of intact muscle preparations to 

changes in applied strain or stress . The ration
ale for this approach in terms of stepwise per
turbations is that, when an actively contracting 
muscle in a steads tate of activation is subjected 
to an abrupt change in stress or strain, the time 
course of the subsequent response should reveal 
kinetic properties of myofilament interactions. 

In the case of sinusoidal perturbations, thiS 
approach is prompted by observations in asyn-



13. CONTRACTILE AND MECHANICAL PROPERTIES OF THE MYOCARDIUM 295 

chronus muscle systems (e.g., insect fibrillar 
flight muscle) that an optimal range of frequen
cies exist over which an oscillatory perturbation 
leads to a phase shift between muscle force and 
length such that the muscle does work against 
the system rather than simply dissipating the 
applied energy as would a viscoelastic body. 
The frequency and amplitude characteristics of 
these critical oscillations should also reflect the 
interaction of chemical and mechanical kinetics 
of the active contractile system. 

Steiger {90, 91} and Herzig and Ruegg {92} 
found that, as in insect fibrillar flight muscle 
{93, 94} and glycerinated rabbit psoas muscle 
{95, 96}, glycerol-extracted rabbit ventricular 
muscle activated with Ca2+ responded to a 
quick stretch or release with a delayed tension 
change (at constant length). Figure 13-8 shows 
typical tension responses of glycerol-extracted 
heart muscle to two levels of step-length per
turbations (middle and lower curves, respec
tively; top trace is length change). The first 
phase of the response following the step 
(stretch or release) is a rapid, temperature
insensitive return of tension toward To. Phase 
2 is an order of magnitude slower and, in fig
ure 13-8, appears as the slow tail on the first 
phase before reversing direction (stretch re
sponse) to redevelop delayed tension (phase 3). 
Delayed tension with releases is not as dramatic 
as with stretches. Phase 2 is CaH sensitive and 
reflects inotropic states of the muscle. Phase-3 
rate constants correspond with the normal heart 
rate of a wide variety of animals from frog and 
pig (30-50 beats/min) to hummingbird (2000 
beats/min) {97}. 

While the responses in heart muscle are an 
order of magnitude slower than in insect and 
skeletal muscle preparations, they display the 
same mechanical features that are responsible 
for the oscillatory behavior of asynchronus in
sect fibrillar flight muscle. 

Superimposed high-frequency length pertur
bations (100 Hz) also show that muscle stiff
ness parallels the force changes during delayed 
tension responses, indicating that these in
duced force changes involve CB attachments 
{98}. 

Further studies in living cardiac muscle {98} 
in which steady-state activation was achieved 
by a short period of caffeine or BaH contrac-

ture also showed the delayed tension effect in 
response to step perturbations and further iden
tified a range of oscillatory frequencies (0.05-
1.20 Hz) in which muscle force lagged the im
posed length change so as to do work on the 
system. 

A further elaboration of these studies {99, 
lOa} suggests that the rate constants fitted to 
the transient mechanical responses should cor
respond to the following chemical rate con
stants: kb the fast temperature-insensitive 
phase may correspond to actomyosin dissocia
tion; k2' which is strongly temperature and 
perturbation amplitude dependent, to recom
bination and dissociation of the {myosin prod
ucts} component of the CB with actin; and k3' 
which characterizes the delayed tension, to 
V rnax , i.e., the maximum ATPase and attach
ment of new crossbridges. In a four-state CB 
cycle model, Steiger and Abbott {l00} have 
matched these rate constants obtained in sev
eral muscle types to known biochemical rate 
constants. Rate constants for some of these pro
cesses have also been derived by Kawai and 
Brandt {96} from Nyquist plots of complex 
stiffness of several species' skeletal muscle using 
sinusoidal perturbation analysis. Although the 
correspondences of the mechanical and bio
chemical rate constants are somewhat arbitrary, 
and they give only a measure of net reaction 
rates rather than specific forward and backward 
rate constants, nevertheless they look promis
ing in terms of developing useful relations be
tween mechanical and chemical muscle contrac
tile processes. 

At this stage these correspondences can only 
be considered speculative because (a) the data 
were not obtained in muscle systems with con
trolled sarcomere lengths, i.e., series compli
ance and sarcomere uniformity are not con
trolled; and (b) the identification of specific 
mechanical rate constants with a certain bio
chemical reaction process is presumptive. But, 
in any case, some correlations between mechan
ical and chemical events are now plausible. 

Active State 
The concept of the active state was originally 
defined as the ability of a muscle to develop 
force at constant length {10 I}. In this respect 
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the onset of the active state is slow, particularly 
in heart muscle, since force development re
quires considerable time to reach its maximum. 
In contrast, in terms of shortening capability, 
the maximum velocity of shortening occurs 
very early (in skeletal muscle {102}; in heart 
muscle {7S}). The question then arises of which 
parameter should be the measure of activation. 

The active-state concept has been critically 
evaluated in several discussions {65, 67, 103, 
104}, with the recommendation in the latter 
review that the concept be abandoned. For ex
ample, Pollack and co-workers {67} could not 
determine a unique elastic modulus for series 
elasticity in heart muscle. Julian and Moss 
{104} considered force development and short
ening in terms of a crossbridge model and se
ries elasticity, and concluded that such a model 
predicted both a slow development of force and 
an early maximum shortening capability as ob
served experimentally. But, since muscle acti
vation is now recognized to be regulated by 
myoplasmic Ca2 + and both shortening velocity 
and force development are strongly dependent 
on myoplasmic Ca2 +, the uniqueness of the 
classic active-state concept in terms of force de
velopment alone is lost. Indeed, the concept 
has little definitive value and should be aban
doned. 

Implications for Whole Heart Function 
From this discussion it is apparent that the for
mulation of a fundamental constitutive relation 
that would describe heart muscle contractility 
in an effective manner is still premature. The 
complex dependence of contractile force on 
such factors as shortening deactivation, restor
ing forces, length-dependent activation, and 
sarcomere nonuniformity and, in addition, our 
inability to quantitatively represent these fac
tors leaves possible only an empirical formula
tion of contractile parameters. Also, even em
pirical relations will have to be prescribed for 
very specific operational situations and these 
will likely apply only to a narrow range of car
diac function. 

Similar concerns are expressed by Elzinga 
and Westerhof {lO7}, who have considered the 
merits of isolated myocardium variables as they 

might serve as a means to quantify the pump 
function of the heart. Their conclusion is that 
force-length relations of isolated heart tissue 
are not necessarily related to the shape of the 
left ventricular function curve. For example, 
end-systolic volume can be larger when stroke 
volume is increased by an increase in end
diastolic volume, as might be predicted from 
the above discussion of shortening deactivation. 
Their suggestion is that an understanding of 
the basis of the cardiac pump function curve 
should come from the consideration of muscle 
fibers as they operate in the wall of the heart 
rather than in terms of parameters which are 
under rigidly controlled length and force con
ditions. 

The complexity and ambiguity of the cardiac 
contractile process at short muscle lengths em
phasize these recommendations in so far as the 
search goes for a unique index of cardiac con
tractility. Thus it seems unlikely that a simple 
constitutive relation {lOS} will be found which 
can be related to pump function with only a 
three-dimensional geometric transfer function. 
It is possible that empirical constitutive rela
tions may be determined which may be useful, 
but these relations will likely need to be sepa
rately prescribed for each contractile state. 

Therefore, it becomes critical to understand 
the functional basis for the ascending limb of 
the Frank-Starling relation so that the relative 
contributions of more of the underlying factors, 
i.e., external and internal loading, shortening 
deactivation, nonuniformity, and length
dependent activation, can be included in the 
constitutive relation. Additionally, there must 
also be a consideration of the contribution of 
the three-dimensional geometry of the heart to 
these intrinsic factors. Certainly, the shape, 
structure, and strain and stress distribution of 
the wall, as well as complex pressure loading, 
will have an effect on these interactions be
tween contractile parameters. 

From these considerations we must conclude 
that further mechanical studies at the level of 
the myocyte and further insight into myocyte 
integration into whole heart structure and 
function are as essential now as they were when 
the Frank-Starling relation was originally pro
posed. 
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14. SUBSTRATE AND ENERGY 

METABOLISM OF THE HEART 

L.H. Opie 

Introduction 
The purpose of the energy metabolism of 
the heart is to provide an adequate supply of 
high-energy phosphate compounds to replace 
the continuous use of ATP in contraction, in 
ionic exchange processes, and to a lesser ex
tent in other energy-demanding processes. Be
cause of the very high turnover rate of A TP 
in the myocardium, a correspondingly high 
rate of mitochondrial production of ATP is re
quired. Within the mitochondria, the citrate 
cycle of Krebs breaks down the critical com
pound acetyl CoA to CO2 and hydrogen atoms; 
the latter in turn yield electrons which are 
conveyed along the electron transmitter chain 
to yield ATP by oxidative phosphorylation, be
fore finally combining with oxygen to form 
water. 

Acetyl CoA is an activated 2-carbon frag
ment eventually derived from one of the three 
major substrates of the myocardium: glucose, 
lactate, or free fatty acid. Strictly speaking, a 
substrate is a chemical compound which an en
zyme converts by its catalytic function to the 
production of that reaction. As each energy 
source needs a series of catalytic reactions be
fore it can be converted to acetyl CoA, the 
term "substrate" is used in studies of myocar
dial metabolism to indicate a fuel for the myo
cardium. 

This chapter discusses the pathways whereby 
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each of the major substrates is broken down to 
acetyl CoA, and the role of each substrate in 
myocardial energy production. 

Glucose 

IMPORTANCE OF GLUCOSE FOR METABOLISM 
OF THE HEART 

Glucose is a myocardial fuel of special historical 
and evolutionary interest, although it is now 
known to be the major fuel only after a carbo
hydrate meal (table 14-1). Historically, inter
est in glucose metabolism dates back to at least 
1907 when Locke and Rosenheim [I} found 
glucose uptake in the isolated heart preparation 
of Langendorff. In 1912, Knowlton and Star
ling [2} found that sugar was used by the dog 
heart and that pancreatectomy impaired this 
power of "consuming sugar". Evans [3}, in 
1914, suggested that only one-third of the 
heart's energy is supplied by carbohydrate oxi
dation. Cruickshank and his associates sug
gested that "direct combustion" of fat, proba
bly the blood fatty acids, met the rest of the 
heart's energy requirements. Thus, these early 
workers delineated carbohydrate and fatty acids 
as two of the most important myocardial fuels. 
From the biochemical point of view, glucose is 
of interest because factors controlling its uptake 
and utilization by glycolysis or glycogen syn
thesis have been extensively studied and an in
tegrated scheme of the control of these pro
cesses has now been established (fig. 14-1). 
Therapeutically, glucose is of interest because 
of the possible use of glycolysis in maintaining 
anaerobic metabolism. Thus glucose is a com
ponent of the glucose-insulin-potassium solu-
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TABLE 14-1. Effect of nutritional state on fuel for oxidative metabolism 
of the human heart: percentage of oxygen uptake accounted for, if various substrates are fully oxidized" 

Total Amino Respiratory 
Conditions Authors b Glucose Pyruvate Lactate CHO FFA TG Ketones acids quotient 

Glucose and insulin Gordon & Cherkes 1 - none -
"Feeding" Olson & Piatnek2 92 5 Apptoaches 1.0 

Postprandial CHO 'Goodal e et al.·1 68 4 28 100 0.94 
-do- lipid Carlson et a!. 12 10 ?1O ?20 30 50 

Fasting, few hours dKeul et a!. 4 31 2 28 61 34 5 0 
Same during exercise -do- 16 0 61 77 21 2 0 
Same with recovery -do- 21 2 36 59 36 3 0 

Fasting ovetnight 'Bing 1 18 16 35 (67{ ? 5 6 
Gordon & Cherkes 5 50 -

Goodale et al 6 23 3 8 34 0.74 
'Olson & Piatnek7 30 58 
Harris et a!. 8 56 1 10 67 66 
Rudolph et a!. 9 15 1 13 29 70 9 
Wille brands 10 30 0 8 38 58 
Lassers et a!. 11 22 8 31 53 14 

Mean values 27 11 38 59 14 7 

"CHO, carbohydrate; FFA, free fatty acids; TG, triglyceride; - absence of data. 
bReferences 1-10, see Opie [38}; 11, Lassers et a!. [56}; 12, Carlson et a!., Acta Med Scand 193:233, 1973. 
'Subjects srudied 2-3 h after a light low-fat breakfast. 
dSubjects studied in the early afternoon after a light breakfast. 
'Exact conditions not specified; overnight fast assumed. 
(Total fatty acid, includes triglyceride. 

tion now being evaluated as possible therapy in 
acute myocardial infarction. 

REGULATION OF GLUCOSE UPTAKE 

The rate of glucose uptake from the extracel
lular space into the heart cells is normally lim
ited by the rate of transport of glucose across 
the cell membrane {5}, a process thought to 
involve a stereoscopic glucose carrier {6-9}. 
Three major factors which increase glucose up
take by the heart are insulin, hypoxia, and in
creased heart work (fig. 14-1). When insulin 
is added to the medium, there is acceleration 
of membrane transport by an unknown mecha- , 
nism; in these circumstances the rate of mem
brane transport exceeds the rate of the next step 
in the metabolism of glucose (phosphorylation 
of glucose to glucose 6-phosphate), so that glu
cose 6-phosphate accumulates and glucose up
take fails to increase further after a certain 
point. Acceleration of the rate of transsarcolem
mal transport of glucose also occurs during the 

anoxic perfusion {4} or when the heart work is 
increased {lO}; in either case, the rate of trans
port of glucose across the sarcolemma remains 
rate limiting {5, Il}. 

The stimulation of glucose transport by hy
poxia or increased heart work is ill-understood, 
but could be explained by the original sugges
tion of Randle and Smith {I2} that the "entry 
of glucose. . . is restrained. . . by a process 
dependent on a supply of energy-rich phos
phate". This mechanism is presumably differ
ent from the acceleration achieved by insulin, 
which does not involve changes in high-energy 
phosphate contents. 

GLYCOLYSIS 

By glycolysis is generally meant a pathway 
common to glucose and glycogen breakdown, 
which produces lactate in anaerobic conditions. 
In normal oxidative metabolism, glycolysis 
yields pyruvate which is then aerobically bro
ken down in the citrate or Krebs cycle; conver-
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FIGURE 14-1. Overall concrol of pathways of glycolysis 
which is taken as the conversion of glucose 6-phosphate 
(G6P) to pyruvate (P); Ins, insulin; 13, beta-adrenergic 
stimulation; a, alpha-adrenergic stimulation; PFK, phos
phofructokinase; F 1 ,6bisP, fructose 1,6-diphosphate or 
fructose 1,6-bisphosphate; GAPDH, glyceraldehyde 
phosphate dehydrogenase. The basal inhibition of glycol
ysis at the level of phosphofructokinase is overcome by 
heart work (via changes in ATP/ADP and citrate) or by 
anoxia or mild ischemia (similar metabolic changes). Dur
ing severe ischemia, when lactate accumulates in the tis
sue, glyceraldehyde 3-phosphate dehydrogenase is inhib
ited and the rate of glycolysis falls. 

sion of glucose or glycogen to pyruvate in these 
circumstances may be termed aerobic glycoly
sis. The critical function of glycolysis is to pro
duce ATP independently of oxygen. This will 
happen whether the ultimate end-point of gly
colysis is the aerobic conversion of pyruvate to 
acetyl CoA or whether this is anaerobic glycol
ysis with production of anaerobic ATP. In 
aerobic circumstances, mitochondrial metabo
lism is the chief source of ATP and the rate of 
oxygen-independent production of ATP has not 
been shown to be critical. In contrast, in an
aerobic circumstances, glycolysis is the sole 
source of ATP and therefore becomes a critical 

reaction. In response to anaerobiosis, glycolysis 
can be accelerated severalfold by the Pasteur re
action. 

PASTEUR EFFECT 

Pasteur [l3}, working in Paris in 1876, discov
ered the principles involved in the reactions of 
living organisms to deprivation of oxygen by 
showing that unicellular microorganisms accel
erated their rate of "fermentation" when de
prived of oxygen. By "fermentation" he meant 
those processes able to sustain life in the ab
sence of oxygen. In modern terms, the Pasteur 
effect can be paraphrased to indicate that dur
ing anaerobiosis lactate production is acceler
ated (fig. 14-2). The first experimental evi
dence for the application of this hypothesis to 
the heart was the demonstration by Lovatt 
Evans {3} that respiration of a dog heart-lung 
preparation by a low oxygen mixture led to in
creased glucose uptake while lactate output re
placed the normal uptake of lactate. 

PHOSPHOFRUCTOKINASE ACTIVITY 

Much later the biochemical basis for these ob
servations was laid by Randle et al. in Cam
bridge and Morgan's group in Nashville, Ten
nessee. They induced anoxia in isolated 
perfused hearts and established that the in
creased glycolytic flux was governed by a series 
of reactions including acceleration of glucose 
transport into the cell, and increased activity of 
the rate-limiting enzyme phosphofructokinase 
(which converts fructose 6-phosphate to fruc
tose 1,6-bisphosphate). Fructose 6-phosphate is 
in turn derived by an equilibrium reaction 
from glucose 6-phosphate, the common meet
ing point of the pathways of glucose uptake 
and glycogen breakdown. In simplified form 
the equations from glucose uptake are: 

glucose + ATP ~ glucose 6-phosphate + ADP 04.1) 

glucose 6-phosphate ~ fructose 6-phosphate 04.2) 

fructose 6-phosphate + ATP 
~ fructose 1,6-bisphosphate + ADP (14.3) 

fructose 1,6-bisphosphate <2 glyceraldehyde 
3-phosphate + dihydroxyacetone-P (14.4) 

dihydroxyacetone P ~ glyceraldehyde 3-phosphate (14.5) 
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FIGURE 14-2. Anoxia without ischemia. Note accelerated pathways of anaerobic glycolysis, indicated by thickened 
arrows. ATP produced glycolytically (- 2 ATP used up, + 4 produced per glucose molecule) may enter the same ATP 
pool into which oxidatively produced ATP would be received; alternatively, there may be a special glycolytic ATP pool 
with a special function in relation to the membrane. In anoxia, oxygen uptake ceases; no CO2 is produced by respiration 
but could form from tissue bicarbonate during buffering of H+ formation. Total ATP and CP fall, ADP, AMP, and P; 
rise; there is increased formation of adeposine in anoxic tissue which is thought to help in the compensatory vasodilation. 
The H+ produced by anaerobic glycolysis via ATP breakdown is insufficient ro cause a severe intracellular acidosis (see 
text) and the activity of phosphofructokinase is accelerated (PFK +). Citrate cycle activity is severely compromised by: 
cessation of oxygen uptake, increased formation of mitochondrial NADH (as judged by reduced uptake of acetoacetate 
and output of [3-hydtoxybutyrate), inhibition of pyruvate dehydrogenase (PDH), and decreased acetyl CoA (At CoAl. 
Note areas of ignorance in relation to lipid metabolism. Note the increased incorporation of exogenous 14C_FFA into 
14C-tissue FFA indicated as *FFA; there is no adequate information on tissue FFA contents. The role of cyclic AMP in 
stimulating lipase and phosphorylase activity is not yet clarified. Glycogenolysis may occur withour phosphorylase acti
vation. Because of continued (()ronary flow, CO2 , H+ and lactate rise much less than in ischemia (see fig . 14-3). 

Key to Figures 14-2 and 14-3: 0 increased tissue content of metabolite; lSi decreased tissue content of-metabolite; 
X absence of metabolite; ~ pathways of metabolism; -. accelerated pathways; ----~ factors altering rates of enzyme 
activity; @ citrate cycle activities. 

INS, insulin activity; PFK, phosphofructokinase; TP, triose phosphates, including dihydroxyacetone phosphate; 
aGP, a-glycerophosphate; L, lactate; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; cAMP, cyclic AMP; 
TG, triglyeride; BHOB, [3-hydroxybutyrate; GIP, glucose I-phosphate; G6P, glucose 6-phosphate; F6P, fructose 6-
phosphate; FDP, fructose 1,6-diphosphate; FFA free fatty acid . 

Modified from Opie (l38) by permission of eire Res and the American Heart Association. 
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FIGURE 14-3. Regional ischemia without total anoxia (developing myocardial infarction). The major differences from 
anoxia without ischemia are: a residual oxidative metabolism resulting from a decreased but not absent tissue 02. 
increased tissue CO2 , definite intracellular acidosis, a much increased tissue lactate, and a definite increase in acyl CoA. 
Decreased blood flow results in decreased blood flow results in decreased delivery of oxygen, glucose, and FFA; at 
circulating FFA levels of about 500-700 ILEqlliter, the glucose arteriovenous (AV) difference is increased relative to that 
of FFA. PFK activity is relatively inhibited (compare anoxia) and tissue contents of hexose monophosphates (G6P and 
F6P) rise rather than fall as in anoxia. Glycolytic flux is not stimulated ro the same extent as in anoxia (thinner arrows 
compared with fig. 14-2). Glycolytic H+ is produced via ATP breakdown (botrom right corner of figure) and intracel
lular acidosis may both contribute to and be caused by the increased tissue Pco2 . The intracellular (lC) acidosis inhibits 
PFK (-), which receives conflicting stimuli from changes in high energy phosphate (~P) and from H+ accumulation. 
IXGP and acyl CoA increase; the larrer inhibits the adenine translocase transferring ATP across the mitochondrial mem
brane. Values of acetyl CoA are not known in regional ischemia but tend to fall in uniform ischemia. Values of TG are 
not reported, and the roles of cAMP and catecholamine activity need clarification. In global ischemia, catecholamine 
release may stimulate lipase activity. There is evidence for an increased turnover of a "triglyceride cycle" which would 
"waste" ATP and produce H+. Abbreviations and symbols are identified in the legend for figure 14-2. Modified from 
Opie [l38} by permission of eire Res and the American Heart Association. 

The enzymes concerned are, respectively: hex
okinase, hexosephosphate isomerase (= phos
phoglucose isomerase), phosphofructokinase, 
aldolase, and triose phosphate isomerase. Only 
equations 14. 1 and 14.3 are thought to have 
regulatory properties. 

Evidence for control at the level of phos
phofructokinase is briefly summarized as fol
lows. First, the activity of the enzyme is low 
among the enzymes of glycolysis. Secondly, the 
mass action ratio of the reactants is far removed 
from the apparent equilibrium constant; hence 

some factor is keeping the reactants from reach
ing equilibrium and that factor is probably the 
activity of the enzyme. Thirdly, flow through 
the enzyme can increase even when the tissue 
content of its substrate (fructose 6-phosphate) 
falls as in anoxia. Fourthly, the enzyme has 
been isolated and has complex allosteric prop
erties including inhibition by ATP (and prob
ably creatine phosphate), by citrate, and by a 
low pH; on the other hand, there is relief of 
inhibition by products of ATP (such as ADP, 
Pi, and AMP) or by a decreased citrate concen-
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tration or by alkalosis. Situations have been 
found where all these in vitro properties can be 
mimicked in the whole perfused heart, thus 
strongly supporting the controlling role of 
phosphofructokinase [14J. 

GLYCERALDEHYDE 3-PHOSPHATE 
DEHYDROGENASE 

It has long been appreciated that control of 
glycolysis could pass from phosphofructokinase 
to other points down the line of glycolysis dur
ing extreme conditions such as severe total 
ischemia [15 J or an abrupt norm oxic-anoxic 
transition [16J. It is now known that glycer
aldehyde phosphate dehydrogenase (GAPDH) 
is the most important of these in explaining 
the ischemic inhibition of glycolysis (fig. 
14-3). 

During severe ischemia, glycolysis is inhib
ited rather than stimulated (fig. 14-4). In mild 
ischemia, the Pasteur effect accelerates glucose 
uptake and glycolytic flux through stimulation 
of glucose uptake and of phosphofructokinase; 
in severe ischemia, phosphofructokinase is in
hibited by acidosis while glyceraldehyde 3-
phosphate dehydrogenase is inhibited by sev
eral products of glycolysis [17, 18J. The mo
lecular mechanisms involved are as yet un
known. The inhibitory powers of lactate are 
found on the crude enzyme preparation, but 
not on the purified enzyme [18J. The inhibi
tory effect of lactate is independent of any pH 
effect although protons also inhibit glyceralde
hyde phosphate dehydrogenase [19J. High con-

AEROB1C ATP 
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CORONARY BLOOD FLOW 
ml/lOg/ min 

FIGURE 14-4. Glycolytic flux (aJ and ATP production 
(b J. Schematic representation of sources of glycolytic flux 
(glucose, glycogen, and rotal flux), fates of glycolytic flux 
(lactate or CO2 formation), relative contributions of glu
cose and glycogen to anaerobic ATP formation, and gly
colysis and exogenous free fatty acid (FF A) to aerobic ATP 
formation. For details of calculations, see Opie [138]. Re
produced by permission of eire Res and American Heart 
Association. 

centrations of NADH and ATP strongly in
hibit the enzyme [18]. 

Anaerobic glycolysis will tend to slow down 
as tissue NADH rises, pH falls, ATP declines, 
and lactate rises. The tissue pH falls with in
creasing severity of ischemia [20J, which could 
explain greater glycolytic inhibition with in
creasing ischemia (fig. 14-4). This deceleration 
of glycolysis will slow down the rate of forma
tion of protons, which are derived from ATP 
turnover (next section). Hence there appears to 
be a self-protective mechanism: 

ischemia 

~ 
accelerated glycolysis 

and fYCOgenOIYSiS ~ 

NADH I . A TP turnover 
accumu atlOn ~ 

(? lactate effect too) 
~ ~protons 

inhibition of GAPDH . h'b~' f PFK 
~ In 1 ltlOn 0 

decrease of glycolytic rate ~ 
~ 

inhibition of intracellular acidosis 
+ major energy deficit 
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PROTON PRODUCTION BY 
ANAEROBIC GLYCOLYSIS 

glyceraldehyde 3-phosphate + NAD + + Pi 
1,3-diphosphoglycerate + ADP 
3-phosphoglycerate 
2-phosphoglycerate 
phosphoenolpyruvate + ADP 
pyruvate + NADH + H+ 

glyceraldehyde 3-phosphate + Pi + 2 ADP 

During anaerobic glycolysis, the reduced cofac
tor (NADH + H +, which equals NADH2) 
formed by the enzyme glyceraldehyde 3-phos
phate dehydrogenase is reconverted to NAD 
during the formation of lactate. The overall re
action produces two molecules of ATP, inde
pendently of oxygen (see above). 

Thus during anaerobic glycolysis, no protons 
are formed. Why then is anaerobic glycolysis 
usually held to be proton producing and a po
tential source of acidosis? 

Gevers {21} has examined this question in 
detail. When all the charges are written into 
the individual glycolytic reactions, and allow
ance is made for the probable degree of com
plex formation of ADP and ATP with Mg2 + , 
the following equations are derived: 

glucose + 2 MgADp 1 - + 2 Pi2 - ~ 2 laccate 1 -

+ 2 MgATp2 - (14.6) 

In anaerobic conditions, all ATP produced will 
be broken down so that protons are produced: 

2 MgATp2 - ~ 2 MgADp 1 - + 2 Pi2 -

+ 2 H+ (14.7) 

These equations are only approximations and 
depend on a number of assumptions including 
the free Ml + in the cytosol and intracellular 
pH (the latter influencing the phosphate 
charge). Normally anaerobiosis will not only 
cause pyruvate to form lactate, but will break 
down the newly formed glycolytic ATP to 
ADP (eq. 14.7), thereby liberating inorganic 
phosphate and protons. Thus glycolytically 
made ATP (and not lactate) is the "source" of 
the protons produced during anaerobic glycol
YSIS. 

1,3-diphosphoglycerate + NADH + H+ 
3-phosphoglycerate + ATP 
2-phosphoglycerate 
phosphoenolpyruvate + H 20 
pyruvate + ATP 
laccate + NAD + 

lactate + 2 ATP 

GLUCOSE METABOLISM: CRITICAL FEATURES 

1. The rate of transport of glucose across the 
sarcolemma by the stereospecific glucosp 

carrier is of major importance in controlling 
the rate of glucose uptake by the heart. 

2. Glucose transport is accelerated by insulin, 
hypoxia, and increased heart work, which 
also increase the rate of flow through gly
colysis by increasing the activity of the rate
limiting enzyme, phosphofructokinase. In
sulin acts by increased provision of substrate 
(fructose 6-phosphate derived from the up
take of glucose), while anoxia and increased 
heart work act by breakdown of high
energy phosphate compounds which relieve 
the inhibition that high levels of ATP exert 
on phosphofructokinase. 

3. In aerobic conditions (normal oxygenation), 
the end-point of glycolysis is pyruvate, 
which enters the citrate cycle of Krebs for 
further aerobic metabolism. 

4. In anaerobic conditions, the end-point of 
glycolysis is lactate; the rates of anaerobic 
glycolysis are not high enough to provide 
sufficient energy for the contracting heart, 
but can provide for the needs of the potas
sium-arrested heart. 

5. In mild ischemia, glycolysis is accelerated. 
6. In severe ischemia, both the supply of oxy

gen and the blood flow are restricted so that 
products of glycolysis accumulate to inhibit 
glycolytic flux at the level of glyceraldehyde 
3-phosphate dehydrogenase; simultaneously 
the accumulation of protons (derived from 
the turnover of ATP which is broken down 
as rapidly as it is made by anaerobic glycol
ysis) inhibits both phosphofructokinase and 
glyceraldehyde 3-phosphate dehydrogena
tion. Hence, in severe ischemia, the ability 
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of glycolytic flux to provide anaerobic en
ergy is very limited and a major deficit of 
energy develops. 

Thus far the input into glycolysis from the 
uptake of glucose from the circulation has been 
discussed. Another source of glycolysis is the 
breakdown of glycogen. 

Glycogen 

BASIC CONCEPTS 

Glycogen is a polysaccharide (i.e. a combina
tion of many molecules of glucose) which forms 
large storage granules in the cytoplasm of the 
heart. Chemically, it resembles glycogen found 
in other organs such as the liver. Although fre
quently thought of as a "storage" carbohydrate, 
the glycogen molecule is in a constant state of 
turnover as a result of variable rates of synthesis 
and degradation. In contrast to the very de
tailed understanding of the complex chemical 
signals controlling glycogen synthesis and 
breakdown, the physiologic function of cardiac 
glycogen is poorly understood. Glycogen is not 
a reserve carbohydrate fuel for the heart during 
fasting, because the glycogen content of the 
heart rises during fasting and falls in the fed 
state. These changes in the glycogen content 
can be related to changes in blood free fatty 
acids. When blood free fatty acid concentration 
is high as during fasting, then glycolysis is in
hibited and the content of cardiac glycogen is 
also high and increases in response to an in
creased tissue content of glucose 6-phosphate. 
In the fed state, blood free fatty acid concentra
tion is low and so is cardiac glycogen, despite 
the high rates of glucose uptake and the activ
ity of insulin which stimulates glycogen syn
thesis. The probable explanation is that in the 
fed state a high rate of glycogen turnover is 
accompanied by high rates of synthesis and 
breakdown of glycogen, so that the overall con
tent of glycogen is low. During prolonged fast
ing, on the other hand, the high cardiac gly
cogen content probably consists largely of low
turnover glycogen. 

GLYCOGEN SYNTHESIS 

The pathways of glycogen synthesis function 
separately from those of glycogen breakdown 

GLYCOGEN SYNTHESIS AND BREAKDOW 

UDP I GLYCOGEN I 

~,:r 
~ 

pp,X 
"~n )~G'l -P 
UTP ! 

GLUCOSE ---... G-6'P 

1 
GLYCOLYSIS 

FIGURE 14-5. Control of glycogen metabolism. Note dif
ferent pathways for synthesis which is controlled by glyco
gen synthase (= synthetase) when compared with glucose 
breakdown which is controlled by glycogen phosphorylase. 

because two different enzyme systems are in
volved (fig. 14-5). The major factors stimulat
ing glycogen synthesis are a high circulating 
insulin level or high blood free fatty acid lev
els. Glycogen synthesis starts with conversion 
of glucose 6-phosphate to glucose I-phosphate. 
The critical step in glycogen synthesis is the 
transfer of glucose I-phosphate to the end of a 
preexisting glycogen chain. The chief enzyme 
regulating this process is glycogen synthase (= 
glycogen synthetase = glycogen transferase), 
which exists in the more active a form and the 
less active b form. Glycogen synthesis requires 
the presence of high-energy phosphate-not as 
ATP, but as uridine triphosphate (UTP is de
rived from ATP). Hence glycogen synthesis 
cannot take place in a state of energy deple
tion. 

The mode of action of insulin in stimulating 
glycogen synthesis is very complex and not 
fully understood. Insulin increases the percent
age of glycogen synthase in the a form possibly 
by controlling the phosphatase enzyme which 
converts the synthase b to a form; in experi
mental ketotic diabetes, glycogen synthesis is 
diminished as the activity of the synthase phos
phatase falls [22}. 

Besides the presence of insulin, the other 
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major factor stimulating glycogen synthesis is 
a high cellular content of glucose 6-phosphate. 
Conditions increasing the cardiac contents of 
glucose 6-phosphate are: (a) a high circulating 
insulin and glucose as after a meal, (b) inhibi
tion of glycolysis as when the heart is using 
fatty acids, or (c) ketotic diabetes, when gly
colysis is inhibited by a combination of high 
fatty acids and high blood ketones. In the latter 
two situations, the continued buildup of car
diac glycogen will eventually inhibit its own 
synthesis, to explain why a high level of gly
cogen is accompanied by a low rate of turnover. 

Thus there are multiple mechanisms for gly
cogen synthesis, which proceeds at a high rate 
in the fed state under the influence of insulin 
and at a lower rate in the fasted state despite 
the deficit of insulin, because of the influence 
of high myocardial levels of glucose 6-phos
phate. 

GLYCOGEN BREAKDOWN 

The two major mechanisms for stimulating 
glycogen breakdown are mediated either by 
cyclic AMP or, in anoxia, by a fall in high
energy phosphate levels. Cyclic AMP promotes 
the well-known cascade of events which even
tually converts the inactive glycogen phosphor
ylase b to the highly active phosphorylase a. 
Thus: 

catecholamine stimlus ~ beta-receptor ~ adenyl cyclase 

~ cyclic-AMP activation of protein kinase ~ activation 

of phosphorylase b kinase ~ change of phosphorylase b 
to a ~ breakdown of glycogen 

Calmodulin, the intracellular calcium-binding 
receptor protein, is one of the subunits of phos
phorylase b kinase; hence calcium ions are re
quired for the activity of the latter enzyme and 
for formation of phosphorylase b. 

Another mechanism for promotion of glyco
genolysis is by enhancing the activity of phos
phorylase b, that is, without interconversion of 
the two forms. This process, which therefore 
occurs independently of adrenergic stimulation, 
is set in motion by the breakdown of A TP to 
AMP and inorganic phosphate [23}. Hence, in 
ischemia, glycogenolysis is enhanced both by 
the cyclic-AMP-dependent formation of phos
phorylase a and the enhanced activity of phos-

phorylase b as ATP breakdown. Eventually, if 
ischemia is severe enough, the rate of glycogen
olysis will slow down; the mechanism is inhi
bition of glycolysis (discussed in the preceding 
section) with accumulation of glucose 6-phos
phate which in turn inhibits the activity of 
phosphorylase b. Such regulation by phosphor
ylase b could be important after the early rise 
of tissue cyclic AMP in ischemia has returned 
to normal. 

FUNCTION OF CARDIAC GLYCOGEN 

By its breakdown to glucose compounds (gly
cogenolysis), cardiac glycogen is a potential 
source of myocardial energy; yet the oxygen 
uptake of the heart is so avid that the cardiac 
glycogen content would have to be extremely 
high and glycogenolysis extremely rapid for 
glycogen to be the major fuel of the heart over 
a long period. For short periods (for example, 
in experimental anoxia or right at the start of 
ischemia or when there is a severe work load), 
enough glycogen can (theoretically) be broken 
down rapidly enough to become a very tran
sient and temporary source of energy. When 
cardiac glycogen breaks down, such glycogen
olysis yields glucose 6-phosphate-also formed 
from glucose uptake. Whether glucose 6-phos
phate is formed from glycogenolysis or from 
glucose uptake, its fate is either resynthesis to 
glycogen, or breakdown by glycolysis to pyru
vate. 

Many workers have thought that a measure 
of glycogen breakdown occurs with each car
diac cycle, but there is as yet no proof for this 
hypothesis. There is little advance beyond the 
view of Evans et al. [24} that glycogen is re
served for anoxemic emergencies such as the 
"fight or flight" reaction, which includes the 
abrupt onset of much increased heart work. 
Apart from these specific situations, the se
quential cascades for glycogen breakdown (con
trolled chiefly by adrenergic stimulation) and 
glycogen synthesis (controlled chiefly by insu
lin) are far more complex than the limited 
physiologic use of glycogen appears to warrant. 
Possibly such complex mechanisms merely re
flect the evolutionary inheritance of red heart 
muscle from the more primitive white skeletal 
muscle. It is equally possible that the complex 
mechanisms controlling glycogen synthesis and 
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breakdown might have a function as yet un
known. In skeletal muscle, glycogen undoubt
edly plays a vital role by allowing skeletal mus
cle to function despite a minimal blood supply 
as may occur during intense isometric muscular 
activity. In the heart, such situations occur 
much more rarely because the heart muscle is 
so well oxygenated. Nevertheless, it seems that 
when there is a sudden severe spurt of work, 
very rapid glycogen breakdown within seconds 
may protect from an acute lack of fuel for the 
heart [25}. 

Lactate 

COMPETITION OF LACTATE WITH 
OTHER SUBSTRATES FOR MYOCARDIAL 
OXYGEN UPTAKE 

The uptake of lactate by the well-oxygenated 
heart can account for about 10% of the oxygen 
uptake of the heart of a resting, fasting person 
(table 14-1) and about 60% of the oxygen up
take during vigorous exercise. When lactate is 
infused into dogs, then lactate becomes a pro
gressively more important fuel until, at 4.5 
mM or more (levels reached during exercise), 
lactate can account for over 80% of the oxygen 
uptake of the heart [26}. 

There is some competition between lactate 
and free fatty acid for the myocardial oxygen 
uptake [27}; either can be a major fuel, de
pending on the blood levels (table 14-1). The 
probable mechanism whereby lactate decreases 
free fatty acid metabolism is by inhibition of 
activation by thiokinase [28}; the probable 
mechanism whereby free fatty acid inhibits lac
tate metabolism is by inhibition of the enzyme 
complex pyruvate dehydrogenase [29, 20}. 

PATHWAYS OF LACTATE 

The uptake of lactate by the heart depends on 
a stereospecific transport mechanism [31}. The 
sarcolemma is not entirely freely permeable to 

lactate, and a "permease" has been postulated 
[32}. Once taken up, intracellular lactate is 
converted by lactate dehydrogenase to pyru
vate, thereby joining the pyruvate derived from 
glycolysis. 

LACTATE DEHYDROGENASE 

The following reaction is freely reversible: 

lactate + NAD+ +=t pyruvate + NADH + H+ 

Thus, in conditions of adequate oxygenation 
and a high rate of lactate uptake, the equation 
proceeds toward pyruvate. In hypoxia, when 
NAD and H + accumulate and pyruvate cannot 
undergo dehydrogenation, the reaction pro
ceeds toward lactate. 

The myocardial activity of lactate dehydro
genase is high enough to make it unlikely that 
it could be a rate-limiting enzyme. There are 
five LDH isoenzymes, named in order of rap
idity of electrophoretic migration; each isoen
zyme is a tetrameric unit composed of four sub
units of the H or M type, where H is the form 
predominating in the heart and M in skeletal 
muscle. The major interest in the isoenzymes 
stems from their liberation into the blood 
stream in patients with acute myocardial in
farction. In clinical practice, the H isoenzyme 
is also known as alpha-hydroxybutyrate dehy
drogenase because alpha-oxybutyrate can re
place pyruvate as substrate to form alpha-hy
droxybutyrate. 

LACTATE DISCHARGE IN ISCHEMIA 

The normal dog heart takes up lactate to the 
extent of about 30% of the arterial value [1O}. 
When the heart is rendered ischemic, about 
25% by mass must be ischemic before there is 
lactate discharge into the coronary sinus [1O}. 
Such discharge is traditionally regarded as a 
good sign of myocardial hypoxia or ischemia 
[33}. Decreased lactate extraction (without ac
tual discharge) is not a reliable indicator of 
ischemia because lactate uptake can be inhib
i ted by free fatty acids [34}. 

There are unusual circumstances in which 
lactate discharge occurs from the heart in the 
absence of oxygen limitation: (a) the neonatal 
heart in situ, (b) states in which the extracel
lular fluid contains little or no lactate as in the 
isolated heart perfused with glucose as the only 
substrate, (c) the transplanted heart, (d) inter
mittently in some apparently normal awake 
dogs with chronically implanted coronary sinus 
catheters, and (e) in some apparently normal 
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patients (tor references, see Opie [35}). Also, 
the burst of glycogenolysis, when mechanical 
work is suddenly increased, may liberate lactate 
[25}. In patients with thyrotoxicosis, lactate
producing angina can occur even in the pres
ence of normal coronary arteries [36}. 

Pyruvate 
The circulating concentration of pyruvate is 
usually very low, so that it only accounts for a 
small part of the myocardial oxygen uptake of 
the normal heart (table 14-1). There are no 
known physiologic conditions in which pyru
vate becomes a major fuel of the heart. When, 
however, pyruvate is presented to the isolated 
heart in unphysiologically high concentrations, 
pyruvate can account for 42%-60% of the 
myocardial oxygen uptake [37} (for summary, 
see Opie [38}). The addition of free fatty acids 
decreases the decarboxylation and oxidation of 
pyruvate {37, 39}' 

FATES OF PYRUVATE 

The major pathways of pyruvate are either aero
bic oxidation via pyruvate dehydrogenase and 
the citrate cycle, or anaerobic conversion to lac
tate. Anaerobic conversion to lactate helps to 
convert back to NAD+ the NADH + H+ ac
cumulating during anaerobic glycolysis (fig. 
14-2) and is therefore an essential part of the an
aerobic pathway. There is also a small anaero
bic conversion to alanine by the transamination 
pathway. Aerobic oxidation of pyruvate re
quires first the activity of pyruvate dehydrogen
ase. 

PYRUVATE DEHYDROGENASE 

Pyruvate dehydrogenase is a multienzyme com
pound with a very high molecular weight 
(about four million) situated on the inner mi
tochondrial membrane; pyruvate reaches the 
enzyme from the cytosol probably by simple 
diffusion to be adsorbed to the mitochondrial 
membrane [40}. Pyruvate dehydrogenase can 
exist in either active or inactive form. Nor
mally in the fed state only about 20% of the 
enzyme is in the active form, but increased 
provision of pyruvate from increased glycolytic 
flux can increase the activity up to 60%-90% 

[30}. Increased heart work increases the per
centage of the active form, acting at least in 
part through changes in the redox state of the 
mitochondria (fall of NAD + -NADH ratio, see 
Kobayashi and Neely [41}). Increased intrami
tochondrial calcium, as occurs with increased 
heart work, may also activate the enzyme [42} 
(for reservations, see Kobayashi and Neely 
[41}). Alteration of the activity of pyruvate de
hydrogenase results from a phosphorylation-de
phosphorylation cycle, which is similar to the 
cycle controlling glycogen phosphorylase b ~ 
a interconversion, but acts independently of 
cyclic AMP. Phosphorylation causes the en
zyme to assume the inactive form; activity is 
restored only by dephosphorylation (and not by 
allosteric effectors as in the case of most other 
enzymes subject to phosphorylation-dephos
phorylation). A kinase (pyruvate dehydrogenase 
kinase) phosphorylates and inactivates the en
zyme. The kinase is activated by acetyl CoA 
and NADH which, therefore, inactivates py
ruvate dehydrogenase; ADP, NAD+, CoA, 
and pyruvate have the opposite effects, and ac
tivate. 

Another regulatory mechanism is that the 
active form is subject to end-product inhibition 
by acetyl CoA and NADH. Thus when NADH 
falls, as with increased heart work, then flux 
through pyruvate dehydrogenase is accelerated 
[41}. Thus increased heart work has two ef
fects. First, pyruvate dehydrogenase is acti
vated. Secondly, active pyruvate dehy,drogenase 
is stimulated by removal of end-pro~uct inhi
bition as NADH falls. Although changes in 
the mitochondrial ATP-ADP ratio might be 
expected during increased heart work, it is the 
cytosolic ATP-ADP ratio rather than the mi
tochondrial ratio which changes with increased 
heart work {43}. 

When the heart is provided with noncarbo
hydrate fuels (free fatty acids, ketones), pyru
vate dehydrogenase is inactivated [30}. An 
important factor is that pyruvate dehydrogenase 
is strongly inhibited by NADH [44} which 
accumulates during the metabolism of fatty 
acids and ketones. In addition, noncarbohy
drate fuels also inhibit the enzyme because 
they increase myocardial acetyl CoA and the ra
tio acetyl CoA-CoA {45}. NADH and acetyl 
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CoA in turn activate the kinase which phos
phorylates and inactivates pyruvate dehydro
genase. 

It might be supposed that pyruvate dehydro
genase would be inactivated during ischemia 
because of the accumulation of NADH. How
ever, the concurrent fall of mitochondrial ATP 
and rise of ADP keep the enzyme active {46}. 
Hence the decreased flux through pyruvate de
hydrogenase in anoxia and ischemia (figs. 14-2 
and 14-3) probably represents inhibition of the 
active form of the enzyme. 

Coordinated Control of Glycolysis 
The idea that there is a coordinated control of 
flow through glycolysis and through pyruvate 
dehydrogenase receives support from the many 
conjoint metabolic signals which act both on 
phosphofructokinase and on pyruvate dehydro
genase. Closest coordination of control of gly
colysis is possible when the same closely related 
signals enhance the activities of these two ma
jor enzymes, as at the acute onset of increased 
heart work. Then glycolysis is accelerated by 
changes in high-energy phosphate compounds 
and pyruvate dehydrogenase activity is acceler
ated by the decreased cellular NADH, by a fall 
in acetyl CoA, and possibly by an influx of 
Ca2 + into the mitochondria. Increased heart 
work also directly stimulates transfer of glucose 
across the cell membrane, possibly acting by 
the changes in energy status. A third effect of 
increased heart work is suggested by computer
calculated data {25}. It is proposed that the cy
tosolic free magnesium ion concentration in
creases as cytosolic Ca2+ rises and that glycol
ysis is stimulated at the level of phos
phofructokinase and other enzymes. 

In the case of addition of insulin, glucose 
uptake is stimulated to increase formation of 
the substrates of phosphofructokinase and 
hence to increase flow through glycolysis. If the 
consequences include an increased tissue pyru
vate dehydrogenase may be activated {47}. If 
mitochondrial NADH-NAD+ rises, as may 
occur from high rates of glycolytic flux in the 
absence of competing substrates, then pyruvate 
dehydrogenase may even be inactivated {41}. 
In contrast, insulin has little or no direct ef-

fects on pyruvate dehydrogenase except in se
vere experimental diabetes {48}. 

A third example of coordinated control is 
when the heart uses noncarbohydrate fuels such 
as fatty acids and ketone bodies; then phos
phofructokinase is inhibited by a high level of 
citrate as result of high rates of citrate-cycle ac
tivity, while pyruvate dehydrogenase is both 
inhibited and inactivated probably by the in
creased NADH and the rising level of acetyl 
CoA. Thus the whole flux through glycolysis is 
much decreased. 

There is one important stimulus, hypoxia, 
which accelerates glycolysis, but inhibits pyru
vate entry into the citrate cycle. Hypoxia in
creases the activity of phosphofructokianse by 
changes in high-energy phosphates and by de
creasing tissue citrate, whereas hypoxia allows 
the accumulation of NADH which inhibits ac
tive pyruvate dehydrogenase (see preceding sec
tion). 

Free Fatty Acids 
The importance of free fatty acids (FFA = non
esterified fatty acids = NEF A) as fuel for the 
human heart was originally stressed by the 
studies of Bing {49-51}, who found that car
bohydrate only accounted for a minor part of 
the oxygen taken up by the heart, with the rest 
coming from fatty acid. In 1961, Shipp et al. 
{52} found that free fatty acids inhibited the 
myocardial oxygenation of glucose. There has 
since been increasing emphasis on the role of 
free fatty acids as the major myocardial fuel 
{38, 53}. FFA inhibit the metabolism of glu
cose at several sites DO} and are the dominant 
fuel for the human heart especially in the fasted 
state. Clinical interest in the metabolism of 
FF A has been stimulated by recent evidence 
that FF A can in certain circumstances be toxic 
to the heart, and that FFA can promote the 
severity of ischemia in some experiments. 

FREE FATIY ACID UPTAKE BY THE HEART: 
GENERAL FACTORS 

The general factors determining the rate of up
take by the heart of FFA include: (a) the cir
culating concentration of FFA, (b) the circulat
ing FFA-albumin molar ratio, (c) the barriers 
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at the level of the capillary wall, (d) the rate of 
transport across the cell membrane, (e) the rate 
of formation of acyl carnitine and the availabil
ity of carnitine, and (f) the rate of intracellular 
oxidation. 

That the rate of removal of products of FFA 
metabolism by oxidation can influence the up
take of FFA by the isolated rat heart is sug
gested because: (a) there is a correlation be
tween the rates of uptake and oxidation of 
FFA, and (b) intracellular FFA and intermedi
ates such as acyl CoA accumulate when fatty 
acid oxidation is blocked by the addition of 
acetoacetate (see Menahan and Hron (54}) or by 
an alteration in the structure of the chain, and 
(c) there is accumulation of intracellular FFA 
when the circulating concentration is high and 
the oxidative capacity of the system is blocked 
(for references, see Opie (55}). 

That there is release as well as uptake of FF A 
by the heart is shown by the release of FF A 
into the perfusate of the isolated heart when 
the external FFA concentration is low, by stud
ies in normal man (56}. and by the kinetics of 
FF A uptake and release from the perfused dog 
heart in situ (28}. There is, however, no sim
ple equilibrium because in vivo the pattern of 
fatty acid in the intracellular and extracellular 
spaces is not the same (57}. 

When the heart is perfused with equimolar 
mixtures of fatty acids, the molecular structure 
of fatty acid chain may regulate FFA uptake 
(58}. Differences between the various fatty ac
ids may be explained by the varying affinity of 
the carrier albumin for the fatty acid, and by 
the different intracellular rates of disposal. But 
only in the case of erucic acid (see later) does 
the structure of the fatty acid appear to play a 
dominant role in regulating the metabolic pat
terns. 

TRANSPORT OF FFA ACROSS 
THE CELL MEMBRANE 

Contrary to the case of glucose, transport across 
the cell wall does not involve any hormonal
sensitive step, nor is it accelerated by anoxia 
(58}. The rate of transport of labeled FFA 
across the sarcolemmal membrane is rather 
similar to the rate across the capillary mem
brane, suggesting that transport across each 

membrane is simply a physical process (28}. 
Possibly the transport process involves the dis
solution of the undissociated molecule in the 
capillary or cell wall membrane. 

INTRACELLULAR FFA AND INTRACELLULAR 
BINDING PROTEIN 

The measured FF A values in the heart cell are 
very much lower than those in the circulation 
(59}. There is an intracellular protein which 
binds free fatty acid and has a high affinity for 
FFA (58}. At the onset of increased heart 
work, the tissue content of FFA falls abruptly 
together with increased FFA uptake, suggest
ing that it is the lower levels of intracellular 
FF A which establish a concentration gradient 
for diffusion into the cell. The sequence ap
pears to be: 

albumin-bound FFA - free circulating FFA 
- unionized form crosses capillary and sarcolemmal 
membranes - intracellular free FFA - some activated 
and metabolized; some remains bound co intracellular 
binding protein. 

SUMMARY OF INTRACELLULAR PATHWAYS 

The intracellular processes involved in fatty 
acid oxidation are complex (fig. 14-8) and in
clude the activation of FFA to acyl CoA, the 
transfer of extramitochondrial acyl CoA to in
tramitochondrial acyl CoA with the participa
tion of the carnitine system, and subsequent 
liberation of acyl CoA within the intramito
chondrial space with beta-oxidation to acetyl 
CoA which can then enter the citrate cycle for 
further oxidation. ATP, synthesized in the mi
tochondria, is transported to the cytoplasm by 
a translocase enzyme which is inhibited by an 
accumulation of acyl CoA, as occurs during 
ischemia. Activated intracellular FFA (acyl 
CoA) , which is not oxidized, can form triglyc
eride. 

ACTIVATION OF INTRACELLULAR FFA 

Intracellular FFA can be activated by a reaction 
requiring ATP, reduced CoA, and Mg2+ (fig. 
14-6). Using palmitate as an example: 

Mg2+ 
palmitate + CoA + ATP ~ palmityl CoA 

+ AMP + PPi 
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FIGURE 14-6. Scheme to show steps thought to be required to transport extramitochondrial acyl CoA to within the 
mitochondrion. The inner membrane represents the permeability barrier. The inner-mitochondrial enzymes are carnitine 
acyl transferase II, carnitine translocase (= carnitine acyl carnitine translocase,), carnitine acetyl transferase II, and 
adenine nucleotide transferase. Such enzymes are required in transporting acyl carnitine inward and carnitine, acetyl 
carnitine, and ATP outward . The enzymes canitine acyl transferase I and carnitine acetyl transferase I are held to be 
located on the outer part of the inner-mitochondrial membrane. The two carnitine acyl transferases may be in close 
physical opposition to the carnitine translocase. Note that the evidence for two carnitine acetyl transferases is disputed . 
The proposed reactions to an increased supply of blood free fatty acids are shown as an increase ( i ) or decrease ( t ) of 
intermediates. Modified from Opie [85} with permission of the Am Heart]. For details, see Opie [85}. 

Thus long-chain fatty acid is converted to long
chain acyl CoA. Theoretically reversible, the 
presence of the enzyme pyrophosphatase breaks 
down the pyrophosphate and effectively makes 
the reaction irreversible: 

Thus, "once the molecule has entered this re
action, it must proceed to be either esterified 
or oxidized" [28}. The reaction rate is de
creased by accumulation of acyl CoA and AMP, 
which may be limiting in, respectively, isch
emia and anoxia. During provision of excess 
circulating FFA, cytosolic CoA falls through a 
series of reactions involving carnitine. During 
increased heart work, activation of citrate syn
thase [60} converts acetyl CoA to citrate and 

CoA. The increased CoA would help increase 
the rate of the fatty acid activation to help In
crease uptake of FFA required as fuel [6 I}. 

ACYL CoA AND CARNITINE 

Acyl CoA has two possible fates: (a) transport 
into the mitochondria and (b) formation of tri
glyceride and other glycerides. The former 
mechanism depends on carnitine, which is a 
relatively simple compound of widespread dis
tribution with some properties resembling 
those of a vitamin. The structure is: 

Thus carnitine is betaine gamma-amino, beta
hydroxybutyric acid, and the naturally occur
ring form is (-). How does carnitine act? Fritz 
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[62J made the fundamental suggestion that the 
"presence of carnitine in muscle and other tis
sue may facilitate the transfer of long-chain 
fatty acids to the enzymatically active intrami
tochondrial sites for fatty acid oxidation." 
Thereafter it was found that carnitine could be 
incorporated into the compound palmityl car
nitine (the C16 acyl carnitine compound) and 
the requirements for the reaction did not in
clude ATP nor CoA (i.e., the reaction differed 
fundamentally from fatty acid activation). Car
nitine reacted with acyl CoA in a reaction cat
alyzed by the enzyme acyl carnitine transferase. 
Taking palmityl CoA as an example: 

.. + I' I C Acarnitine acyl transferase 
carmtlne pa mlty 0 ~ ~ ~ ~ ~ ~ ~ 

palmityl carnitine + CoA 

Fritz and Yue [63J made the further proposal 
that "palmityl carnitine may function as a car
rier to transport the acyl group from acyl CoA 
past mitochondrial barriers to the fatty acid ox
idase system." They proposed that acyl CoA 
existed in two pools, one within the mitochon
dria and one in the cytoplasm. These pools 
were separated by a barrier (which was later es
tablished as the inner-mitochondrial mem
brane) and that acyl carnitine, but not acyl 
CoA, could cross that barrier. Those predic
tions were remarkably accurate. They also pre
dicted that there would have to be two carni
tine acyl transferase enzymes, the one accessible 
to the cytoplasmic pool of acyl CoA which 
would regulate the reaction just described. The 
other enzyme would be accessible to the in
tramitochondrial pool of acyl CoA to regulate 
the reaction: 

acyl carnitine + CoA ~ intramitochondrial acyl CoA 
+ carnitine 

or taking palmitate as an example: 

palmityl carnitine + CoA ~ palmityl CoA + carnitine 

Later the use of specific antibodies showed the 
existence of carnitine transferases localized re
spectively to the outer portion of the inner-mi
tochondrial membrane (carnitine acyl transfer-

ase I) and to the inner portion of the membrane 
(carnitine acyl transferase II; for references see 
Hoppel and Tomec [64J and Kopec and Fritz 
[65J). The activity of the above pathways 
would lead to liberation of carnitine within the 
mitochondria. 

Ramsay and Tubbs [66J used double-labeled 
carnitine and measured the rates of carnitine 
uptake and export into and out of the heart 
mitochondria. They found a 1: 1 ratio and sug
gested a carnitine-acyl-carnitine exchange 
mechanism across the inner mitochondrial 
membrane. Pande [67] and Pande and Parvin 
[68J described a carnitine-acyl-carnitine trans
locase system, located on the inner-mitochon
drial membrane, and with properties different 
from those of the acyl transferase. 

Thus the vital steps can be summarized as 
follows, using figure 14-6 as a guide: 

1. Thiokinase activity results in fatty acid ac
tivation with formation of extramitochon
drial acyl CoA. 

2. Carnitine acyl transferase-I activity results 
in formation of extramitochondrial acyl car
nitine from extramitochondrial acyl CoA. 

3. The activity of the carnitine-acyl-carnitine 
translocase transfers extramitochondrial acyl 
carnitine to within the mitochondrial space. 

4. The activity of carnitine acyl transferase II 
allows intramitochondrial acyl carnitine to 
react with CoA, to liberate intramitochon
drial acyl CoA and carnitine. 

5. Intramitochondrial acyl CoA enters the 
fatty acid oxidation spiral. 

6. The activity of the carnitine-acyl-carnitine 
translocase system transfers intramitochon
drial carnitine to without the mitochondria. 

The above scheme explains how extramito
chondrial FFA are transferred to acyl CoA 
within the mitochondria. The next step is beta
oxidation with the ultimate production of ace
tyl CoA which enters the citrate cycle. At this 
level, carnitine plays an additional, more sub
tle, and less immediately obvious role. 

ACETYL CoA AND CARNITINE 

The proposal is that transfer of acetyl carnitine 
across the mitochondrial membrane in either 
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direction can help to couple rates of cytosolic 
fatty acid activation to mitochondrial oxidation 
rates [69}. Thus when excess fatty acids are 
provided, mitochondrial acetyl CoA rises so 
that cytosolic acetyl carnitine increases and 
more cytosolic acetyl CoA is formed with a fall 
in cytosolic CoA; the rate of fatty acid activa
tion, therefore, falls (this sequence is shown in 
fig. 14-6). When mitochondrial oxidation in
creases, as during increased heart work, this se
ries of reactions is thought to be reversed so 
that fatty acid activation is now enhanced. 

ACYL CoA INHIBITION OF ADENINE 
NUCLEOTIDE TRANSLOCASE 

Pande and Blanchaer [70} made the fundamen
tal discovery that acyl CoA could instantly and 
reversibly inhibit heart mitochondria from us
ing external ADP, which is required for oxi
dative phosphorylation to proceed. Concentra
tions of long-chain acyl CoA as low as 2-4 
j.Lmol/l caused these effects, which could be 
distinguished from the many other inhibitions 
also caused by long-chain acyl CoA, but more 
probably due to a detergent effect. The inhibi
tory effect of acyl CoA resembled that of atrac
tyloside, a known inhibitor of the adenine nu
cleotide translocase [7l}. Klingenberg's group 
described how adenine nucleotide translocase 
acts by a "swing-door" mechanism to permit 
entry of ADP and exit of ATP from the mito
chondria ("ping-pong" model). Continued op
eration of this translocase mechanism is essen
tial for the maintenance of normal myocardial 
energy metabolism. 

In 1975, Shug et al. [72} showed that myo
cardial ischemia, produced by coronary artery 
ligation in the dog, caused the twin changes of 
accumulation of long-chain acyl CoA and de
creased activity of the adenine nucleotide trans
locase. A physiologic increase in myocardial 
acyl CoA could be achieved by perfusion of the 
heart with FFA alone [73, 74}, or by provision 
of ketone bodies, or by prolonged starvation, 
or by alloxan diabetes; conversely, provision of 
carbohydrate in the form of glucose plus insu
lin could decrease myocardial acyl CoA [73}' 

Currently the outstanding question is 
whether the inhibition of the translocase in
duced by acyl CoA has pathophysiologic signif
icance as questioned by the recent studies of 

Lochner et al. [75} and La Noue et al. [76}. A 
further question is whether the Klingenberger 
translocase model needs modification, because 
recent evidence suggests the formation of a car
rier-nucleotide-ternary complex [77} which is 
inconsistent with the earlier ping-pong model 
(ATP in, ADP out). 

BETA-OXIDATION 

Beta-oxidation converts acyl CoA to acetyl 
CoA, passing through the fatty acid oxidation 
spiral which removes two carbon fragments as 
acetyl CoA from the carboxyl (- COOH) end 
of the chain. The fatty acid oxidation spiral is 
the basic mechanism of beta-oxidation. The en
zymes of beta-oxidation are loosely organized 
into a multienzyme complex in which the in
termediates never leave the complex except for 
entering and departing. Thus the products of 
each reaction do not leave the microenviron
ment of the enzyme complex, but are simply 
displaced by the arrival of fresh substrates for 
that reaction, and then in turn move on to the 
next enzyme in the spiral [61}. The basic re
actions are: 

1. Removal of two hydrogens from acyl CoA, 
with the conversion of FAD to FADH2 and 
to yield the alpha-beta-unsaturated acyl 
CoA. 

2. Regaining of a hydroxyl group, derived 
from water, to give beta-hydroxyacyl CoA. 

3. Then follows an important dehydrogenase 
reaction, converting NAD+ to NADH, and 
also converting the hydroxyl group to a ke
tone group (similar to the formation of py
ruvate from lactate): 

beta-hydroxyacyl CoA + NAD + - beta-ketoacyl Co 
± NADH + H+ 

4. Finally, the beta-ketoacyl compound reacts 
with CoA to split off two carbons as acetyl 
CoA: 

beta-ketoacyl CoA + CoA - acetyl CoA 
+ (an acyl CoA chain shortened by 2 carbons) 

5. The shortened acyl CoA chain enters step 1 
for a further turn of the spiral. 



14 . SUBSTRATE AND ENERGY METABOLISM OF THE HEART 3 17 

1 
25"/0 fall 

of 

NADH2 /NAD 

-/ 1 m;n /-

FIGURE 14- 7. Effect of increased heart work in isolated 
rat heart in increasing the fluorescence emission in the 
direction of NAD so that the ratio NAD/NADH2 rises. 
The conditions selected are such that the fluorescence 
changes reflect chiefly the mitochondrial NAD/NADH2 
ratio. NADH,INAD = (NAD+)/(NADH)(H +). Modi
fied from Moravec et al. (1974) by permission of Aca
demic Press. 

During increased heart work, the mitochondria 
become more oxidized (fig. 14-7) {60} and in
tramitochondrial levels of NADH2 and pre
sumably of FADH2 fall, and reactions 1 and 3 
are accelerated; there is an increased turnover 
of the whole fatty acid oxidation spiral {74}. 
The following events are thought to occur: Mi
tochondrial acetyl CoA falls, acetyl carnitine 
falls (probably to replace the mitochondrial ace
tyl CoA), carnitine rises (as acetyl carnitine 
forms acetyl CoA), and acyl carnitine increases 
(as cytosolic carnitine forms), to help transport 
acyl CoA across the mitochondrial membrane. 
As cytosolic acetyl carnitine is formed from cy
tosolic acetyl CoA, cytosolic CoA forms and 
the rate of fatty acid activation is enhanced. 

Conversely, during deprivation of oxygen, in
tramitochondrial NADH rises {60} and so 
probably does FADH2. The basic defect is 
probably impaired beta-oxidation due to de
creased electron transport rather than dimin
ished fatty acid uptake, fatty acid activation, or 
transfer to within the mitochondria {78}. 
Hence it may be inferred that, during hypoxia 
or ischemia, NADH2 rises more rapidly than 
F ADH2 so that the rate of the FAD-dependent 
step of the cycle (reaction 1 above) exceeds the 
rate of the NAD-dependent step (reaction 3). 
Intermediates of fatty acid metabolism accu
mulate, including the hydrogen-containing 

Decreased 

beta-hydoxy-fatty-acid compounds {78} and 
acyl CoA itself. These observations suggest that 
oxidation of beta-hydroxyacyl CoA (reaction 3 
above) is the rate-limiting step in fatty acid 
beta-oxidation by the oxygen-deficient heart. 

FORMATION OF TRIGLYCERIDE 
AND GLYCERIDE 

Triglyceride can be formed from acyl CoA and 
alpha-glycerophosphate, the latter derived from 
glycolysis, by the process of esterification, as fol
lows: 

(a) acyl CoA + alpha-glycerol-P 
~ acyl glycerol-P + CoA 

(b) acyl glycerol-P + CoA 
~ diacylglycerol-P (phosphatidic acid) + CoA 

(c) diacylglycerol-P 
~ diacylglycerol (i .e., diglyceride) + Pi 

(d) diglyceride + acyl CoA ~ triglyceride + CoA 

When the overall equation for triglyceride for
mation from FFA is written out, and allowance 
is made for the changes, we have {21}: 

3 palmitate 1 - + 3 MgATP2+ + 3 CoA4 -

~ 3 palmityl-CoA4 - + 3 AMp2 - + 6 Pi2 -

+ 3 H + + 3 Mg2+ 

alpha-glycerol-3-phosphate2 - + 3 palmityl-CoA4+ 
~ triglyceride + 3 CoA4 - + Pi2 -

Details of the enzymes of esterification are 
given by Monroy et al. {79}. For every mole of 
triglyceride synthesized, there is the produc
tion of three protons, occurring at the stage of 
fatty acid activation. Continued triglyceride 
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turnover in ischemia may, theoretically, be 
proton generating and be potentially harmful 
(see next section). Increased myocardial triglyc
eride found in severe experimental diabetes 
mellitus is probably accounted for by increased 
uptake of circulating ketone bodies with inhi
bition of fatty acid oxidation [54}. 

CARDIAC LIPOLYSIS 

Lipolysis in the heart is under the influence of 
a hormonally sensitive lipase (fig. 14-3). When 
the heart is deprived of external fuels, there is 
lipolysis of endogenous triglycerides to provide 
energy [57}. However, not all the triglyceride 
is available for such energetic purposes because 
about one-fifth remains even when the heart is 
exhausted by substrate depletion. For the nor
mal heart in situ, receiving an adequate sub
strate supply, there is no evidence at all to sug
gest that endogenous lipid is an energy source 
with the possible exception of very intense ex
ercise or prolonged fasting. There is indirect 
evidence for the existence of a "triglyceride
FFA cycle" (see Opie [80} and Gevers [21}), 
the turnover of which is thought to be in
creased in alloxan diabetes and in ischemia (fig. 
14-3). The proposed metabolic pathways can 
be summarized as: 

intracardiac FFA ~ intracardiac acyl CoA ~ acyl CoA 
combines with alpha-glyerophosphate ~ glyceride 
chiefly triglyceride is formed ~ triglyceride breaks down 
under the stimulus of a catecholamine-sensitive lipase ~ 
intracardiac glycerol and FF A form ~ extra cardiac 
glycerol and FFA form ~ but intracardiac FFA 
recombines with intracardiac alpha-glycerophosphate 
derived from glycolysis to remove triglyceride 

There are several lipases in the heart [81} 
which are cyclic-AMP sensitive [82}, which ex
plains the dose-dependent enhancement of li
polysis in the heart by catecholamines [83}' 
However, insulin does not block catechol
amine-induced lipolysis in the heart, unlike the 
situation in adipose tissue [82}. The neutral li
pase is inhibited by free fatty acids and acyl 
CoA [84}; the inhibitory concentration of the 
former is close to normal myocardial values 
[59} so that physiologic regulation by end
product inhibition is possible. The significance 

of inhibition of lipolysis by acyl CoA is hard to 
assess, because of the rather high concentration 
needed (see Opie [85}). Increased activity of 
the lipase in alloxan diabetes or ischemia could 
be accounted for by stimulation by the in
creased levels of acyl carnitine [84}. 

That lipolysis could give rise to FFA within 
the heart with the same effects of external FFA 
is suggested because stimulation of endogenous 
lipolysis by adrenaline increases the myocardial 
oxygen consumption in a way similar to the 
effects of exogenous FFA [86}. That the lipase 
system is sensitive to cholinergic stimulation is 
suggested because triglyceride accumulates af
ter such stimulation {87}. 

"FATrr ACID TOXICIrr", ACYL CARNITINE, 
AND LYSOPHOSPHOGLYCERIDES 

Oliver and his colleagues [88} made the impor
tant observation that patients with acute myo
cardial infarction with complications were more 
likely to have high blood FFA levels than other 
patients and that the mortality appeared to be 
related to the FF A level. In experimental de
veloping myocardial infarction, there is still 
some continued uptake of FFA, albeit at a re
duced rate [89}' The significance of this con
tinued uptake of FFA lies in the possibility of 
accumulation of FFA intermediates "driving" 
the oxygen consumption of those mitochondria 
still receiving oxygen [90, 91}, thereby aggra
vating ischemia. 

Further evidence for "fatty acid toxicity" is 
provided by the causation of arrhythmias [92}, 
depression of contractility [93}, and the aggra
vation of enzyme release (fig. 14-8) {94}. In 
some preparations, excess FFA can have toxic 
effects even in the absence of oxygen depriva
tion {3 5}. The observations on arrhythmias 
have been contested (e.g., Opie et al [lO}), and 
many of the observations were made at highly 
unphysiological FFA levels with extremely 
high FF A-albumin molar ratios (see Opie 
[80}). In other systems, "toxic" effects can be 
found with physiologic fatty acid levels (fig. 
14-11). The earlier biochemical evidence on 
the effects of accumulation of acyl CoA (as al
ready discussed) provided a reasonable basis for 
"fatty acid toxicity", although recently doubt 
has been cast on the significance of inhibition 



14. SUBSTRATE AND ENERGY METABOLISM OF THE HEART 319 

RAT HEARTS WITH CORONARY LIGATION 

50-r-----------, 
PALM. O·SmM. 
ALB. 0 " mM. 

x-x GLUCOSE " 
40 ALB. 0 ·4mM. 

.- PALM. O·SmM. 
ALB . O·4mM . 

~ 30 --1--- ---------' 
::::> 

~ 20 
<I: 
W 
~ 
W 
0::: 10 
r 
o 
~ 

-15 0 15 30 45 60 75 90 105 

MIN AFTER LIGATION 

FIGURE 14-8. Rates of release of lactate dehydrogenase 
(LD) in isolated pumping rat heart with coronary artery 
ligation 15 min after the onset of recirculation perfusion. 
Note that (a) palmitate-perfused hearts have higher rates 
of LD release than do glucose-perfused hearts, (b) an in
creased albumin concentration decreases lactate dehydro
genase release in palmitate-perfused hearts, and (c) lactate 
dehydrogenase release is approximately linear. Data based 
on De Leiris and Opie [94}. 

of the mitochondrial translocase by acyl CoA 
(see earlier) so that attention is turning to the 
possible role of acyl carnitine. Whether earn i
tine itself may modify myocardial ischemic in
jury probably depends on whether or not cir
culating FF A are high, because L-carnitine is 
able to reduce FFA uptake by the mildly isch
emic myocardium and to reduce levels of acyl 
CoA {95}. 

Acyl carnitine may be involved. In the normal 
heart, the cytosolic concentration of this inter
mediate is very low, being estimated at 25 
j-lmolll {96} with none in the mitochondria. 
During ischemia the concentration in both cy
tosol and mitochondria rises to about 2000 
j-lmolli. Such increases are very much more 
than those undergone by acyl CoA. Similarly, 
during perfusions with high exogenous FFA, 
long-chain acyl CoA increases only by 1 V2 

times, but acyl carllltllle nearly four times 
p4}. Long-chain acyl carnitine inhibits Na + -
K + ATPase activity at concentrations likely to 
be present in the ischemic tissue and the inhi
bition is much more marked than in the case 
of equimolar acyl CoA {97}. However, acyl car
nitine does not inhibit the adenine translocase 
PO}. 

Lysophosphog/yeerides are membrane-active 
fatty acids that are released from the phospho
lipids of the sarcolemma and other membranes 
during ischemia. The metabolic pathways and 
proposed regulatory signals in ischemia are 
shown in figure 14-9. Especially accumulated 
lysophosphatidyl choline (LPC) has arrhythmo
genic properties {98, 99}' These proposals are 
controversial, although well argued {99}. If 
correct, there would be a lipid vicious circle in 
ischemia: 

ischemia ~ membrane phospholipids 

~ lysophosphoglycerides~ increasing membrane damage 
~ increasing ischemia 

FREE FATTY ACIDS: CRITICAL FEATURES 

Free fatty acids (FF A) are the major myocardial 
fuel of the normal heart, especially in the fasted 
state, and are able to inhibit the metabolism of 
glucose. FFA metabolism can in turn be inhib
ited by a high blood lactate, as occurs during 
exercise. That part of the FFA taken up which 
is not oxidized can form triglyceride and myo
cardial structural lipids, the latter by changes 
in the degree of saturation and chain length. 
Generally the heart does not synthesize lipid 
from glucose, nor from other nonlipid sources. 

In ischemia the position is very complex. For 
example, in the first hours of an acute myocar
dial infarction, circulating FFA may be very 
high [l00}. When such excess FFA is provided 
to the myocardium, the rate of uptake exceeds 
the rate of disposal (fig. 14-7) and intermedi
ates of lipid metabolism such as intracellular 
FFA, acyl CoA, and acyl carnitine accumulate; 
these changes occur despite the effect of isch
emia itself in decreasing FFA uptake (fig. 14-
3) and in decreasing the oxidative contribution 
of FF A relative to that of glucose in the isch
emic tissue. At least some of the lipid inter
mediates might be derived from endogenous li-
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polys is (fig. 14-3). The exact mechanism 
whereby these lipid intermediates exert their 
"toxic" effect still remains to be clarified. In 
the case of accumulated lysophosphoglycerides 
(derived from membrane phospholipids), an ar
rhythmogenic potential has been found {98, 
10 1}. Derangements of fatty acid metabolism 
could, therefore, make a substantial contribu
tion to myocardial ischemic injury (for review, 
see Katz and Messineo {102}). 

Ketone Bodies 
There is no evidence that ketone bodies are ever 
a major substrate of the normal heart human. 
In the postabsorptive or after an overnight fast, 
when the circulating ketone concentration is 
about 0.1-0.3 mM, the uptake of ketones can 
account for only 2%-9% of the total myocar
dial oxygen uptake during rest, and for even 
less during exercise {51, 103}' Even in fasting 
adult diabetic patients deprived of insulin for 
24 h or more, ketones can account for only 
10% of the total oxidative metabolism of the 
heart {l04}. It is, however, anticipated that 
ketones may contribute significantly to the en
ergy metabolism of the heart in severe diabetic 
ketosis. Furthermore, when the isolated heart 
is perfused with both ketone bodies and FFA, 
then the FFA taken is diverted away from oxi
dation toward formation of triglyceride {54}. 

@ 

FIGURE 14-9. Pathways of synthesis of major phospho
lipid compounds. In ischemia, lysophosphatidyl cholines 
may accumulate because of inhibition of lysophospholi
pase by acidosis (b on figure) and because pathway d is 
inhibited by accumulated acyl carnitine and glycerophos
phoryl choline. Modified from Corr et al [99] with per
mlSSlOn. 

In anOXIa, the uptake of acetoacetate is con
verted to beta-hydroxybutyrate (fig. 14-2) 
{60}; this, however, has not proved a practical 
way of indirectly assessing the rate of formation 
of mitochondrial NADH in coronary sinus 
studies. 

Energetics of the Normal Heart 
Current knowledge of myocardial metabolism 
is a direct result of the pioneering work of Bing 
{49, 50}, who introduced coronary sinus cath
eterization in man. In general, the isolated 
heart can use virtually any exogenous substrate 
for its energy metabolism. However, the up
take of amino acids and of ketone bodies in 
vivo is generally limited by low circulating 
concentrations, and there is a "threshold" be
low which glucose will not be taken up. The 
uptake of glucose is increased by hyperglycemia 
and/or insulin. Thus, when there is forced feed
ing of glucose plus insulin, the myocardial res
piratory quotient approaches 1, and carbohy
drate is the major fuel. After fasting, free fatty 
acids are the major fuel. During exercise, when 
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circulating lactate levels are high, lactate ex
traction is increased and lactate becomes the 
most important fuel. In addition, Lassers et al. 
{56} have shown by very careful measurements 
that triglyceride can account for about 14% of 
the basal oxygen uptake of the human heart. 

Some of the major factors influencing varia
tions in the substrate uptake are shown in table 
14-1. First, the spontaneous elevation of free 
fatty acids (FFA) in the blood, which occurs 
during fasting, leads to inhibition of glucose 
uptake and oxidation. Conversely, the decrease 
in blood levels of FFA during glucose and in
sulin administration leads to decreased oxida
tion of FFA and increased oxidation of glucose. 
The inhibitory effect of fatty acids on glucose 
uptake and glycolysis constitutes the basis for 
part of the "fatty acid-glucose cycle", first de
scribed by Randle et al. {105}; the cycle is 
completed by the effect of the administration 
of glucose and insulin in reducing the blood 
concentration of free fatty acid and thereby de-

creasing the uptake of free fatty acids by the 
heart 

PRODUCTION OF NADH 

Whatever the original substrate taken up from 
the coronary circulation, in each case there are 
pathways of substrate "simplification" to con
vert the original substrate ultimately to acetyl 
CoA which can then enter the citrate cycle. In 
the process there are a variable number of de
hydrogenations, which split off 2 H units from 
the substrate and reduce NAD + to (NADH + 
H+), i.e., NAD to NADH2; further dehydro
genations in the citrate cycle produce more 
NADH. The reduction of FAD to FADH2 also 
occurs, but is of much less quantitative impor
tance. From NADH2 (NADH + H+), the re
ducing equivalents can pass through the elec
tron transmitter chain to produce ATP and, 
ultimately, to link with oxygen atoms to form 
water. 

When NADH + H+ (or FADH2) is pro
duced within the mitochondrial space, then 
there is ready access to the electron transmitter 
chain (located within the mitochondrial space); 
when NADH + H+ is produced extramito
chondrially, then there must be provision for 
such NADH + H + to be transported into the 
mitochondria, or else accumulation of NADH 
+ H + in the cytosol will inhibit the pathways 
of glycolysis (at the level of glyceraldehyde 3-
phosphate dehydrogenase activity), and the up
take of lactate (which requires NAD + for con
version to pyruvate), so that only free fatty ac
ids could act as fuel for the heart. Such 
cytosolic NADH is formed either by (a) glycol
ysis at the stage of glyceraldehyde 3-phosphate 
dehydrogenase, or by (b) conversion of lactate 
taken up from the circulation to pyruvate be
fore oxidation. 

MALATE-ASP AR TATE SHUTTLE 

During oxidative conditions, the chief mech
anism for transfer of extramitochondrial NADH 
to intramitochondrial NADH is by the malate
aspartate shuttle (fig. 14-10). (During anaero
bic conditions, lactate cannot be taken up and 
conversion of cytosolic pyruvate to lactate dis
poses of glycolytically produced NADH.) Mal
ate and oxaloacetate occur both in cytosol and 



322 I. CARDIAC MUSCLE 

in the mitochondrial space, as does the enzyme 
malate dehydrogenase which interconverts the 
two compounds: 

oxaloacetate + NADH + H+ ~ malate 
+ NAD+ (14.8) 

During production of NADH + H+ by 
glycolysis, oxaloacetate in the cytosol is con
verted to malate with the utilization of NADH 
+ H+ (the re-formation of NAD+ allows gly
colysis to proceed). Malate can pass into the 
mitochondrial space as part of a complex trans
port system which "exports" alpha-ketogluta
rate (l06}. Once within the mitochondrial 
space, malate will re-form oxaloacetate to enter 
the citrate cycle; NADH2 (NADH + H+) also 
re-forms and is accessible to the electron trans
mitter chain so that 3 ATP are formed for 
every 2 H entering. 

malate + NAD ~ oxaloacetate 
+ NADH + H+ (14.9) 

NADH + H+ ~ electron transmitter chain 
~ 3 ATP (14.10) 

The mitochondrial oxaloacetate formed from 
malate forms alpha-ketoglutarate and aspartate, 
via aspartate aminotransferase; the alpha-keto
glutarate leaves the mitochondrial space in ex
change for malate, while the aspartate is trans
ported to the extramitochondrial space (lOn in 
exchange for uptake of glutamate. A recent 
model for glutamate-aspartate exchange pro
poses that the rate-limiting step is the rate of 
transport of a negatively charged aspartate-car
rier complex across the mitochondrial mem
brane while glutamate is released from its 
binding site to the carrier; a simple "ping
pong" mechanism seems unlikely [lOS}. Thus 
the earlier idea of a glutamate-aspartate "anti
porter" [l09} is supplanted by a "translocator". 
Once in the cytosol, aspartate reacts with al
pha-ketoglutarate to re-form oxaloacetate and 
glutamate. The oxaloacetate reenters equation 
14.S above, and the glutamate enters the mi
tochondrial space in exchange for aspartate; 
here too an "antiport" system is proposed. 

Maximal possible rates of malate transport 
are about 40-45 nmollminlmg mitochondrial 
protein, or about 4 JJ.mollminig wet weight of 
heart [107, 1I0} and about double those re-

quired to cope with maximal rates of glucose 
oxidation even of the "working" isolated rat 
heart, even in the presence of insulin (compare 
data of Opie et al. (WJ with those of Puckett 
and Reddy [lW}). Kobayashi and Neely [l11} 
found similar rates of peak glycolytic flux in 
their model, which also means that the maxi
mal capacity of the malate-aspartate system is 
not limiting for disposal of cytosolic NADH 
(fig. 14-12). Noakes [1I2} changed the me
chanics of the perfusion system and found peak 
rates of glycolysis of 5.5 JJ.moll g wet weight/ 
min compared with the 3. 3 JJ.moll g/ min of 
Kobayashi and Neely [Ill}. Peak rates of gly
colysis in isolated hearts at peak rates of work, 
therefore, exceed the peak capacity of the mal
ate-aspartate system, and alternate means of 
disposal of cytosolic NADH are required. First, 
some glycolytic flux can form lactate even in 
aerobic conditions during such very high rates 
of heart work; secondly, the alpha-glycerophos
phate shuttle may playa role. 

GLYCEROPHOSPHATE SHUTTLE 

The route of disposal of cytosolic NADH in 
many tissues is entry into mitochondria by way 
of the alpha-glycerophosphate (alpha-GP) shut
tle: 

NADH + H+ + DHAP ~ NAD+ + alpha-GP 

under the influence of alpha-GP dehydrogenase 
and where DHAP = dihydroxyacetone phos
phate. The alpha-GP enters the mitochondria 
to be oxidized by alpha-GP oxidase. DHAP re
forms as does FADH2; the former is trans
ported outward, the latter enters the respira
tory chain (fig. 14-11). It has been difficult to 
assess the capacity of this system for transport 
of NADH2 in the heart and it is generally 
thought that the malate-aspartate system is 
dominant in transport of NADH. The chief 
reason for this conclusion is the relatively low 
rates of activities of the enzyme alpha-GP de
hydrogenase [113}' 

ENERGY PRODUCTION FROM 
VARIOUS SUBSTRATES 

When glucose is the source of glycolysis, the 
whole glycolytic path uses 2 ATP and produces 
4 ATP, i. e., the net production is 2. When 
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FIGURE 14-11. Patterns of aerobic metabolism with in
tramitochondrial production of ATP. 

glycogen is the source, ATP production is 3 per 
glucose molecular passing through glycolysis. 
An important point is that glycolytic ATP will 
be made whenever hexosephosphates are con
verted to pyruvate even during oxidative me
tabolism when pyruvate enters the citrate cycle 
via acetyl CoA. The major source of energy 
from either glucose or glycogen lies in the ci
trate cycle with ultimate conversion of pyruvate 
to CO2 with the formation of intramitochon
drial NADH. 

Each molecule of lactate fully oxidized yields 
18 molecules of ATP, of which 3 molecules re
sult from the extramitochondrial production of 
NADH as lactate is converted to pyruvate; the 
further 15 ATP are the standard result of the 
further oxidation of pyruvate. 

Although pyruvate is an insignificant fuel in 
absolute terms, both glucose and lactate only 
produce the major part_ of their energy after 
conversion to pyruvate. Pyruvate dehydrogena
tion produces 1 molecule of NADH which will 
give rise to 3 ATP molecules; the further 12 
molecules are produced by one turn of the ci
trate cycle. 

Fatty acid activation uses up 1 ATP per mol-

ecule. Taking the example of palmitate, seven 
turns of the fatty acid oxidation spiral will pro
duce 7 NADH2 = (NADH + H+) and 7 
FADHb all of these being intramitochondrial. 
The former will produce 21 ATP, the latter 14 
ATP. Finally, 8 acetyl CoA will produce 96 
ATP (12 ATP per acetyl CoA passing through 
the citrate cycle), with an overall energy yield 
of 129 ATP per palmitate molecule. 

Acetoacetate, when ultimately converted to 2 
acetyl CoA, will have the usual yield of 24 
ATP when ultimately oxidized. However, the 
simultaneous conversion of succinyl CoA to 
succinate when acetoacetyl CoA is formed will 
deprive the heart of one substrate-level phos
phorylation per two acetyl CoA units oxidized, 
with a net energy yield of 23 ATP per mole
cule of acetoacetate. When beta-hydroxybutyr
ate is being utilized, an additional NADH2 
(= NADH + H +) will be formed during the 
initial dehydrogenation to acetoacetate, and a 
further 3 ATP will be formed with a total en
ergy yield of 26 ATP per molecule of beta-hy
droxybutyrate. 

PHOSPHORYLATION-OXIDATION RATIO 

Each of the myocardial fuels yields a different 
amount of ATP per molecule. The highest 
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yield of ATP per molecule is from a fatty acid 
such as palmitate. The fatty acid molecules 
contain little oxygen and therefore can yield 
more ATP per carbon atom. The disadvantage 
of fatty acids as fuel is that, for each molecule 
of ATP produced, they need relatively more 
oxygen. Experimentally, a heart using fatty 
acid alone would need about 17 % more oxygen 
to produce the same amount of ATP than when 
using glucose. 

The molecular explanation for the relatively 
poor ATP yield of fatty acids per oxygen taken 
up is that each turn of the fatty acid spiral 
yields equal amounts of FADH2 and NADH2. 
FADH2 enters the respiratory chain further 
along than NADH2 and yields less ATP. Such 
processes account for part of the "oxygen-wast
ing" capacity of fatty acids; in addition, when 
fatty acids are presented in excess to the heart 
or when fatty acids cannot be fully oxidized as 
in ischemia, then fatty acids can "waste" even 
more oxygen through mechanisms which are 
still obscure (91}. 

Effect of Increased Heart 
Work on Substrates 
Of the three major types of substrate, glucose 
(or glycogen), lactate, and free fatty acid, there 
are basically only two types of response to in
creased mechanical work of the heart: first, gly
colysis and glycogenolysis basically respond to 
the breakdown of ATP and creatine phosphate 
during increased work; secondly, the uptake 
and metabolism of lactate and the rate of turn
over of the fatty acid oxidation spiral respond 
to an increased mi tochondrial ratio of N AD/ 
NADH2 (NAD+ /NADH + H+) resulting in 
turn from the formation of ADP from ATP. 
Thus basic to both mechanisms is the response 
of cardiac high-energy phosphate compounds to 
increased mechanical work. In response to ex
ercise, there are also the effects of increased 
catecholamine stimulation. 

LACTATE UPTAKE 

The molecular mechanisms whereby the uptake 
of lactate increases during increased heart work 
have not been well studied. The increased up
take of lactate during exercise is probably the 

direct result of an increased circulating lactate 
concentration. Another possible mechanism is 
that increased heart work stimulates pyruvate 
dehydrogenase activity, thereby removing the 
product of the lactate dehydrogenase reaction 
and stimulating conversion of intracellular lac
tate to pyruvate. Increased extraction of free 
fatty acids by the heart will decrease the extrac
tion of lactate by inhibition of pyruvate dehy
drogenase. Conversely, a decreased circulating 
free fatty acid level, as found during acute ex
ercise, should release the inhibition of pyruvate 
dehydrogenase and increase uptake of lactate. 

FATTY ACID UPTAKE AND OXIDATION 

The increased formation of NAD + from 
NADH2 (NADH + H+) during heart work 
stimulates the fatty acid oxidation spiral, 
which in turn promotes fatty acid uptake. To 
keep up a supply of acetyl CoA requires contin
ued activity of the carnitine carrier for acyl 
CoA. One possible mechanism is the removal 
of acyl CoA within the mitochondrial space by 
increased activity of the fatty acid oxidation 
spiral (61}. At the same time, an increase in 
the rate of fatty acid activation requires CoA, 
derived from acetyl CoA in the cytosol, and the 
acetyl group formed is free to form acetyl car
nitine, and thereby to enter the mitochondrial 
space to help replenish acetyl CoA. The thio
kinase reaction is basically stimulated by re
moval of acyl CoA from the cytosol to the mi
tochondrial space and by provision of CoA 
[69}. 

GLUCOSE AND GLYCOLYSIS 
Glycolysis is accelerated as increased heart work 
breaks down A TP and creatine phosphate to 
stimulate glycolysis. Glucose transport into the 
heart cell is increased by three possible mecha
nisms: (a) the activity of the glucose carrier is 
stimulated by increased heart work in an un
known way, possibly involving the acute fall in 
high-energy phosphate compounds; (b) after 
glucose is taken up, its phosphorylation by 
hexokinase to glucose 6-phosphate is enhanced 
by more rapid removal of glucose 6-phosphate 
by the enhanced activity of the glycolytic path
way; and (c) possibly as a result of alpha-stim
ulation (114}. Glycogen breakdown is en-
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hanced by the breakdown of A TP and creatine 
phosphate; products such as AMP and inor
ganic phosphate directly stimulate phosphory
lase-b activity (without requiring a catechol
amine-mediated change into the a form). 
Glycolysis itself is stimulated because high lev
els of ATP and creatine phosphate normally in
hibit phosphofructokinase, and their break
down products (AMP and inorganic phosphate) 
stimulate the activity of phosphofructokinase. 

The generalized statement can be made that 
the whole of glycolysis, including entry into 
glycolysis from glucose or glycogen, and the 
exit from glycolysis by pyruvate dehydrogen
ase, is responsive to the effects of acute work. 
In many instances the metabolic signal is the 
formation of products of ATP and creatine 
phosphate. In vivo, the effects of catecholamine 
stimulation also accelerate glycolysis. 

CATECHOLAMINE STIMULATION 

Stimulation of beta-adrenergic receptors pro
duces two predictable effects on glycolysis in 
the heart. First, the well-known "cyclic-AMP 
cascade" will accelerate glycogenolysis to feed 
in more units of glucose 6-phosphate which in 
turn will be transformed to fructose 6-phos
phate to provide more substrate for phospho
fructokinase so that glycolysis increases. Simul
taneously, the beta-adrenoceptor-mediated ino
tropic effect of catecholamines will enhance 
mechanical work to break down high-energy 
phosphate compounds, so that the activity of 
phosphofructokinase increases further. Recently 
a role of alpha-adrenoceptor stimulation has 
been proposed by Clark et al. {l14}. On the 
basis of studies with alpha-agonists (such as na
phazoline) and antagonists, they propose that 
phosphofructokinase exists in a less active "b" 
form, which is converted to the "a" form by a 
calcium-dependent mechanism during alpha
stimulation. Glucose entry is also enhanced by 
alpha-adrenoceptor stimulation. The overall 
proposal is that these effects mediated by beta
adrenoceptor stimulation occur very rapidly 
and the alpha-adrenoceptor effects occur later. 
These novel proposals require further evalua
tion, but provide a mechanism for a sustained 
enhancement of glycolysis during catechol
amine stimulation. It is now appropriate to ex-

amine evidence that maintenance of glycolysis 
IS an important aspect of myocardial metabo
lism. 

Functional Correlates of Glycolysis 
The amount of ATP generated by glycolysis in 
the normally oxygenated heart is negligible 
from the point of view of the normal energy 
requirements of the heart. In the ischemic 
myocardium, glycolysis from glucose is accel
erated by the Pasteur effect in zones of moder
ate ischemia; even then the rate of production 
of anaerobic ATP is negligible when compared 
with the rate of ATP produced by the residual 
oxygen uptake (fig. 14-4). Yet sustenance of 
glycolysis in ischemic hearts can (a) reduce the 
rate of enzyme release [115, 116}, (b) help pre
vent reperfusion arrhythmias {l15}, (c) main
tain the action potential duration {l17}, and 
(d) prevent ischemic contracture [lIS}. In the 
hypoxic heart, glycolytic inhibition increased 
the severity of ultrastructural damage {l19} in 
agreement with the previous findings. 

In the well-oxygenated heart, there is recent 
evidence favoring the view that glycolysis may 
play a role over and above that of provision of 
energy by glycolytic ATP. Noakes [112} estab
lished the exact perfusion conditions for maxi
mal mechanical work of the heart, achieving 
higher rates of work (power production) than 
previously reported (fig. 14-12). Of the wide 
variety of different substrates tested, including 
combinations of glucose with insulin or lactate 
or ketone bodies or fatty acids, or single sub
strates, it emerged that the rate of glycolytic 
flux could be related to the peak rate of relax
ation (max neg dPldt) which in turn limited 
cardiac work. Hence the proposal is that gly
colysis can be linked to the rate of relaxation of 
the heart in diastole. Because the associated 
molecular event is thought to be the rate of 
uptake of Ca2 + by the sarcoplasmic reticulum, 
it may be that glycolysis plays a role in provi
sion of ATP to an appropriate microcompart
ment. A link between glycolysis and the up
take of Ca2 + by the sarcoplasmic reticulum has 
already been proposed in the case of the isch
emic myocardium {l15}. Entman et al. {l20} 
have described a glycogenolytic-sarcoplasmic-
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reticulum complex. They found that fragments 
of the sarcoplasmic reticulum possess their 
characteristic calcium-accumulating system in 
physical association with a series of glycogen
olytic enzymes. Speculatively, they proposed 
that the membrane of the sarcoplasmic reticu
lum normally protects the glycogenolytic com
plex against the effects of external calcium 
ions, but a membrane perturbation such as de
polarization could allow access of the calcium 
ion to the complex, so as to accelerate glyco
genolysis. Their proposal means that the arrival 
of Ca2 + would stimulate glycogenolysis and 
glycolysis and, hence, produce more glycolytic 
ATP. Our tentative proposal is that glycolysis 
limits the rate of uptake of Ca2 + and hence the 
rate of relaxation. 

Several of the above observations can be in
terpreted in terms of cytosolic compartmenta
tion of ATP. It is, therefore, appropriate to ex
amine some aspects of the metabolism of high
energy phosphate compounds in the myocar
dium. 

A TP and Phosphocreatine 
The initial picture that emerged was that ATP 
was the immediate source of energy for contrac
tion and other energy-consuming processes, 
with phosphocreatine as the reserve energy. 
More recently, phosphocreatine has come to 
playa "transport" role. As ATP is exported 
from the mitochondria by the trans locator (as 
already discussed in section on free fatty acids), 
the proposal is that ATP is immediately con
verted to phosphocreatine by a mitochondrial 
creatine kinase (= creatine phosphokinase) iso
enzyme [121, 122}. Phosphocreatine may then 
be transported throughout the cytosol presum
ably following a downhill gradient to a cyto
solic site of utilization of energy, where another 
creatine kinase isoenzyme liberates the high-en
ergy phosphate required for energetic purposes: 

PC + ADP ~ ATP + creatine 

An assessment of the data favoring the exis
tence of creatine kinase isoenzymes is given 
elsewhere [123}. 
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FIGURE 14-12. Graph showing significant correlation be
tween the mean rates of myocardial glycolytic ATP pro
duction and the mean maximum rates of left ventricular 
relaxation (max -ve dPldt) for hearts perfused with eight 
different substrate combinations . Noakes and Opie, un
published data. 

This 'transport role' of phosphocreatine does 
not eliminate its alternate role as an energy res
ervoir, especially because the equilibrium con
stant of the above reaction favors formation of 
ATP. During a sustained hypoxic stimulus 
both ATP and phosphocreatine will fall; while 
ATP may fall before phosphocreatine, in the 
next phase phosphocreatine falls more as it is 
the energy reservoir. 

BREAKDOWN PRODUCTS 
OF PHOSPHOCREATINE 

Creatine may help stimulate the production of 
high-energy phosphate by the mitochondria 
[124}, probably by providing ADP by the ac
tion of the mitochondrial creatine kinase isoen
zyme . 

Inorganic phosphate may stimulate glycoly
sis at the level of phosphofructokinase, because 
this regulatory enzyme is inhibited by phos
phocreatine (as well as by ATP) and the inhi-
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bition is relieved by inorganic phosphate 
[I25}. Inorganic phosphate may also play a 
complex role ill regulation of Ca2 + transport 
into myocardial cells [l26}. In acidotic condi
tions, inorganic phosphate helps the mitochon
dria to take up calcium, thereby accelerating 
calcium influx and presumably contributing to 
myocardial damage. In normal conditions, in
organic phosphate will inhibit the sodium 
pump, thereby increasing intracellular sodium 
and accelerating the sodium-calcium exchange 
pump. Hence during increased heart work, 
when inorganic phosphate rises as phosphocrea
tine falls, then calcium efflux may be stimu
lated to balance the enhanced calcium influx. 

These observations focus attention on the 
changes in high-energy phosphate compounds 
induced by increased heart work. 

HEART WORK AND HIGH
ENERGY PHOSPHATES 

Earlier confusion about the effects of mechani
cal heart work on high-energy phosphate com
pounds (discussed by Opie [l23}) has been re
solved by the general agreement that it is the 
cytosolic phosphate potential, defined by the 
ratio of cytosolic (ATP)/(ADP)(Pi) , that drives 
respiration {43}; 90% or more of ATP is found 
in the cytosol, whereas cytosolic ADP is very 
low. Hence the ratio ATP/ADP in the cytosol 
is 200-300 times greater than in the mito
chondria. During acute heart work, it is the 
cytosolic ATP which is utilized; cytosolic ADP 
rises to drive mitochondrial respiration accord
ing to classic concepts. Phosphocreatine func
tions as a reserve energy at the acute onset of 
heart work {1O, 25}. As the oxygen uptake 
rises, so will phosphocreatine tend to be re
stored, so that a high work loads overall values 
of tissue high-energy phosphates are little 
changed despite a doubling of the cytosolic ra
tio of ATP/ADP (for details see Opie [l23}). 
The above concepts, based on theoretical cal
culations, are largely validated by direct mea
surements of mitochondrial and cytosolic ad
enine nucleotides in the isolated working 
guinea-pig heart {127}, using density-gradient 
centrifugation of lyophilized myocardial ho
mogenates. 

BEAT-TO-BEAT CONTROL 

Another explanation for failure to find changes 
in overall tissue values of high-energy phos
phate compounds in some preparations is the 
possibility of beat-to-beat control. Wollenber
ger et al. {128} first proposed that the tissue 
contents of high-energy phosphates could vary 
within the cardiac cycle, with the phosphate 
potential falling at the start of systole as A TP 
is used; these data on the frog heart may not 
be applicable to the mammalian myocardium. 
More recently Morgan's group [I29} found that 
there are small changes in the isolated rat 
heart, detectable by nuclear magnetic resonance 
techniques. Small overall changes can be trans
lated into large changes in the cytosolic phos
phate potential, as already discussed. Hence 
there may be cyclical variations in the mito
chondrial oxygen uptake. 

HYPOXIA VERSUS EFFECTS OF HEART WORK 

Both hypoxia and increased heart work break 
down high-energy phosphate compounds. Be
cause the isolated saline-perfused rat heart 
model of Neely et al. [II} has been extensively 
used to study the metabolic effects of heart 
work, it is appropriate to question tissue oxy
genation. Production of lactate by such hearts 
is probably a result of the absence of lactate in 
the perfusate. The mitochondrial N AD + I 
NADH ratio changes in favor of NAD + with 
work and NADH with hypoxia [25, 60}. With 
hypoxia, hexosemonophosphates accumulate; 
with heart work, they fall {1O}. Computer sim
ulation techniques cannot equate the metabolic 
effects of hypoxia with heart work {25}. Other 
substantial arguments eliminating the possibil
ity of hypoxia are given elsewhere {1O}. 

COMPARTMENTATION OF ENERGY 

That ATP and ADP as well as phosphocreatine 
exist in at least two physical compartments 
(mitochondria and cytosol) is well established. 
Evidence favoring cytosolic subcompartmenta
tion hinges on the discrepancy between changes 
in overall tissue ATP (largely cytosolic) and 
physiologic events that should be regulated by 
a uniform cytosolic level. Thus a pool of "con
tractile ATP" may exist, not in equilibrium 
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FIGURE 14-13. A simplified scheme of the energy-producing metabolic pathways and the points where the inhibitors 
are thought to act: IAA, iodoacetic acid, sodium salt; 2-DG, = 2-deoxy-glucose; ATP, = adenosine triphosphate; OX 
PHOS, = oxidative phosphorylation (intramitochondrial). The "box" represents the cytosolic ATP while the division 
represents the hypothetical compartmentalization. Total tissue ATP is the sum of the cytosolic ATP and the mitochon
drial ATP. (a) Acetate-perfused hearts; (b) glucose-perfused hearts. It is proposed that inhibited glycolysis in hearts 
perfused with acetate and iodoacetate or deoxyglucose promotes the development of ischemic contracture, while contin
ued glycolysis in glucose-perfused hearts with inhibited mitochondrial metabolism inhibits the development of ischemic 
contracture. Ftom Bricknell et al. [lI8} with permission of Academic Press. 

with the overall tissue (cytosolic) phosphocrea
tine values (55, 123}. Presumably unequal dis
tribution of creatine kinase isoenzymes 
throughout the cytosol (as found by some but 
not all workers) would allow local liberation of 
ATP from phosphocreatine, thereby permitting 
functional subcompartments of high-energy 
phosphate. Also favoring the concept of com
partments are the links between enhanced gly
colysis and events such as decreased enzyme re
lease and decreased ischemic contracture. 
Bricknell et al. (118} could show that, at equal 
overall levels of ATP and phosphocreatine, gly
colytic flux prevented ischemic contracture 
more effectively than did residual mitochon
drial respiration (fig. 14-13). 

None of the above arguments conclusively 
prove the existence of subcompartments of 
A TP in the cytosol. A viable alternate hypoth
esis is that there is no "privileged" communi
cation of mitochondrial ATP to a mitochon
drial creatine kinase (as postulated by Saks et 
al. [I22}), so that all the creatine kinases keep 
the mitochondrial pool of A TP in equilibrium 
with phosphocreatine (130}. This view requires 
the classic "reservoir" function of phosphocrea
tine, and also requires that phosphocreatine
creatine ratios and inorganic phosphate should 
communicate changes in contractile activity 
to the mitochondria. This view is currently 
less favored than that of ATP subcompart
ments. 
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ATP AND ISCHEMIC INJURY 

When studying a variety of injuries to the cell, 
various other workers have concluded that the 
degree of fall of the total ATP level may help 
indicate whether or not the cell could recover. 
Thus Kubler and Spieckermann (15} found 
that as myocardial A TP fell below 3.5 IJ.moll g 
wet weight in hearts arrested by ischemia at 
15°C, lactate production ceased because of ATP 
lack for the conversion of fructose 6-phosphate 
to fructose 1,6-diphosphate (phosphofructoki
nase reaction), and that ATP level was also the 
theoretical limit of myocardial ischemia that 
could be tolerated. (By toleration they mean re
COvery of adequate cardiac functi~n after re
warming the heart.) 

Hearse [131} has claimed a similar limit for 
recovery from whole heart ischemia induced by 
aortic clamping. And Trump (132, 133} has 
shown that the decline in the level of A TP dur
ing cell injury could be correlated with the de
velopment of mitochondrial swelling. How
ever, Gudbjarnason et al. (134} found that, in 
the noninfarcted zone after coronary ligation in 
the dog, ATP could drop as low as 1.5-2.0 
IJ.mol.g -\ and the heart could contract and sur
vive. It may be that the studies by Trump et 
al. {133} on Ehrlich tumor cells are not di
rectly applicable to the heart. 

The studies on ischemia clearly show that 
creatine phosphate is depleted before ATP and 
it is not unreasonable to suppose that there 
must be some overall correlation between life 
and death of the cell and the presence or ab
sence of ATP (taking extremes) and hence some 
correlation of ATP decrease with irreversibility. 
Also it is easy to see that when the heart cells 
are deprived of glycolysis, as in the data of Ha
worth et al. {135}, it will be total ATP and 
not glycolytic ATP production that is of prime 
importance. Thus the evidence from studies on 
ischemic cells does not disprove the concept of 
compartmentalization of ATP. 

Mitochondrial Reactions in Response to 
Heart Work 
The effect of increased cytosolic breakdown of 
ATP is to accelerate (a) the transfer of ADP 

into the mitochondria, (b) oxidative phosphor
ylation, (c) the conversion of NADH2 (NADH 
+ H+) to NAD+, and thus (d) the citrate cy
cle. Changes in adenine nucleotides and cyto
solic Mg2 + simultaneously accelerate glycoly
sis, so that the rate of the malate-aspartate 
cycle increases by a corresponding amount (fig. 
14-14). Two other reactions are thought to oc
cur: (a) unspanning of the citrate cycle, and (b) 
anaploretic reactions. 

UNSPANNING OF THE CITRATE CYCLE 

The activity of the citrate cycle in the rat heart 
can suddenly be accelerated by a surge of met
abolic activity as when glucose is replaced by 
acetate as the major fuel {136} when a sub
strate-free heart is perfused with glucose and 
insulin (43}. Using these instructive (but un
physiologic) situations, it appears that the ci
trate cycle can operate in two spans. The first 
span from the acetyl CoA to alpha-keotglutarate 
is held to be regulated by citrate synthase, and 
the second span from alpha-ketoglutarate to ox
aloacetate is regulated by alpha-ketoglutarate 
dehydrogenase. When acetyl CoA is suddenly 
formed by excess provision of glucose and in
sulin, the second part of the cycle is bypassed 
and the cycle is "unspanned". Such unspanning 
may seem unlikely to occur during increased 
heart work, when the primary event driving 
the cycle is the removal of NADH2 rather than 
the arrival of acetyl CoA. However, Garfinkel's 
computer calculations {32} show that alpha-ke
toglutarate (and isocitrate dehydrogenase) in
crease in activity more than citrate synthase at 
the start of increased heart work-probably be
cause the inhibition on alpha-ketoglutarate de
hydrogenase is removed as NADH2 falls 
abruptly. Hence unspanning of the cycle IS 

possible at the start of increased heart work. 

TRANSAMINATION TO REPLENISH 
THE CITRATE CYCLE 

If the citrate cycle suddenly speeds up due to a 
work jump, and glycolysis or lipolysis fails to 
deliver the required amount of acetyl CoA, the 
cardiac stores of amino acids can be used to 
form citrate-cycle intermediates by transami
nation (l37}. Such reactions, "filling up" the 
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citrate cycle, are anaplerotic reactions (fig. 14-
14). The potential effectiveness of this mecha
nism is seen by comparing the tissue value of 
aspartate (about 5 /-Lmol fresh weight {43}) 
with the mitochondrial oxaloacetate concentra
tion, thought to be about 100 pmol/g in the 
working heart {60}. Thus only a very little as
partate is required to "top up" mitochondrial 
oxaloacetate. On the other hand, the maximum 
turnover of the citrate cycle is about 10 /-Lmoll 
g fresh weight/min and tissue aspartate can 
only fall at the rate of 1. 7 /-Lmol/g fresh 
weight/min {43}. Aspartate could not make a 
sustained contribution to maintenance of sus
tained high rates of citrate-cycle activity which 
require input from acetyl CoA from glycolysis 
or fatty acid metabolism. 

Concluding Comments 
High rates of myocardial energy production are 
required to maintain the constant demand for 
ATP, required largely for contractile purposes, 
but also for maintenance of ion gradients and 
other metabolic functions. A constant supply of 
oxygen to the myocardial cell is assured by the 
regulation of the coronary blood flow, which 
only fails when coronary arterial disease or 
spasm develops. The coronary flow also pro
vides a more than adequate supply of external 
substrates: glucose, lactate, and free fatty acids. 
In the case of glucose, the complex uptake 
mechanism is sensitive to hormonal regulation 
by insulin and alpha-adrenoceptor stimulation, 
and responds to the state of oxygenation of the 
myocardium, as reflected in the high-energy 
phosphate compounds. During anoxia, tissue 
levels of ATP and phosphocreatine fall, while 
glucose uptake, glycogen breakdown, and an
aerobic glycolysis are accelerated. 

The pathways for fatty acid oxidation are 
complex apart from the transsarcolemmal up
take of FF A which proceeds along a concentra
tion gradient. Thereafter fatty acid activation is 
followed by formation of acyl carnitine which 
is transported by a complex mechanism into 
the intramitochondrial space where acyl CoA is 
reformed. The latter compound enters the fatty 
acid oxidation spiral to form acetyl CoA units 
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FIGURE 14-14. Rate of change of tissue glutamate and 
aspartate at onset of a work jump, probably reflecting use 
of glutamate in anaplerotic reactions which can "fill up" 
the mitochondrial oxaloacetate (see fig. 14-10). Means ± 
SEM of measured points, with computer-calculated pat
terns of flux. From Achs et al. [25} by permission. 

while shedding 2 H units to FAD and NAD, 
to form FADH2 and NADH2 (i.e., NADH + 
H+). The acetyl CoA is oxidized via the citrate 
cycle of Krebs to yield more NADH2. NADH2 
and FADH2 are reoxidized by the electron 
transport chain to yield, respectively per mole
cule, 3 and 2 molecules of A TP. The overall 
energy yield of free fatty acid is 129 ATP per 
C 16 molecule. This value seems substantially 
higher than that of glucose (3 ATP per mole
cule anaerobically oxidized), but the advantage 
is bought at the cost of a lower P/O (phosphor
ylation-oxidation) ratio. Therefore, oxidation 
of free fatty acid is relatively "oxygen-wast
ing". With the very high circulating FFA val
ues and high rates of uptake, another as yet 
ill-understood mechanism of oxygen-wasting 
comes into play. 

During myocardial ischemia, free fatty acid 
uptake is decreased as the rate of mitochondrial 
oxidation falls. Probably an early step in this 
sequence is the accumulation of intramitochon
drial NADH2 which inhibits the oxidation of 
one of the intermediates of the fatty acid oxi
dation spiral (beta-hydroxyacyl CoA), thus ex
plaining the accumulation of acyl CoA, acyl 
carnitine, and intracellular FFA in ischemia. 
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Each of these metabolites has been postulated 
to have adverse effects in the setting of myocar
dial ischemia. A further potentially adverse 
change in lipid metabolism in ischemia is the 
formation of membrane-derived phospholipids, 
which may have arrhythmogenic potential. 

During increased heart work. glycolysis is 
also accelerated, but now the mitochondrial 
ratio of NADH2/NAD falls (i.e., NAD+ 
rises), which is the converse of what happens 
in anoxia of ischemia. The increase in mito
chondrial NAD/NADH2 increases citrate-cycle 
turnover, the activity of pyruvate dehydrogen
ase, and the activity of the fatty acid oxidation 
spiral and, eventually, fatty acid activation. 
The acceleration of glycolysis produced in
creased cytosolic NADH2 which requires the 
activity of the malate-aspartate cycle. Through 
additional regulatory mechanisms, the uptake 
of three "primary substrates" (glucose, lactate, 
FFA) can be accelerated. Which substrate be
comes the major one for the working heart de
pends on the physiologic conditions. 

The stimulus to increased production of in
creased mitochondrial NAD+ during increased 
heart work is probably increased formation of 
ADP from ATP in the cytosol, which drives 
mitochondrial respiration. The currently fa
vored view is that ATP is not only compart
mentalized between the mitochondria and cy
tosol, with most in the cytosol, but that 
subcompartments of ATP in the cytosol exist 
as a result of cytosolic creatine kinase isoen
zymes. According to this view, ATP produced 
in the mitochondria leaves by the ATP translo
case and is then rapidly converted to phospho
creatine; the latter acts as a barrier of high
energy phosphates to the local cytosolic site 
where ATP is used and replenishes ATP. Fur
ther evidence favoring the existence of cytosolic 
compartments of ATP is the apparent role of 
glycolysis in protecting from ischemic injury 
and ischemic contracture. Alternate points of 
view also merit attention. In ischemic injury, a 
relationship is claimed between the severity of 
loss of total tissue ATP and irreversibility; 
however, much data can also be interpreted 
within the view favoring ATP subcompartmen
tation. 
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15. NEURAL CONTROL OF THE HEART 

Matthew N. Levy 

and Paul J. Martin 

Introduction 
The various structures in the heart are regu
lated by both divisions of the autonomic ner
vous system. The sympathetic division exerts 
facilitatory effects, whereas the parasympathetic 
has an inhibitory influence. The central nervous 
system controls the relative levels of sympa
thetic and vagal activity, usually in a reciprocal 
fashion; that is, as sympathetic activity is in
creased, parasympathetic activity is usually di
minished, and vice versa. In certain regions of 
the heart, such as the nodal tissues, parasym
pathetic effects tend to predominate over sym
pathetic influences. In other regions, however, 
such as the ventricular myocardium, the effects 
of the sympathetic division are usually much 
greater than those of the parasympathetic divi
sion. When both divisions are active simulta
neously, the sympathetic and vagal effects are 
usually not additive in a simple, algebraic fash
ion, but the sympathetic-parasympathetic in
teractions tend to be highly nonlinear. 

These and other features of the neural con
trol of the heart are described in greater detail 
in this chapter. Several detailed reviews of this 
subject have been published during the past 
decade [l-7}. 

Anatomy of the Cardiac Innervation 
There are pronounced species differences in the 
details of the distribution of the efferent auto-
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nomic fibers to the heart. The anatomy of the 
cardiac innervation has been studied most ex
tensively in the dog, and a representation of 
that anatomy is illustrated in figure 15-I. 

The preganglionic cell bodies of the sympa
thetic fibers to the heart lie in the intermedio
lateral columns of the first five or six thoracic 
segments of the spinal cord {8}. The pregan
glionic neurons pass out through the white 
rami communicantes to the paravertebral 
chains. Most of the preganglionic fibers funnel 
through the stellate ganglia at the superior 
ends of the paravertebral chains in the dog. 
They continue on through the limbs of the an
sae subclaviae, and synapse with postganglionic 
neurons in the caudal cervical ganglion. In 
other species, such as the cat, most of the syn
apses between pre- and postganglionic neurons 
occur in the stellate ganglia. The postgan
glionic sympathetic fibers travel to the heart as 
a complex plexus of small nerve bundles [l}. 
The individual bundles contain both sympa
thetic and parasympathetic fibers. 

The details of the parasympathetic innerva
tion of the heart also vary among the different 
mammalian species. In certain species, such as 
the cat, the cell bodies of the preganglionic va
gal neurons are located almost entirely in the 
nucleus ambiguus {9}. Most of the pregan
glionic vagal neurons in the dog are also lo
cated in that same nucleus, but some also arise 
from the dorsal motor nucleus. The pregan
glionic fibers exit from the skull, travel down 
the neck in the carotid sheaths, and enter the 
thorax. In the dog (fig. 15-1), as they pass 
near the caudal cervical ganglia, the pregan
glionic vagal fibers become part of the cardiac 
plexus by forming a number of mixed nerve 
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trunks along with postganglionic sympathetic 
fibers [1O}. The synapses between pre- and 
postganglionic vagal fibers occur in ganglia 
within the walls of the heart itself. Such gan
glia are most abundant near the sinoatrial (SA) 
and atrioventricular (A V) nodes. 

Neural Control of Heart Rate 

SYMPATHETIC CONTROL 

Increased sympathetic activity acts to increase 
the heart rate. The norepinephrine (NE) re
leased from the sympathetic nerve endings in 
the SA node increases the firing rate of the au
tomatic cells in the node. This is accomplished 
by increasing the rate of slow diastolic depolar
ization, probably by increasing the influx of 
calcium during phase 4 [ll}. When a long 
train of pulses is used to stimulate the cardiac 
sympathetic nerves, the heart rate begins to in
crease after a latent period of 1-3 s [12}. The 
steady-state level of heart rate is not reached 
until about 30-60 s after the beginning of 
sympathetic stimulation (fig. 15-2). 

After cessation of sympathetic stimulation, 
the chronotropic response gradually returns to 
the control level (fig. 15-2). The principal 
mechanisms for dissipating the NE released by 
the sympathetic nerve endings in the heart are 
(a) the uptake of neurotransmitter by those 
same nerve endings and by the cardiac cells, 
and (b) diffusion of neurotransmitter away from 
the site of release and into the coronary blood
stream [l3}. When the neuronal reuptake 
mechanism is suppressed by specific blocking 
agents, such as cocaine, the decay of the chron
otropic response is markedly prolonged [14, 
15J. 

The magnitude of the positive chronotropic 
response to sympathetic stimulation varies with 
the stimulation frequency. The maximum re
sponse occurs with stimulation frequencies of 
about 20-30 Hz [16}. The spontaneous dis
charge frequencies in sympathetic nerves ordi
narily do not exceed 10 Hz, however. 

The distribution of sympathetic fibers to the 
various structures in the heart is very asymmet
ric [2, 8, 17-19}' The sympathetic nerves from 
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FIGURE 15-1. Upper thoracic sympathetic chain and the 
cardiac autonomic nerves on the right side in the dog. 
Modified from Mizeres {8}. 

the right side of the body have a much greater 
effect on heart rate than do those from the left 
side. 

PARASYMPATHETIC CONTROL 

Steady-state Control. In contrast to the rather 
slow chronotropic response to sympathetic 
stimulation (fig. 15-2), the latent period of the 
response to a train of vagal stimuli is only 
about 200 ms, and the steady-state heart rate 
is achieved within a few heartbeats (fig. 15-3). 
Furthermore, when stimulation is discontin
ued, the response decays very rapidly back to 
the control level [12}. There are large quanti
ties of acetylcholinesterase present in the nodal 
regions of the heart [20}, and this undoubtedly 
accounts for the rapid decay of the chronotropic 
response. 
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FIGURE 15-2. Heart rate (H.R.) Response of an anesthe
tized dog to steady stimulation of the cardiac sympathetic 
nerves at a frequency of 20 Hz for 30 s. Modified from 
Warner and Cox {12]. 

Effects of Brief Vagal Stimuli. It has been rec
ognized for about 50 years that a single stim
ulus or a brief burst of stimuli delivered to the 
vagus nerves influences the heart rate for the 
next 10-15 s [2l-25J. The negative chrono
tropic response is typically triphasic (fig. 15-
4). There is a brief but pronounced deceleratory 
phase (ABC), then a short phase of relative or 
absolute cardiac acceleration (COE), and then a 
final small, but more prolonged, secondary 
phase of deceleration (EFG). 

Some of the mechanisms underlying this tri
phasic response have only recently been eluci
dated. Eletrophysiologic studies have shown 
that the initial deceleration (the beginning of 
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FIGURE 15-3. The changes in heart rate evoked by trains 
of right vagal stimulation at frequencies of 7 and 10 Hz 
in a dog. Modified from Warner and Cox (12). 

the first upstroke, AB) reflects a prolongation 
of the sinoatrial conduction time rather than a 
true reduction in firing rate of the automatic 
cells in the SA node [25]. The remainder of the 
primary phase of deceleration (ABC) is associ
ated with a hyperpolarization of the automatic 
cells [24, 25J, as shown in figure 15-5. The 
acetylcholine (ACh) released at the vagal end
ings undoubtedly diminishes the potassium 
conductance of the automatic cells [26J, 
thereby evoking the hyperpolarization. This 
hyperpolarization is transient, however, and it 
disappears within one or two heartbeats. 

Electrophysiologically, the secondary phase 
of cardiac deceleration (EFG, fig. 15-4) is char
acterized by a reduction in the slope of the 
pacemaker potential [24, 25}, as demonstrated 
by the last three cardiac cycles in figure 15-5. 
Measurements made with a potassium-sensitive 
electrode indicate that the changes in cycle 
length during the secondary phase (EFG) are 
paralleled by changes in the extracellular potas
sium concentration [25J. These changes in po
tassium concentration may be responsible for 
this secondary increase in cardiac cycle length 
[25}. 

The two deceleratory phases are characteris
tically separated by a brief phase of relative or 
absolute cardiac acceleration (COE, fig. 15-4); 
that is, the dip in the curve mayor may not 
extend below the prestimulation level of car
diac cycle length. During this acceleratory 
phase, the maximum diastolic potential of the 
pacemaker cells becomes slightly less negative 
[25}. This transient acceleration might there
fore be ascribable to an evanescent increase in 
sodium conductance. 

Effect of Repetitive Vagal Stimuli. If the vagus 
nerves are stimulated once each cardiac cycle, 
the change in heart rate will depend on the 
phase of the cardiac cycle in which the stimulus 
is given [27, 28J. In the experiment illustrated 
in figure 15-6, one supramaximal stimulus was 
delivered to the cervical vagi of an anesthetized 
dog each cardiac cycle [28J. The control value 
of the cardiac cycle length (P-P interval), prior 
to vagal stimulation, was 390 ms. It is evident 
that the increase in cardiac cycle length evoked 
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by one vagal stimulus each cardiac cycle de
pended on the timing of those stimuli. When 
each stimulus (St) was given 225 ms after the 
beginning of atrial depolarization (P wave), the 
maximum increase in cardiac cycle length (P-P 
interval) was achieved. On the other hand, 
when each stimulus was given 390 ms after the 
beginning of atrial depolarization (i.e., at P-St 
= 390), the stimuli were only minimally ef
fective in prolonging the cardiac cycle length. 
Such a curve of P-P intervals, plotted as a func
tion of the P-St interval, constitutes a "phase
response curve" for the SA nodal pacemaker 
cells. 

The phase dependency of the chronotropic 
response to repetitive vagal stimulation confers 
a peculiar characteristic to such stimulation; 
namely, such stimuli tend to synchronize the 
SA nodal pacemaker cells (27, 28}. As a con
sequence of such synchronization, the heart rate 
tends to assume the same frequency as the va
gal stimulation, within a critical range of fre
quencies. Thus, within this range, a given in
crease in the frequency of vagal stimulation 
will cause an equal change in heart rate. This 
is a paradoxical response, considering that a 
greater stimulation of the inhibitory vagus 
nerves is actually causing the heart rate to in
crease! 

When repetltlve, brief bursts of pulses, 
rather than single, equally spaced pulses, are 
used to stimulate the vagi, the tendency for the 
SA nodal cells to be synchronized by the vagal 
activity is exaggerated (29, 30). The sponta
neous activity recorded from efferent vagal fi
bers to the heart consists of such repetitive 
bursts of action potentials clustered within a 
discrete portion of each cardiac cycle. 

The chronotropic effects of a progressive in
crease in the frequency of repetitive bursts of 
vagal stimuli are shown in figure 15-7. As the 
stimulation frequency was increased, an overall 
increase in cardiac cycle length (P-P interval) 
was evident (29}. This conforms to the well
established tenet that the vagus exerts a nega
tive chronotropic effect on the heart. 

It is obvious, however, that the change in 
cycle length evoked by the vagal stimulation is 
not a continuous, monotonic function of the 
stimulation frequency. Instead, the P-P inter-
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FIGURE 15-4. Time course of the changes in P-P interval 
evoked by a brief burst of vagal stimuli in a dog. Adapted 
from lano et al. (23). 

val tracing in figure 15-7 displays several dis
continuities, such that a small change in stim
ulation frequency may evoke a pronounced 
change in cycle length. Between each of the 
discontinuities (indicated by the arrows), the 
cardiac rate undergoes a paradoxical response; 
i.e., the cardiac cycle length decreases with an 
increase in the frequency of stimulation. The 
ratios of the number of stimulus bursts (St) to 
the number of atrial depolarizations (P waves) 
are denoted by the ratios (St: P) between the 
arrows. Between the arrows that signify an 
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FIGURE 15-5. Transmembrane action potentials recorded 
from the SA node of a cat . A brief burst of vagal stimuli 
was given at the arrow. The numbers between the peaks 
of the action potentials indicate the cardiac cycle lengths, 
in ms. Adapted from Jalife and Moe (24) with permission 
of the American Heart Association. 
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FIGURE 15-6. The effects of vagal stimuli, delivered once 
each cardiac cycle, on the cardiac cycle length {P-P inter
val) in the dog. The effect varied , depending on the P-St 
inverval, which is the time after the onset of atrial depo
larization (P wave). From Levy et al. [28} with permission 
of the American Heart Association . 

St : P ratio of 1: 1, as the burst frequency had 
been increased from 0.76 to 1. 33 bursts/s, the 
frequency of cardiac contractions (computed 
from the observed P-P intervals) had similarly 
increased from 0.76 to 1. 33 beats/s, or from 46 
to 80 beats/min . The contraction frequency was 
identical to the stimulation frequency, indicat
ing that the heart had been beating once for 
each vagal stimulus burst over the frequency 
range from 0.76 to 1. 33Hz. Over other fre
quency ranges, synchronization had also pre
vailed, but in other St:P ratios (fig. 15-7). 

In the SA node, conduction velocity is very 
slow from one cluster to the next (31, 32}. 
Hence, the clusters of automatic cells are in 
poor communication with each other. The pro
nounced synchronizing tendency of repetitive 
vagal activity probably serves to coordinate the 
automatic activity of such diverse cell clusters 
[31}. 

SYMPATHETIC-PARASYMPATHETIC 
INTERACTIONS 

Many of the postganglionic sympathetic and 
vagal nerve endings within the walls of the 
heart lie very close to one another. This per
mits complex interactions to take place be
tween the components of the two subdivisions 
of the autonomic nervous system (2, 4-7, 33}. 
Many complex interactions have been de-

scribed, but the principal type has been called 
accentuated antagonism [33} . The manifestation 
of this interaction is such that the inhibitory 
effect of a given level of vagal activity becomes 
more pronounced the greater the prevailing 
level of sympathetic activity. 

Accentuated antagonism is mediated at both 
prejunctional and post junctional levels, the 
junction in question being that between the 
postganglionic sympathetic nerve ending and 
the cardiac effector cell. The prejunctional 
mechanism involves a cholinergically mediated 
inhibition of norepinephrine release from the 
postganglionic sympathetic nerve terminals. 
The post junctional mechanisms involve inter
actions at the level of the effector cell itself, 
and are probably mediated by the cyclic nu
cleotides, cAMP and cGMP. This section will 
deal with the manifestations of accentuated an
tagonism in the control of heart rate and myo
cardial contractility, and with the prejunctional 
mechanisms that are involved in the process . 
The post junctional aspects of this interaction 
are described in chapter 17. 

Manifestations of Accentuated Antagonism. The 
accentuated antagonism involved in the auto
nomic control of heart rate is illustrated in fig
ure 15-8. In this experiment (34}, supramaxi
mal vagal stimulation at a frequency of 8 Hz 
(left panel) caused a reduction in heart rate of 
80 beats/min (closed circles) in the absence of 
sympathetic stimulation (S = 0). Stimulation 
of the cardiac sympathetic nerves alone at a fre
quency of 4 Hz (S = 4) increased the heart rate 
by 80 beats/min (closed triangles) . When vagal 
stimulation at 8 Hz was then added to this 
level of sympathetic stimulation (S = 4), the 
heart rate decreased by 170 beats/min (closed 
triangles). Hence , the negative chronotropic ef
fect of a given level of vagal activity was much 
more pronounced in the presence than in the 
absence of concomitant sympathetic activity . 

The inhibitory effects of vagal activity on the 
atrial [35} and ventricular [36-38} myocar
dium are also accentuated as the level of sym
pathetic activity is progressively raised. In the 
experiment shown in figure 15-9, vagal stim
ulation (event marks A and C) had virtually no 
effect on ventricular contractility when there 
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was no concurrent sympathetic activity (38}. 
However, during a train of sympathetic stim
ulation (between marks 1 and 2), the same va
gal stimulus (event mark B) depressed ventric
ular contractility substantially. These results 
suggest that the inhibitory effect of vagal activ
ity on the ventricles is achieved in large part 
by antagonizing the prevailing level of sympa
thetic activity. 

Pre junctional Mechanism Responsible for Accen
tuated Antagonism. Various receptors involved 
in the regulation of norepinephrine (NE) re
lease appear to be located on the postganglionic 
sympathetic nerve endings in the heart. One 
such receptor is the muscarinic cholinergic re
ceptor, the action of which is to inhibit the 
release of NE during sympathetic neural activ
ity {39}. 

This prejunctional inhibition of NE release 
is illustrated by the experiments shown in fig
ure 15-10. When a standard stimulus was ap
plied to the cardiac sympathetic nerves of an 
anesthetized dog, the overflow of catechol
amines (CA) into the coronary sinus blood 
amounted to 12 mg/min (40}. Concurrent va
gal stimulation caused a frequency-dependent 
reduction in the CA overflow. Stimulation at a 
frequency of only 1 Hz (Vg 1) caused a 25% 

FIGURE 15-7. Changes in P-P interval as the frequency of 
vagal stimulation was progressively increased in a dog. 
The P-St interval denoted the time after the beginning of 
atrial depolarization (P wave) that the vagal stimulus (St) 
happened to be given. The numbers between the arrows 
denote the ratio of vagal stimulus bursts to heartbeats. 
Adapted from Levy et al. (29} with permission of the 
American Heart Association. 

reduction in a CA overflow. When the stimu
lation frequency was increased to 16 Hz, the 
CA output was diminished to about 30% of 
that obtained in the absence of vagal stimula
tion. Such a marked suppression of NE release 
explains in part the pronounced vagally in
duced attenuation of the inotropic response to 

sympathetic stimulation, and the occurrence of 
a relatively weak negative inotropic effect of va
gal stimulation when there is no background 
level of sympathetic activity (fig. 15-9). 

Neural Control of 
Atrioventricular Conduction 

STEADY-STATE CONTROL 

Studies of the direct effect of vagal activity on 
A V conduction are best done with the heart 
paced at a constant rate. This is because a 
change in cardiac cycle length will, of itself, 
alter AV conduction time. An increase in cycle 
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FIGURE 15-8. Changes in heart rate elicited by simulta
neous left vagal and right stellate stimulation in a dog. 
Symbols represent actual data, and the curves were de
rived by regression analysis. Numbers along the curves 
represent the frequencies (in Hz) of sympathetic (S) and 
vagal (V) stimulation. From Levy and Zieske (34). 

length can cause an appreciable decrease in A V 
conduction time, and a reduction in cycle 
length will have the opposite effect. Thus, in 
the unpaced heart, vagal activity will increase 
the cardiac cycle length, and this will indi
rectly decrease AV conduction time, but the 
direct vagal effect on the A V conducting fibers 
will tend to prolong A V conduction. Because 
these direct and indirect influences are oppo
sitely directed, their effects tend to cancel. 
Hence, during vagal stimulation, the simulta-
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FIGURE 15-9. Changes in left ventricular pressure in a 
canine, isovolumetric left ventricle preparation evoked by 
supramaximal vagal stimulation (20 Hz) before (A), dur
ing (8), and after (C) left stellate ganglion stimulation 
(2 Hz, between marks 1 and 2). From Levy {3S). 
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neous changes in cycle length mask the direct 
neural effects on AV conduction. Thus, studies 
of the effects of vagal stimulation on A V con
duction in the unpaced heart are liable to be 
misinterpreted. Parallel studies of the sympa
thetic control of A V conduction and its inter
action with cardiac cycle length have not yet 
been reported, but such studies would also re
quire cautious interpretation. 

It has been long appreciated that vagal activ
ity may depress A V conduction in anesthetized 
animals. It is now also clear that the vagi are 
an important determinant of normal A V con
duction in conscious humans as well. A signif
icant prolongation of A V conduction time in 
trained athletes is ascribable to their elevated 
vagal tone. When the heart was paced at a con
stant rate in human subjects, an increase in 
blood pressure reflexly caused a significant in
crease in the A-H interval (but not the H-V 
interval); a fall in blood pressure had the op
posite effect [41}. These changes were blocked 
by atropine. Direct stimulation of the carotid 
sinus nerves in patients significantly prolonged 
the A V interval when the heart was paced [42}. 
This response appeared after a latency of about 
a second, reached a maximum in about 5 s, and 
then it declined gradually to attain a steady
state level after about 20 s. Again, the vagus 
played a major role in this response, with only 
a minor contribution from the sympathetic sys
tem. 
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In experimental animals, continuous supra
maximal trains of vagal stimulation prolonged 
the A V conduction time after a latency of less 
than 1 s, and they induced bradydysrhythmias 
with fixed or variable degrees of A V block 
[43}. The prolongation of A V conduction time 
was a monotonically increasing function of 
stimulus intensity. Complete A V block usually 
did not appear until the A V conduction time 
had been prolonged by 50%-70% of control. 
The degree of prolongation depended strongly 
on the concomitant degree of SA nodal slow
ing; that is, there was a strong interaction be
tween the direct vagal inhibitory effect on the 
A V node and the indirect facilitative effect on 
AV conduction ascribable to the concomitant 
decrease in heart rate. 

In a study on dogs with atrial fibrillation, 
the opposing effects of simultaneous activity in 
the two autonomic divisions on A V conduction 
were found to be algebraically additive. We 
confirmed this result in dogs whose hearts were 
in normal sinus rhythm [34.}. The change in 
conduction time in response to activity in one 
autonomic division was independent of the 
level of activity in the other; i.e., there was no 
significant vagal-sympathetic interaction with 
respect to AV conduction. This is in sharp 
contrast to the autonomic control of SA 
nodal function and of myocardial contractil
ity, where such an interaction is pronounced 
[33}. 

Autonomic blockade experiments in man 
have revealed that, when both divisions were 
blocked and the heart rate was not controlled 
artificially, there was little change of A V con
duction time [44}. The authors concluded that 
the effects of the two autonomic divisions were 
balanced in the control of AV conduction. The 
problem with this interpretation, of course, is 
that the concomitant changes in rate also influ
enced A V conduction. Thus, the lack of change 
in A V conduction may have been due to the 
balance of the direct vagal inhibition of the 
conducting fibers and indirect vagal effects on 
heart rate, as discussed above. 

DYNAMIC CONTROL 

Virtually all work on the dynamic or transient 
responses of A V conduction to autonomic stim-
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FIGURE 15-10. The overflow of catecholamines (CA) intO 
the coronary sinus blood in a dog in the absence of sym
pathetic stimulation (open bars), in response to cardiac 
sympathetic nerve stimulation alone (10 Hz, hatched bar) 
and during concurrent sympathetic (10 Hz) and vagal 
stimulation (solid bars). Adapted from Lavallee et al. [40}. 

ulation have been focused on the vagal effects . 
A single vagal stimulus burst given in one car
diac cycle can prolong A V conduction on the 
very next cardiac cycle [45}, and the effect 
quickly decays over the next few cycles (fig. 
15-11). The response to a single sympathetic 
stimulus burst has a longer latency, takes sev
eral cycles to become fully manifest, and many 
more cycles to decay. Thus, dynamic responses 
to vagal stimulation have received more atten
tion, since they may participate in arrhythmias 
on a beat-to-beat basis, whereas sympathetic 
responses are inherently too slow for such a 
role. 

When we studied the dynamic responses of 
the SA and A V nodes to vagal stimulation si
multaneously, we found the A V nodal re
sponses to be extremely variable [22}. When 
identical stimulus bursts were given at differ
ent phases of the cardiac cycle, the AV re
sponses varied in magnitude and direction (fig. 
15-12). The change in AV conduction elicited 
by the vagal stimulus depended on the degree 
of the increase of the cardiac cycle length [22}. 
When the cycle length was held constant by 
pacing, vagal stimuli always prolonged the AV 
conduction time. 

The phase of the cardiac cycle at which a 
vagal impulse arrives at the AV junction is also 
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FIGURE IS-II. The effects of vagal and stellate stimula
tion on AV nodal conduction are compared. Each graph 
is a representative experiment. The interval from the 
atrial septal activation to the His bundle activation (the 
a-h interval in the His bundle electrogram) was used as 
the index of A V nodal conduction time. In the examples 
shown in this figure, lOO-ms [Cains of stimuli were deliv
ered to the left vagus (top) and the right stellate ganglion 
(bottom). Notice the tenfold differencee in the scaling fac
tor of the abscissae for the vagal and the stellate effects. 
From Spear and Moore [45} with permission of the Amer
ican Heart Association. 

an important determinant of its efficacy, just as 
it is for the vagal control of the SA node. To 
quantify the effects of stimulus timing on A V 
conduction, we constructed vagal effect curves 
that were analogous to those employed for the 
SA nodal responses to vagal stimulation [46}, 
The phase of the stimulus burst relative to the 
cardiac cycle was the primary independent var
iable. A second independent variable was the 
constant rate at which the heart was paced. 
Figure 15-13 shows that the vagal effect was 
more pronounced when the pacing rate was in
creased. 
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The probable mechanism responsible for this 
effect is that the relative refractory periods of 
the A V conduction system are longer than me 
durations of the associated action potentials. As 
the A V conduction time is prolonged (by vagal 
activity or otherwise), the action potential du
ration in the critical conducting fibers in the 
A V node is increased, due to electrotonic ef
fects. The relative refractory periods are also in
creased. This may lead to the following se
quence of events when the heart is paced at a 
constant rate: (a) vagal stimulus given early in 
the cardiac cycle prolongs the A V conduction 
time and A V nodal refractory period during the 
first beat after the stimulus, (b) the second 
atrial impulse after the stimulus will arrive at 
the A V node when the conducting fibers are 
relatively more refractory, and (c) this will 
evoke an additional increment in A V conduc
tion time on this second beat, just as indicated 
in figure 15-13 . This mechanism may also be 
involved in the genesis of the A V nodal 
~enckebach phenomenon. 
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Neural Control of Myocardial Excitability 
Vagal stimulation significantly reduces the 
atrial refractory period {4 7}. This effect is un
doubtedly due to the significant shortening of 
the atrial action potential induced by acetyl
choline {48). 

The effects of acetylcholine and vagal stim
ulation on ventricular refractory periods are not 
so clear, however. In both the dog {49) and in 
man {50}, blockade of muscarinic receptors de
creased the ventricular refractory periods. How
ever, blockade of both autonomic divisions 
evoked negligible changes in refractory periods. 
Also, in the dog, vagal stimulation signifi
cantly prolonged ventricular refractory periods, 
but not after sympathectomy {51). These find
ings suggest that the ACh released from vagal 
nerve endings acted indirectly by antagonizing 
the sympathetic effects, rather than by a direct 
action {49, 51, 52). Autonomic blockade ex
periments in man, however, indicate that rest
ing vagal tone significantly increases ventricu
lar refractoriness, and that the effect can occur 
in the absence of sympathetic influences {44). 
The vagi appear to constitute the dominant 
pathway for the reflex control of ventricular re
fractoriness in cats, and the vagal effect is 
prominent even when sympathetic activity is 
negligible {53). Thus, these latter two studies 
are in conflict with the view that ACh acts only 
or primarily by antagonizing the effects of sym
pathetic activity. No obvious differences in ex
perimental methodologies are evident that 
might resolve the dispute concerning how 
much the vagi affect refractoriness indepen
dently of sympathetic antagonism. 

Prolongation of A V junctional and ventricu
lar refractory periods may prove beneficial in 
terminating certain arrhythmias. Many ar
rhythmias are sustained by a reentrant circuit. 
Prolongation of the refractory periods locally 
may slow conduction sufficiently to interrupt 
the reentrant loop. This mechanism may ex
plain the effect of vagal activity in suppressing 
ventricular tachycardias {54). 

Neural Control of Myocardial Contractility 

SYMPATHETIC EFFECTS 

The adrenergic innervation of the atria is abun
dant, but not uniform. Stellate stimulation 
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FIGURE 15-12. Changes in AV conduction (top panel), 
cardiac cycle length (middle panel), and P-St interval 
(bottom panel) in response to five single bursts of vagal 
stimulation in an anesthetized dog. From Levy et 
al. [22] . 

produces profound effects on the heart. It de
creases the duration and increases the ampli
tude of the a wave of the atrial pressure pulse. 
The increase in atrial contractility evoked by 
sympathetic activity augments ventricular fill
ing. The consequent rise in left ventricular 
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FIGURE 15-13. Vagal effect curves recorded from an anes
thetized dog at two different atrial pacing intervals. The 
abscissa indicates the elasped time from a single vagal 
stimulus burst given at t = O. The ordinates are the per
cent changes in A V conduction time over a sequence of 
consecutive cardiac cycles. The circles, squares, and tri
angles represent the changes that occurred in the first, 
second, and subsequent beats after the beat during which 
the stimulus was given. 
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end-diastolic pressure thus produces a greater 
increment in ventricular end-diastolic volume 
and in stroke volume. Sympathetic activity can 
significantly alter ventricular filling not only by 
changing the duration of the filling period, but 
also by altering the strength and timing of 
atrial systole. 

The sympathetic nervous system also richly 
innervates ventricular tissue . Stimulation of the 
right stellate ganglion in the dog usually in
creases heart rate more than does left-sided 
stimulation [2}. Left stellate stimulation en
hances ventricular contractility, causing in
creases in left ventricular systolic pressure, the 
rate of change of ventricular pressure, and in 
the mean arterial pressure and pulse pressure. 
Sympathetic stimulation also increases coronary 
blood flow, myocardial oxygen consumption, 
stroke volume, stroke work, and cardiac out
put. Furthermore, these effects are produced 
independently of changes in preload and after
load; i.e., they obtain even when preload and 
afterload are held constant. 

Various types of ventricular function curves 
have been used to characterize ventricular per
formance. These curves are plots of stroke 
work, stroke volume, or cardiac output versus 
some measure of initial fiber length, such as 
mean atrial pressure or ventricular volume or 

pressure at end-diastole (fig. 15-14). Such 
curves represent the classic Frank-Starling 
mechanism, whereby the performance of the 
heart increases with initial fiber length up to 
some optimal fiber length. Sympathetic activ
ity shifts these curves upward and to the left 
(fig. 15-14); that is, an adrenergic influence 
increases cardiac output, and this change may 
be accompanied by a decrease in end-diastolic 
volume or pressure . The cardiac output is ad
ditionally augmented by the increase in heart 
rate induced by the increased sympathetic ac
tivity. 

Sympathetic activity profoundly affects ven
tricular ejection dynamics. The peak ventricu
lar pressure and the maximal positive rates of 
change of the ventricular volume and the ven
tricular pressures are significantly increased by 
sym pathetic activity. These increases are usu
ally interpreted to indicate that the myocardial 
fibers have contracted with greater force and at 
a higher velocity . An increase in velocity may 
be due in part to a greater synchrony of con
traction, although this is considered by most to 
be a relatively minor factor. Also, the duration 
of systole is reduced; in the intact circulation 
this would help to preserve diastolic filling 
time despite the reduction of the cardiac cycle 
duration. Another important factor that helps 
to maintain ventricular filling at higher heart 
rates is the adrenergic augmentation of atrial 
contractility. 

VAGAL EFFECTS 

Until about two decades ago, it was commonly 
considered that the vagi had a negligible influ
ence on ventricular function in mammals {2}. 
The neural control of myocardial contractility 
is difficult to study because contractility is in
fluenced by so many variables in addition to 
the neural factors . Our laboratory has employed 
three different experimental canine preparations 
to control rigorously these other experimental 
variables; i.e., heart rate, preload, afterload, 
atrial transport function, and coronary perfu
sion pressure [55}. Trains of vagal stimuli 
caused reductions in ventricular contractility 
that varied inversely as the frequency of vagal 
stimulation. When the vagi were maximally 
stimulated, ventricular contractility was de
pressed by 15%-25%. 
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These findings have been confirmed in a va
riety of canine preparations and in other mam
mals, including humans. Vagal stimulation 
caused the ventricular function curves to be 
shifted to the right, it significantly reduced the 
maximum rate of rise of intraventricular pres
sure, and it diminished the ventricular contrac
tile force (56}. 

Many decades ago, Wiggers (57} showed 
that the atria are very responsive to vagal influ
ences, and his findings have been amply con
firmed (58, 59}, The atria have a much richer 
parasympathetic innervation and a higher cho
linesterase concentration than the ventricles [4, 
5}. Thus, ACh has much shorter diffusion dis
tances in the atria than in the ventricles, and 
the response is terminated more rapidly due to 
the higher concentrations of cholinesterase. 
This accounts in part for the faster time con
stants of the atrial than of the ventricular re
sponses to vagal stimulation. 

In the early studies of the atrial responses to 
vagal activity in mammals, long trains of stim-
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FIGURE 15-15. The changes in pressure in an atrial bal
loon in response co one, two, or three stimuli (N) per 
vagal burst, given at the time marked by the arrows, at 
cycle lengths (PP) of 500 and 600 ms. From Marrin [60}. 

uli were used and steady-state responses were 
measured. We recently studied the transient 
inotropic responses of canine atria to single or 
brief vagal stimuli {60}. Figure 15-15 shows 
the typical results of applying a single burst of 
one, two, or three pulses to the vagi while the 
heart was paced at one of two different cycle 
lengths. Note that a single vagal stimulus 
pulse reduced atrial contractile amplitude by 
62% when the cycle length was 600 ms. One 
burst of two or three pulses eliminated effective 
atrial contractions entirely for 2-8 s. The 
depression of the inotropic response was less 
when the cycle length was diminished to 500 
ms . 

The inotropic responses were quantified by 
means of vagal effect curves. Figure 15-16 
shows the vagal effect curves for the simulta
neous changes in cardiac cycle length (A-A) 
and atrial contractility. The time course of the 
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FIGURE 15-16. Vagal effect curves for cardiac cycle length 
(PP) in an unpaced-heart preparation and for atrial balloon 
pressure (AP) in a paced-heart preparation. The data were 
obtained from a sequence of vagal stimulus bursts given 
at various P-St intervals in the same dog. From Martin 
{60). 

inotropic response was similar to that of the 
secondary peak of the chronotropic response. 
The similar time course suggests that the phys
iologic mechanisms of these two responses may 
share a common component. 

The response of the atrial myocardium to va
gal stimulation also depends on the phase of 
the cardiac cycle at which the stimulus burst is 
given [60}, just as do the SA and AV nodes. A 
burst of vagal activity that occurs during one 
phase of the cardiac cycle may depress the next 
atrial contraction completely whereas, at a dif
ferent phase of the cycle, the same burst of va
gal activity may have relatively little effect. 
Such effects of timing would influence the 
atrial contribution to ventricular filling. 

The inotropic responses of the atria to vagal 
stimulation were greater when the heart rate 
was held constant than when it was allowed to 
vary [60}. This difference could not be ex
plained by changes of preload. The explanation 
may involve the dynamic frequency-force rela
tionship, which is probably quite different 

from the traditional steady-state characteriza
tion of this relationship. 

When a constant train of vagal stimuli was 
given over several minutes [61}, heart rate ini
tially increased to some maximum value and 
contractile force initially declined to some min
imum value (fig. 15-17). However, both re
sponses then began to "fade" back toward their 
control levels. The decline in heart rate back 
toward control reached a steady state in about 
15-20 s, whereas the increase of contractile 
force back toward control required 1-2 min. 
However, A V conduction responses do not fade 
during continuous vagal stimulation [62}. 
Thus different mechanisms appear to be re
sponsible for the fade of different types of car
diac responses. Although a progressive reduc
tion in the neuronal release of ACh during the 
stimulus train cannot be entirely ruled out, the 
available evidence suggests that desensitization 
of the muscarinic receptors plays a significant 
role [63}; that is, the receptors seem gradually 
to lose their ability to bind the agonist. 

Reflex Control of the Heart 
The reflex control of the heart has been studied 
extensively, and several comprehensive reviews 
have recently been published [64-68}. Only a 
brief description of three important reflexes 
will be presented here; namely, the barorecep
tor, Bainbridge, and chemoreceptor reflexes. 

BARORECEPTOR REFLEX 

Baroreceptors are arterial stretch receptors that 
are located in the carotid sinuses and aortic 
arch [65, 68}. Afferent impulses from the ca
rotid sinus receptors travel to the brain in the 
carotid sinus nerves, which are branches of the 
glossopharyngeal, or ninth cranial nerves. Im
pulses from the aortic baroreceptors ascend to 
the brain via the aortic nerves, which are 
branches of the vagus, or tenth cranial nerves. 
Sympathetic and parasympathetic (vagal) fibers 
constitute the efferent limbs of the baroreceptor 
reflex. 

The arterial baroreceptors discharge impulses 
at an increasing frequency as the mean arterial 
pressure rises in the carotid sinuses and aortic 
arch. An increased frequency of impulses in the 
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carotid sinus and aortic nerves diminishes the 
neural activity in efferent sympathetic fibers 
and augments the activity in efferent vagal fi
bers. The decreased sympathetic activity di
minishes the vasomotor tone in resistance and 
capacitance vessels throughout the body, and 
tends to reduce heart rate, prolong A V conduc
tion, and diminish atrial and ventricular con
tractility. The augmented vagal activity has ef
fects on the heart that are similar directionally 
to those induced by the diminished sympa
thetic activity. 

The reciprocal changes in efferent sympa
thetic and vagal activity in response to a blood 
pressure change take place only at arterial pres
sures within or near the normal range of pres
sures. If the arterial blood pressure is acutely 
reduced to abnormally low levels, vagal tone 
virtually disappears; the gradation of reflex 
control is then achieved solely by variations in 
efferent sympathetic activity. Conversely, if the 
arterial blood pressure is acutely elevated to ab
normally high levels, sympathetic tone is com
pletely suppressed; the gradation of reflex con
trol is then accomplished by alterations in 
efferent vagal activity. 

BAINBRIDGE REFLEX 

Bainbridge noted in 1915 that, when he in
fused blood or saline into anesthetized animals, 
the heart rate increased, despite a concomitant 
rise in the arterial blood pressure (69}. Cardiac 
acceleration was correlated with an increase in 
central venous pressure, and it was abolished 
by bilateral vagotomy. Bainbridge postulated 

FIGURE 15-17. Changes in cardiac cycle length (top pane/) 
and atrial contractility (bottom panel) in response to a con
tinuous train of vagal stimuli (between the arrows). Note 
that both the chronotropic and inotropic responses return 
toward control from some initial maximal value, despite 
the continued vagal stimulation. From Martin et al. {61). 
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FIGURE 15-18. Effects of blood transfusion and of bleed
ing on cardiac output , heart rate, and stroke volume in 
unanesthetized dogs. From Varner and Boettcher PO) 
with permission of the American Heart Association . 
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FIGURE 15-19. Electrocardiogram of a quadriplegic pa
tient who required tracheal intubation and artificial res
piration; the twO strips are continuous. At the beginning 
of the top strip, the tracheal catheter was disconnected ro 
permit nursing care. In less than 10 s, the patient's heart 
rate decreased from 65 to about 20 beats/min. Adapted 
from Berk and Levy [72}. 

that the reflex was initiated by distension of the 
right side of the heart, and that the afferent 
impulses were carried in the vagi. 

The importance, and even the presence, of a 
Bainbridge reflex have been controversial since 
its original description. Other reflexes, notably 
the baroreceptor reflex, are also induced by a 
change in blood volume. Hence, the direc
tional change in heart rate elicited by an alter
ation of blood volume will be the resultant of 
opposing reflex influences. Frequently, infu
sions of fluid cause cardiac acceleration when 
the prevailing basal heart rate is slow, but they 
induce a diminished heart rate when the basal 
rate is rapid. 

In a recent study in unanesthetized dogs 
PO}, infusions of blood increased the cardiac 
output and arterial blood pressure substan
tially. The heart rate increased in proportion to 
the cardiac output (fig . 15-18), despite the el
evation of blood pressure. Hence, the Bain
bridge reflex must have predominated over the 
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baroreceptor reflex during volume expansion. 
Conversely, volume depletion reduced the car
diac output and arterial blood pressure. Heart 
rate rose as the blood pressure and cardiac out
put diminished (fig. 15-18). Therefore, the 
baroreceptor reflex must have predominated 
over the Bainbridge reflex during volume de
pletion. 

CHEMORECEPTOR REFLEX 

The peripheral arterial chemoreceptors respond 
to reductions in arterial P02 and pH and to 

elevations in arterial PC02' The chemoreceptors 
are located in the aortic arch and in the carotid 
bodies, which are adjacent to the carotid sinus
es. Arterial chemoreceptor stimulation induces 
pulmonary hyperventilation, vasoconstriction, 
and bradycardia. The magnitude of these car
diovascular responses, however, depends on the 
extent of the concomitant change in pulmonary 
ventilation [67, 71}. For example, if the che
moreceptor stimulus elicits only a mild degree 
of hyperventilation, the cardiac response tends 
to be bradycardia. Conversely, if the chemore
ceptor stimulus leads to intense hyperventila
tion, the heart rate is likely to increase. 

An extreme example of this reflex interaction 
is the dramatic cardiac response that may ensue 
when hyperventilation fails to occur in response 
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to chemoreceptor stimulation. In experimental 
animals, when ventilation is controlled by 
an artificial respirator, carotid chemoreceptor 
stimulation evokes an intense vagal discharge, 
which induces a pronounced bradycardia and an 
impairment of AV conduction {67, 71}. Simi
lar changes have been reported in quadriplegic 
patients who are dependent on mechanical res
pirators {71, 72}. Profound bradycardia (fig. 
15-19) promptly occurred in a quadriplegic 
patient when his tracheal catheter was briefly 
disconnected from the respirator in order to 
permit tracheal aspiration {72}. His heart rate 
dropped precipitously within 10 s after cessa
tion of artificial respiration. This bradycardia 
could be retarded by hyperventilating the pa
tient prior to disconnecting the tracheal cathe
ter, and it could be prevented by administering 
atropine. The abrupt reduction in heart rate 
undoubtedly reflects the primary reflex cardiac 
response to arterial chemoreceptor excitation in 
a patient in whom the secondary effects of hy
perventilation could not develop. 
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16. THE DEVELOPMENT OF 

POSTSYNAPTIC CARDIAC AUTONOMIC 

RECEPTORS AND THEIR REGULATION 

OF CARDIAC FUNCTION DURING 

EMBRYONIC, FETAL, AND 

NEONATAL LIFE 

Achilles J. Pappano 

Introduction 
The appearance and development of autonomic 
receptors and of the mechanisms by which 
these receptors permit extrinsic regulation of 
cardiac performance are the object of much re
search. Interest in this subject has been stimu
lated because of the fundamental importance 
that a knowledge of receptor properties and re
ceptor mechanisms has for an understanding of 
the biochemical, physiologic, pharmacologic, 
and pathologic features of cardiac function {I, 
2}, Furthermore, a systematic examination of 
the ontogenetic sequence for incorporation of 
autonomic receptors, the inception of receptor
initiated reactions, and the modifications in re
ceptor-dependent functions is essential for our 
understanding of how autonomic transmitters 
regulate the heartbeat. 

The development of postsynaptic autonomic 
receptors and their reaction mechanisms for 
modulating cardiac function are reviewed in 
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this chapter. Particular attention is given to 
biochemical studies of receptor properties and 
how cyclic AMP (cAMP) may connect activated 
receptors with physiologic and pharmacologic 
responses. Although some aspects of autonomic 
innervation of the embryonic heart are consid
ered, the reader may wish to consult recent re
views for a more detailed account of neurogen
esis {3-6}. This chapter does not deal with 
changes of autonomic mechanisms in the hearts 
of adult and old animals. The reader is referred 
to a stimulating review for analysis of altera
tions in adrenergic function in senescent ani
mals P}. 

Muscarinic Cholinergic Receptor 

RECEPTOR BINDING STUDIES 
The chemical properties of the muscarinic cho
linergic receptor have been examined with 3H_ 
3-quiniclidynyl benzilate (eH}-QNB) a mus
carinic receptor antagonist. The specific bind
ing of 3H-QNB to homogenates of embryonic 
and neonatal heart tissue is saturable and ac
counts for ~ 90% of total binding {8-11}. 
Antagonists of muscarinic receptors displace 
3H-QNB from specific binding sites at concen
trations 1000 times lower than those observed 

355 
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TABLE 16-1. Muscarinic cholinergic receptor binding a 

Heart tissue 

Chick, newborn 

Chick, 3-day embryo 
7-day embryo 

12-day embryo 
17 -day embryo 
21-day embryo 

Chick, 9-day embryo 

Chick, 11-day embryo 

Chick, lO-day embryo 
, 

21-day 
, 

Mouse, 9-dayembryo 
14-dayembryo 
17 -day embryo 
I-day neonate 

Mouse, 13-14-dayembryo 
15-16-dayembryo 
17-18-dayembryo 
19-20-day embryo 
21-22-day embryo 
Adult 

Bm .. (10 - 12 mol/mg protein) 

0.4 
0.7 
1.5-2.0 
2-3 
-5 

-O.25b 

-0.17b 

0.28 

0.59 

Bmax eH-QNB sites/f.Lm2)d 

452 
844 
784 
407 

Bmax (10 - 15 mol/mg tissue) 
Not detected 
-1.5 
-3.1 
-2.9 
-5.3 

12 

IC50 Reference 

Atropine 3-4 X 10- 9 M 8 
ACh 3 X 10- 6 M 

Carb 1-2 X 10-5 M 

QNB X 10- 9 M 9 
Atropine 2.2 X 10- 9 M 

Carb (3E) 3.7 X 10- 6 M 

Carb (9E) 0.8 X 10- 6 M 

Atropine 25 X 10- 9 M 10 
Oxtremorine 4.8 X 10- 6 M 

Atropine (lOE) 6 X 10- 9 M 11 
Atropine (H) 6.2 X 10- 9 M 
Carb (10E) 3.3 X 10- 6 M 
Carb (H) 30 X 10-6 M 
ACh (10E) 1.5 X 10- 7 M 
ACh (H) 40 X 10- 7 M 

27 

12 

Atropine 6.7 X 10-9 M 

a3H_QNB (tritium-labeled quinic1idynyl benzilate) was used in all experiments to identify muscarinic cholinergic receptors. 
bNo change in maximum specific binding was observed between the third and 18th embryonic days. 
'Values obtained from homogenate (Bmax) and from membrane fraction of homogenates (IC~o). 
dNumber of binding sites approximately doubled within one week in culture. 

with agonists (table 16-1). Moreover, the 
binding of muscarinic antagonists (QNB, atro
pine, scopolamine) is characterized by a Hill 
coefficient of 1.0, whereas agonist binding dis
plays a Hill coefficient of about 0.5 [9-11}. 
Kinetic analysis indicated that the binding of 
3H-QNB is consistent with a two-step sequen
tial reaction in which a rapidly reversible com
plex of 3H-QNB with receptor is transformed 
to a slowly reversible complex during long (1 
h) exposure to the ligand (9}. 

Binding of 3H-QNB with high affinity was 
also observed in homogenates of heart muscle 
prepared from embryonic, neonatal, and adult 
mice (table 16-1). The concentration of atro
pine required to displace 50% of 3H-QNB spe
cifically bound to mouse heart homogenate did 
not change during development [l2}. Simi
larly, neither the KD (dissociation constant) for 
QNB [lO} nor the ICso for atropine (9} was 
reported to change during embryonic develop
ment of the chick heart. Finally, in both chick 
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and mouse hearts, nicotinic cholinergic antag
onists (d-tubocurarine, hexamethonium, Naja 
mossambica neurotoxin, <x-bungarotoxin) dis
placed 3H-QNB only at high concentrations 
(ICso 2:: 10- 4 M). Therefore, it has been con
cluded that the determination of the KD and 
number of specific 3H-QNB binding sites pro
vides a quantitative estimation of the properties 
of muscarinic cholinergic receptors in embry
onic heart tissue. This conclusion agrees with 
that drawn from experiments done with the 
hearts of adult animals {l, 2, 13}' 

The number of specific 3H-QNB binding 
sites increased during development of the em
bryonic chick heart according to Sastre et al. 
[8J and Hosey and Fields [ll}. This observa
tion differs from that of others [9, lOJ who re
ported no change in the number of such sites. 
Protein content was determined by the method 
of Lowry in the experiments of Sastre et al. [8J 
and in those of Galper et al. [9J so that the 
estimation of specific 3 -QNB binding sites was 
probably not made discrepant by this aspect of 
the experimental procedure. Binding of 3H_ 
QNB can be modulated by cations and by 
guanine nucleotides in adult mammalian hearts 
[1J and in embryonic avian hearts [14, 15}. 
However, the possibility that different concen
trations of these substances might influence the 
number as well as the affinity of specific 3H_ 
QNB binding sites detected is not a convincing 
explanation for the discrepancy in results. Mus
carinic cholinergic receptors are present in sym
pathetic adrenergic nerves and could contribute 
to estimates of Bmax in homogenates of embry
onic cardiac cells. Homogenates were used in 
the experiments of Galper et al. [9J and of 
Hosey and Fields [11] and it is unlikely that 
neuronal binding sites for 3H-QNB were ab
sent in the preparations used by Galper et al. 
[9J. In this regard, Galper et al. [9J noted that 
there was no difference between atrial and ven
tricular tissue in either the number of 3H-QNB 
binding sites per milligram protein or in their 
distribution as a function of developmental 
age. In cell culture experiments with eight-day 
embryonic chick heart tissues, Bmax was 200 
fmol/mg protein and 150 fmol/mg protein in 
atria and ventricles, respectively [16J. The dis
tribution of specific 3H-QNB binding sites (KD 

= 30 pM) appeared diffuse in autoradiographs 

and the estimated density of muscarinic cholin
ergic receptors (sites/f.Lm2 ) was 83 ± 5 in atria 
and 81 ± 4 in ventricles [16J. 

The concentration-effect relationship for dis
placement of 3H-QNB by agonists from bind
ing sites in embryonic chick heart had Hill 
coefficients of around 0.5 in contrast to values 
of about 1.0 for antagonists. On the basis of 
similar results obtained in adult mammalian 
hearts, it has been concluded that muscarinic 
receptor sites are heterogeneous and that the 
agonist (but not antagonist) can "induce or sta
bilize an active conformational state of the re
ceptor" (p. 24 in Hulme et al. [IJ). It is note
worthy that the concentration of agonist 
required to displace 50% of specifically bound 
3H-QNB changed as a function of embryonic 
age. Galper et al. [9J found that 50% inhi
bition of 3H-QNB binding required 3.7 X 

10 -6 M carbachol (Carb) in hearts from three
day embryos and 8 X 10 -7 M in those from 
nine-day embryos. Hosey and Fields [11J re
ported that the ICsos for displacement of 3H_ 
QNB binding by acetylcholine (ACh) were 
0.16 X 10- 6 M and 3.98 X 10- 6 M in ten
day embryos and hatched chick hearts, respec
tively. Similar results were obtained in experi
ments with Carbo Because of the different and 
noninclusive ages of the animals used in these 
two studies, no satisfactory explanation can be 
given for these seemingly divergent results. 
The ICso for Carb was 3.28 X 10 - 6 M in ten
day embryos [ll} and 0.8 X 10- 6 M in nine
day embryos [9}' However, the experimental 
preparations were sufficiently different (cell 
membrane fraction in the report by Hosey and 
Fields [11J as contrasted with homogenate in 
the report by Galper et al. [9]) to preclude a 
systematic comparison. 

Another difference in experimental results 
has been addressed by Hosey and Fields [l1J, 
who reported that 3H-QNB binding was more 
rapidly reversed by addition of atropine than 
reported by others [9, 1O}. This discrepancy 
was not solved by an experiment by Hosey and 
Fields in which these investigators used the 
same incubation and assay media described by 
Galper et al. [9J. 

The presence of a heterogeneous population 
of muscarinic receptors in the embryonic heart 
has been evaluated in experiments in which the 
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pharmacologic effect of Carb displayed desen
sitization in cultured heart cells {l4} and in in
tact embryonic atria [17}. The results from 
both laboratories are similar insofar as a 3- to 
6-h treatment of heart cells with Carb reduced 
the number of 3H-QNB binding sites without 
changing the affinity of these sites for 3H_ 
QNB. Galper and Smith {l4} reported that a 
rapid (:5 1 min) loss of 26% of the 3H -QNB 
binding sites occurred in the presence of Carb 
and that this fraction of sites was insensitive to 
colchicine, which disrupts microtubules. More
over, this reduction in the number of binding 
sites was accompanied by a decrease in the af
finity of Carb for all remaining 3H-QNB bind
ing sites. A similar shift in ICso for Carb-in
duced displacement of 3H-QNB from binding 
sites occurred in the presence of guanylylimi
dodiphosphate (Gpp[NH}p) [l4}. By contrast, 
the slower loss of 3H-QNB binding sites in
duced by Carb was partially inhibited by treat
ment with colchicine and recovery of 3H-QNB 
binding sites was not affected by treatment 
with Gpp(NH)p. Similar results were obtained 
when desensitization was produced by treat
ment of intact embryonic heart cell with Carb 
{l7}. Chronic treatment with Carb reduced the 
fraction of receptors in the high-affinity (RH ) 

state without changing the affinity for Carb in 
either RH or low-affinity (RL) states of the re
ceptor. Finally, Halvorsen and Nathanson {l7} 
concluded that the RH state of the receptor is 
not necessarily required for the negative chron
otropic effect of Carb, a view that does not dis
agree with the proposal (reviewed by Hulme et 
al. [I}) that RL is the physiologically active 
form of the muscarinic receptor. 

RECEPTOR ACTIVATION 

Electrophysiologic and Contractile Effects. In gen
eral, the parasympathetic neurotransmitter, 
ACh, and muscarinic agonists inhibit the em
bryonic heart. The relationship between the 
sensitivity of the sinoatrial node to inhibition 
by muscarinic agonists and the onset of para
sympathetic neuroeffector transmISSIOn has 
been reviewed [3}. Inhibition of sinoatrial 
pacemaker activity in hearts from three- and 
four-day embryos was associated with mem-

brane depolarization in contrast to the hyper
polarization observed in hearts taken from ani
mals at and after the sixth embryonic day [18}. 
It was concluded that ACh increased Na + con
ductance (gNa) when it depolarized the sinoatri
al membrane and that this conductance change 
masked an increase of gK and membrane hyper
polarization that could be observed when Na + 
was omitted from the fluid bathing four-day 
embryonic hearts. The ability of ACh to in
crease gK and thereby hyperpolarize the sino
atrial membrane increased during embryogene
sis in parallel with an increase in gK of atrial 
membranes. A gradual reduction in gNa/gK has 
also been observed in ventricular membranes of 
the chick during embryogenesis {l9}. That 
membrane gK increases during embryonic de
velopment of the chick ventricle has been cor
roborated by measurements of membrane 
permeability to K + [20}. 

Sensitivity of the sinoatrial node to inhibi
tion by ACh increased during ontogenesis [21, 
22}. These results have been confirmed by oth
ers who have also examined the properties of 
the muscarinic receptor with 3H-QNB [9, 1O}. 
Two aspects of the 3H-QNB binding studies 
require additional consideration. First, musca
rinic cholinergic receptors are present in ventri
cles of three-day embryos, a time when the au
thors concluded that muscarinic agonists had 
no inhibitory effect on the rate of beating [9, 
1O}. However, these results were obtained in 
cultures or in whole hearts containing a mix
ture of atrial and ventricular cells. Therefore, it 
may not be appropriate to relate a 20%-60% 
reduction in beating rate by muscarinic ago
nists to muscarinic cholinergic receptor prop
erties in atrial and ventricular cells because the 
former can arise from drug action on the sino
atrial node whereas the latter derives from the 
receptor population in atria and ventricles. In 
this connection, it has been reported that spe
cific 3H-QNB binding sites are undetectable in 
hearts obtained from mice on d~s 13-14 of 
gestation {l2}. At this age, 10 - MACh re
duced heart rate by 44%. The failure to detect 
specific 3H-QNB binding sites when a phar
macologic effect of ACh through muscarinic re
ceptors is demonstrable might be due to dilu
tion of 3H-QNB binding sites in the sinoatrial 
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node by membranes derived from the whole 
heart [23}. Second, Galper et al. {9} concluded 
that the embryonic chick heart was practically 
insensitive to Carb in two- to four-day embryos 
and completely sensitive in seven-day embryos. 
These results were obtained in the presence of 
isoproterenol, a l3-adrenergic agonist that in
creases heart rate. It was subsequently demon
strated that inhibition of Ca2 + -dependent ac
tion potentials by ACh in the embryonic chick 
ventricle was not consistently observed until 
the seventh embryonic day and required the 
presence of l3-adrenergic agonist for inhibition 
thereafter during embryogenesis {24}. Per
haps the discrepancy between the results of Re
naud et al. {lO}, who detected muscarinic in
hibition at an earlier time than Galper et al. 
{9}, is due to a greater proportion of atrial cells 
which are directly inhibited by ACh in the 
preparations used by Renaud et al. 

Because the number of specific 3H-QNB 
binding sites did not increase with age in em
bryonic chicks, the increased sensitivity to 
muscarinic agonists during development was 
attributed to a more efficient coupling of mus
carinic receptor to the membrane conductance 
thought responsible for effecting inhibition, 
namely, PK {9, 1O}. This conclusion is essen
tially the same as that drawn earlier from elec
trophysiologic experiments {I8}. However, 
none of these studies considered the possibility 
that muscarinic agonists inhibited cardiac func
tion, specifically in the sinoatrial node, by re
ducing the slow inward current (isi) carried by 
Ca2 + and that this current system became more 
sensitive to inhibition by ACh. The fact that 
ACh can inhibit atrial cells by an action on 
both isi and iK has been demonstrated in adult 
mammalian hearts (reviewed by Reuter (25}) 
and observed in the chick heart {26}. 

Results obtained in the mouse heart indicate 
that this preparation becomes more sensitive to 
inhibition by ACh as the number of muscarinic 
cholinergic receptors increases (reviewed by 
Roeske and Wildenthal (23}). Although there 
is agreement that there is an ontogenetic in
crease in sensitivity to muscarinic inhibition 
and in muscarinic cholinergic binding sites in 
the embryonic mouse heart, it is noteworthy 
that both aspects of the muscarinic system were 

demonstrable at an earlier time (nine-day em
bryonic heart in culture for two days) in the 
experiments of others [27}. There is no infor
mation available on the role of changes in 
membrane conductance, particularly gK, in the 
increased sensitivity of the embryonic mouse 
heart to muscarinic inhibition of pacemaker 
function. In the embryonic rat heart, atrial sen
sitivity to ACh increased in parallel with an 
increase of membrane gK {28} and the sensitiv
ity of the sinoatrial pacemaker to the negative 
chronotropic effect of ACh and Carb did not 
change after birth {29}. If one assumes that the 
rat heart displays the same ontogenetic increase 
in specific 3H-QNB binding sites as the mouse 
heart, it may be speculated that there is a co
ordinate development of muscarinic receptors 
and associated K + channels responsible for mus
carinic inhibition. This model would not apply 
to the embryonic chick heart if there is no on
togenetic change in muscarinic receptor den
sity, as proposed by some investigators {9, 1O}. 

Muscarinic inhibition of the embryonic 
chick ventricle can be attributed to a decrease 
of gsi that has been augmented by substances 
that increase cellular content of cyclic AMP (re
viewed by Pappano {4} and Pappano and Bie
gon {30}; see the next section of this chapter). 
Inhibition of Ca2 + -dependent action potentials 
in ventricles from embryonic [24, 31} and 
hatched chicks {26} can be explained by a re
duction of gsi alone. This differs from muscar
inic inhibition in the chick atrium where gK is 
increased during suppression of the Ca2 + -de
pendent action potential {26}. Inhibition of the 
maximum rate of rise (V max) of the Ca2 + -de
pendent action potential (an index of inward 
iCa) by ACh in the ventricle was noncompeti
tive {26} in contrast to the competitive inter
action between ACh and {Ca2+}o in the atrium 
{32}. Calcium channel blockers (verapamil, ni
fedipine, and nimodipine), at concentrations 
$10 -6 M, inhibited V max of the ventricular 
Ca2 + -dependent action potential competitively 
{33}. Therefore, there seems to be no qualita
tive change in the ionic mechanism (gs) for 
muscarinic inhibition of the avian ventricle 
during ontogenesis {26} in contrast to that re
ported for muscarinic inhibition of the sino
atrial node {l8}. 
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Are muscarinic receptors in atrial cells differ
ent from those in ventricular cells? It was men
tioned previously in this chapter that the den
sity of muscarinic receptor sites is the same in 
chick atrial and ventricular cells. Receptor af
finity for atropine, estimated by Schild analy
sis, is also the same (1-4 X 10-9 M) in atria 
and ventricles (Adam and Pappano, unpub
lished observations). The differences in ionic 
currents modified by ACh in atria and ventri
cles cannot be explained by systematic differ
ences in the density or antagonist affinity of 
muscarinic cholinergic receptors. Nevertheless, 
it is essential to determine the affinity of mus
carinic receptors for agonist in the two cell 
types before one can reach a definitive conclu
sion about the role of muscarinic receptor prop
erties in regulating ionic conductances. 

Role of Cyclic Nucleotides in Muscarinic Inhibi
tion. The role of adenosine-3 I ,5 I -cyclic mon
ophosphoric acid (cyclic AMP, or cAMP) in the 
action of parasympathetic and sympathetic neu
rotransmitters on embryonic heart function has 
been recently reviewed {4, 23}' Additional evi
dence in support of the cAMP hypothesis for 
sympathetic transmitter action on the embry
onic heart is given later in this chapter. 

There is considerable support for the partic
ipation of the adenylate-cyclase-cAMP system 
in the inhibition of the chick heart caused by 
activation of muscarinic receptors. Acetylcho
line has little effect on adenylate cyclase activ
ity, cAMP content, Ca2 + -dependent action po
tentials, and contractions in embryonic chick 
ventricle. However, ACh inhibits the activa
tion of adenylate cyclase, the accumulation of 
cAMP, the augmentation of Ca2 + -dependent 
action potentials, and the positive inotropic ef
fect of isoproterenol (ISO) in embryonic chick 
ventricle (reviewd by Pappano and Biegon 
{3D}). This effect, termed indirect muscarinic 
inhibition, was not detected until the seventh 
incubation day, a finding consistent with the 
results of others {9}. Because muscarinic cho
linergic receptors are present on the third incu
bation day, it was speculated that inhibition by 
ACh required the synthesis or incorporation of 
a nucleotide regulatory component (termed Ni 
in the hypothesis of Rodbell {34}) that permits 

inhibition of adenylate cyclase activation by the 
~-adrenergic receptor {30}. After hatching, 
ACh inhibits directly the activation of adenylate 
cyclase, the accumulation of cAMP, Ca2+ -de
pendent action potentials, and contractility, 
even in the absence of adrenergic nerves and ~
adrenergic agonist. The mechanism for the 
transition from indirect to direct muscarinic in
hibition could involve a change in regulation of 
catalytic unit activity by Ni because it has been 
demonstrated that ACh inhibits GTP-stimu
lated adenylate cyclase in adult mammalian 
ventricle {35}. The transition from indirect to 
direct muscarinic inhibition in the avian ven
tricle may reside in a change of the regulation 
of adenylate cyclase activity by muscarinic re
ceptor because there is no qualitative change in 
the ionic conductance (gs) acted upon by mus
carinic agonists {26, 31}. 

The reaction mechanism for muscarinic in
hibition is complex because it may also include 
an inhibition of the effect of accumulated 
cAMP. The phosphodiesterase inhibitor, iso
butylmethylxanthine (IBMX) , causes cAMP to 
accumulate in the embryonic avian heart and 
thereby augments the Ca2 + -dependent action 
potential and the force of contraction. Low con
centrations of ACh inhibit the effects of IBMX 
on the Ca2 + -dependent action potential and re
verse the positive inotropic effect without re
ducing the accumulated cAMP AMP {36}. 
That activation of muscarinic receptors can in
hibit the effect of accumulated cAMP in the 
embryonic heart is strengthened by experi
ments done with cholera toxin. Within 3 min, 
acetylcholine reversed the positive inotropic ef
fect of cholera toxin without changing the 
stimulation of adenylate cyclase activity nor the 
2.5-fold accumulation of cAMP produced by a 
3-h exposure to the toxin {37}. It is not known 
whether this form of muscarinic inhibition in
volves an effect on the activation of cAMP-de
pendent protein kinases or on phosphorylation 
of membrane proteins. It has been suggested 
that the stimulatory effect of IBMX may occur 
by inhibition of the inhibitory actions of en
dogenous adenosine on adenylate cyclase and 
that ACh facilitates the inhibitory action of 
adenosine {36}, but this view has been chal
lenged by Linden et al. {38}. Although these 
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investigators confirmed the observation that ac
tivation of muscarinic receptors inhibited the 
effects of IBMX on Ca2+ -dependent action po
tentials, they concluded that endogenous aden
osine was not an essential component for either 
the stimulatory effect of IBMX or the inhibi
tory effect of acetyl-j3-methylcholine (MCh). 
This conclusion was prompted by their finding 
that nonmethylxanthine inhibitors of phospho
diesterase, which do not act on adenosine re
ceptors, permitted muscarinic inhibition that 
was attributed to reduced accumulation of 
cAMP. Solution of the discrepancy requires 
more careful study. Whatever the outcome in 
the experiments with IBMX, the results of ex
periments with ACh and cholera toxin are most 
reasonably explained by an effect of muscarinic 
receptors that inhibits the activation of cAMP
dependent cell functions without changing the 
cellular content of cAMP. A similar conclusion 
has been drawn from experiments with adult 
mammalian hearts where ACh inhibited the 
positive inotropic effect but not the accumula
tion of cAMP caused by epinephrine. Musca
rinic inhibition was attributed either to a di
minished activation of cAMP-dependent pro
tein kinase [39} or to diminished phosphoryla
tion in the presence of an unchanged protein 
kinase activity ratio [40}. 

The possibility that cyclic-3', 5' -guanosine 
monophosphate (cyclic GMP, or cGMP) me
diates the inhibition caused by activation of 
muscarinic receptors in the adult heart has been 
examined and has not received consistent ex
perimental support (reviewed by Linden and 
Brooker [41}). Renaud et al. [lO} found that 
cGMP content of embryonic heart muscle 
strips increased in association with the negative 
chronotropic effect of muscarinic agonists, but 
these investigators also found that muscarinic 
agonists had no effect on cGMP content of 
heart cell reaggregates when these drugs inhib
ited automaticity {lO}, More recently, musca
rinic inhibition of the positive inotropic effect 
of cholera toxin was reported to be unaccom
panied by changes in cGMP content of embry
onic chick ventricles [37}. Neither of these re
ports excludes the possibility that muscarinic 
drugs increase cGMP content in a small cellu
lar pool and thereby activate a protein kinase 

associated with inhibition. This mechanism has 
been proposed as a result of experiments that 
support the validity of the cGMP hypothesis 
for muscarinic inhibition [42J. 

Consideration must also be given to the pos
sibility that muscarinic cholinergic receptors 
are connected to reaction pathways completely 
independent of cyclic nucleotides. Results from 
several laboratories (reviewed by Pappano [3}) 
and more recent data obtained by others [lO} 
and ourselves [36} indicate that muscarinic ag
onists have stimulatory effects in the avian 
heart. At high concentrations (> 10 -6 M), 
ACh increases the force of contraction in em
bryonic [36} and hatched chick ventricles (L. P. 
Adam, D. Black, and A.]. Pappano, unpub
lished observations). The positive inotropic ef
fect of ACh ( or reversal of negative inotropic 
effect in hatched chicks) is not prevented by 
propranolol, a j3-adrenergic antagonist, nor as
sociated with an increase of cAMP [36}. Atro
pine antagonizes the positive inotropic effect of 
high concentrations of ACh and Carb in the 
embryonic chick ventricle. The mechanism for 
this apparently stimulatory effect of muscarinic 
receptor activation is unknown. It may be spec
ulated that the positive inotropic effect of ACh 
is related to increased synthesis of prostaglan
din-like substances. Prostaglandin E has a pos
itive inotropic effect in the embryonic chick 
ventricle (Black and Pappano, unpublished ob
servations) and it has been established that 
ACh can increase prostaglandin synthesis in en
dothelial cells of vascular smooth muscle [43, 
44J. The fact that the embryonic heart is 
formed by the fusion of blood vessels adds an 
intriguing aspect to this speculation. 

~-Adrenergic Receptor 

BINDING STUDIES 

Recent reports for the binding of radioactively 
labeled ligands for the j3-adrenegic receptor in 
embryonic and fetal hearts have been summa
rized in table 16-2; 3H-dihydroalprenolol (3H_ 
DHA) is the labeled antagonist used in these 
studies. Criteria for identification of specific 
3H-DHA binding sites as j3-adrenergic recep
tors have been rigorously applied in experi-
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TABLE 16-2. j3-Adrenergic receptor binding" 

Heart tissue 

Chick heart 
5-day embryo 
7-day embryo 
9-day embryo 

13-day embryo 
17 -day embryo 

Chick erythrocyte 
8-day embryo 
9-day embryo 

13-day embryo 
17 -day embryo 
18-day embryo 
Hatched 
Adult 

Rat heart 
5 days after birth 

15 days after birth 
28 days after birth 

3 weeks after birth 
6 weeks after birth 

12 weeks after birth 

Mouse heart 

17-18-day fetus 
19-20-day fetus 
21-22-day fetus 
I-day neonate 
3-day neonate 
14-day neonate 
3-5 months (adult) 

Adult 

Bmax (pmollmg protein) 

0.36 ± 0.03 
0.36 ± 0.03 
0.22 ± 0.02 
0.14 ± 0.01 
0.16 ± 0.01 

7.3 
7.4 
7.4 
6.9 
4.9 
4.3 
4.5 

Bmax (fmollmg membrane protein) 

50.2 
49.0 ± 1.8 
45.8 ± 6.8 

Bmaa (fmollmg protein) 
138 
67 ± 8 
42 ± 7 

Bmax (fmollmg tissue) 
1.04 ± 0.20 
1.85 ± 0.13 
1.89 ± 0.09 
2.41 ± 0.10 
4.00 ± 0.31 
3.92 ± 0.31 
2.24 ± 0.10 

2.24 ± 0.10 

Kv(X 1O-9 M) 

13.3 ± 3.0 

10.5 ± 0.5 

21.0 
16.3 
22.5 
15.9 
13.2 
21.2 
19.5 

1.65 
1.73 

2.21 ± 0.39 

10.5 
5 ± 1.0 
2 ± 0.4 

0.24 ± 0.04 
0.31 ± 0.04 
0.26 ± 0.02 
0.32 ± 0.03 
0.30 ± 0.03 
0.36 ± 0.02 
0.32 ± 0.06 

IC,o (X 10-9 M) 
(±)-DHA 0.33 ± 0.03 
(-)Propranolol 0.38 ± 0.07 
( - )Isoproterenol 38 ± 4 
(- )Epinephrine 330 ± 30 
(- )Norepinephrine 350 ± 50 

Reference 

48 

53 

47 

56 

23 

"H-DHA (tritium-labeled dihydroalprenolol) was used in all experiments to identify ~-adrenergic receptors. 

ments with the mouse heart {45}. Specific 
binding of 3H-DHA was saturable, reversible, 
and displayed high affinity and steric specific
ity. The apparent KD for specific 3H-DHA 
binding was 0.32 oM in equilibrium experi
ments and 0.30 ± 0.05 nM in kinetic experi
ments done with homogenates from adult 
mouse hearts {45}. In the adult mouse heart, 

the IC50 for displacement of specifically bound 
3H-DHA displayed steric specificity and the 
expected difference between agonists and an
tagonists (table 16-2). Specific 3H-DHA bind
ing sites may be identified as J31-adrenergic re
ceptors because of the similar IC50s for 
epinephrine and norepinephrine, which are 
about ninefold greater than that for ISO. It is 
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noteworthy that 10- 4 MACh had no effect on 
specific 3H-DHA binding. The Hill coefficient 
for 3H-DHA binding was 1.0, a result consis
tent with the presence of a single class binding 
sites. The observation that the Hill coefficients 
for other agonists and antagonists was 0.7 is 
puzzling because the Hill coefficient is usually 
1. 0 for antagonists and about O. 5 for agonists 
[46}. Similar results for saturability and for re
versibility of 3H-DHA binding and displace
ment of 3H-DHA by agonists and antagonists 
have been reported for a 30,000 g particulate 
preparation from the neonatal rat heart [4 7} 
and for a 50,000 g particulate preparation from 
the embryonic chick heart [48}. Specific bind
ing of 3H-DHA, ranged from 50% [45} to 
80% [47, 48}, Experiments with rat heart 
membranes also examined the specific bind
ing of (± )-[1251} iodohydroxybenzylpindolol, 
[( ± )125I_HYP}, a l3-adrenergic antagonist that 
can be Jabeled to very high specific activity 
[49}. The results of these experiments con
firmed those obtained with 3H-DHA regarding 
the identification of l3-adrenergic receptors. Es
timates of Bmax with 3H-DHA were 64 and 36 
fmol/mg protein in fetal and adult hearts; cor
responding values of Bmax with 125I_HYP were 
42 and 16 fmol/mg protein, respectively [49}. 
However, the authors noted that the relative 
difference in number of l3-adrenergic binding 
sites between fetal and adult hearts was main
tained with each of the radioactive ligands. It 
is noteworthy that 131-adrenergic receptors and 
I3radrenergic receptors accounted for 75% and 
25%, respectively, of the total population of 
specific binding sites [49} and 10 - 5 M phen
tolamine did not alter binding of 3 H-DHA 
[47}. The presence of 10 - 4 M Gpp(NH)p did 
not alter the maximum number of specific 3H_ 
DHA binding sites in embryonic chick hearts 
isolated on the fifth and 13th incubation days 
[48}. It is not known whether the displace
ment-concentration curves for antagonist are 
unchanged in the presence of Gpp(NH)p, but 
the presence of GTP reduced the apparent af
finity of agonists for 125I_HYP binding sites 
and increased the Hill coefficient to 1.0 in fetal 
rat hearts [49}. This result is similar to that 
described in adult hearts [2} and it seems ap-

propriate to conclude that the radioactive li
gand binding studies in embryonic and fetal 
avian and mammalian hearts describe the prop
erties of l3-adrenergic receptors. 

Modulation of specific 3H-DHA binding 
sites during ontogenesis is expressed in strik
ingly different patterns in the systematic stud
ies of the l3-adrenergic receptor. In the mouse, 
there is no significant change in the Ko for 3H_ 
DHA binding between fetal and adult hearts 
[45}. The maximum number of binding sites 
increased significantly during late fetal stages, 
attained adult levels (100%) one day after 
birth, and then rose sharply to 178% in three
to 14-day neonates before declining in the 
adult (2.24 ± 0.1 fmol/mg tissue) [23}. This 
pattern was replicated in a second series of ex
periments [50}. It was concluded that the 
number of l3-adrenergic receptor sites decreased 
after weaning in the mouse because of the de
velopment of sympathetic adrenergic innerva
tion that was associated with increased norepi
nephrine content of the heart [23}. These 
results would be consistent with the occurrence 
of down-regulation of l3-adrenergic receptors 
caused by increased transmitter availability [2, 
46}. 

A similar conclusion has been drawn from 
measurements of the changes in l3-adrenergic 
receptor in the embryonic chick heart from in
cubation days 5 to 17 [48}, The authors spec
ulate that the marked decrease in specific 3H_ 
DHA binding sites may be determined by the 
presence of noradrenergic neurons that are es
tablishing neuroeffector relationships in the 
heart at this time. This proposal is supported 
by the finding that cardiac content of norepi
nephrine (NE) increased markedly between in
cubation days 7 and 10 [51}. Experiments in 
our laboratory indicated that cocaine-sensitive 
uptake of NE is first detected at incubation day 
12 when the few adrenergic axons present are 
first able to release NE by a calcium-dependent 
process initiated by K + -induced depolarization 
[52}. Therefore, it is possible that development 
of secretory mechanisms by adrenergic neurons 
is sufficiently well developed by incubation day 
13 to induce down-regulation of a l3-adrenergic 
receptors. However, secretion of NE by electri-
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cal stimuli and K + increases dramatically (20-
fold) between incubation days 12 and 16 {52}. 
During this interval, there is no change in the 
number of ~-adrenergic receptors in the chick 
heart (see table 16-2). In embryonic chick red 
cells, the number of specific 3H-DHA binding 
sites was rather constant between incubation 
days 8 and 17, decreased markedly on incuba
tion day 18, and remained low in hatched 
chicks and adult chickens (table 16-2) {53}. 
Perhaps the diminution of ~-adrenergic recep
tor density in erythrocytes is the result of 
down-regulation due to increased levels and se
cretion of catecholamines in neurons which de
velop at this time (see above). The decrease of 
~-adrenergic receptors reported by Alexander 
et al. {48} was larger between incubation days 
7 and 9 than between days 9 and 13. There is 
little evidence to support the suggestion that 
structures having the properties of sympathetic 
adrenergic axons are present by incubation day 
9 {52}. Finally, Ignarro and Shideman {51} re
ported that cardiac NE content increased twice 
during embryogenesis in the chick, once be
tween incubations day 7 and 10 and later be
tween incubation days 14 and 18. The peak 
NE content was essentially the same on incu
bation days 10 and 18, and it is noteworthy 
that the second increase in NE content ob
served coincided with the development of ad
renergic neuroeffector transmission in the ven
tricle {54}. Before it can be accepted that the 
results obtained by Alexander et al. {48} are 
due to a sympathetic adrenergic innervation
dependent down-regulation of ~-adrenergic re
ceptors, it is essential to ascertain that the 
number of f3-adrenergic receptors remains low 
at times after adrenergic neuroeffector relation
ships have been established and that f3-adren
ergic receptor density increases following sym
pathetic adrenergic denervation. 

Ontogenetic regulation of the f3-adrenergic 
receptor has also been examined in the rat 
heart. The maximum binding of 3H-DHA per 
milligram of protein decreased from 58.3 ± 
6.3 fmol in fetal heart to 36.8 ± 4.1 fmol in 
adult rat heart {49}' This observation was con
firmed in a study that examined the role of thy
roid hormone in regulation of ~-adrenergic re
ceptors {47} and this result extends that 

originally described by others {55}. Bhalla et 
al. {56} reported that the number of ~-adren
ergic receptors per milligram of protein de
creased with age in rats from three to 12 weeks 
after birth (table 16-2). The decline in Bmax is 
greater than in the study by others {47} al
though the results are qualitatively similar. 
Unlike Whitsett et al. {47}, Bhalla and coin
vestigators observed an increased affinity of the 
f3-adrenergic receptor for 3H-DHA during the 
experimental period. An explanation for this 
discrepancy is lacking. Although the number 
of specific 3H-DHA binding sites per heart in
creased as heart weight increased {49, 55}, pro
tein content and the activity of Na,K-ATPase, 
5' -nucleotidase, and adenylate cyclase increased 
more rapidly than did ventricular weight {49}. 
These results, together with stereologic esti
mates of cell surface-volume ratio, indicated 
that the number of ~-adrenergic receptors per 
area of sarcolemmal membrane remained con
stant and that sarcolemmal surface area de
creased during development in the rat heart 
{49, 55}. It was speculated that male and fe
male sex hormones did not exert a detectable 
regulation of f3-adrenergic receptors {55}, but 
thyroid hormone deficiency and excess were as
sociated with a decrease and increase, respec
tively, in the Bmax for specific 3H-DHA bind
ing in young rat hearts {47, 57-59}. It was 
concluded that thyroid hormone or factors de
pendent on it could regulate the ~-adrenergic 
receptor as well as hypertrophic growth of the 
postnatal rat heart. 

EFFECTS ON ELECTRO PHYSIOLOGIC AND 
CONTRACTILE ACTIVITY 

Isoproterenol (ISO), epinephrine (EPI), and 
norepinephrine (NE) stimulate the rate and 
force of myocardial contractions by interaction 
with f3-adrenergic receptors in embryonic avian 
and mammalian hearts (reviewed by Pappano 
{3, 4}, Roeske and Wildenthal {23}, and Sper
elakis {60}). The role of adenylate cyclase stim
ulation and cAMP accumulation in the positive 
chronotropic and positive inotropic effects of 
catecholamines is discussed below. 

Activation of ~-adrenergic receptors in
creases the amplitude, duration, and rate of rise 
CV max) of Ca2 + -dependent action potentials in 
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the embryonic chick heart (24, 61}; this effect 
is a reflection of an increased membrane con
ductance to ci + in slow, inward current chan
nels (gsJ. When (V max) - 1 is plotted against 
[Ca2 +}~ 1, there is a rectilinear relation ob
served (33} that is consistent with the surface
densi ty hypothesis for Ca2 + entry first de
scribed in barnacle muscle fibers (62}. Isopro
terenol increases the limiting value of V max 

without changing the apparent dissociation 
constant for Ca2 + with the membrane sites as
sociated with Ca2 + current regulation (26}. 
This result indicates that the catecholamine-in
duced increase of gsi, as in adult ventricular 
muscle, is referable to an increase in the num
ber of gsi channels activated by a given voltage 
without a change in the selectivity of gsi chan
nels for Ca2+ (reviewed by Reuter (25)). Mea
surements of isi in voltage-clamp experiments 
with embryonic chick ventricle reaggregates in 
the presence of ISO are in accordance with this 
hypothesis Dl}. No change in outward K + 

current (iJ occurred in embryonic ventricular 
cells treated with ISO Dl}. This result con
trasts with those obtained in atrial (63} and 
Purkinje fibers (64, 65} where activation of 13-
adrenergic receptors increases ix . 

The relationship between ontogenetic 
changes in the number of l3-adrenergic recep
tors and pharmacologic effect has been exam
ined in several species. In the fetal mouse 
heart, the increase of l3-adrenergic receptors in 
fetal life (table 16-2) was associated with an 
increased sensitivity of the sinoatrial pacemaker 
to ISO (45}. These investigators also reported 
that ISO had no positive chronotropic effect in 
13-day fetal mouse hearts when specific 3H_ 
DHA binding amounted to 14% of adult val
ues. At variance with these results is the obser
vation that ISO increased beating rate in mouse 
heart cells isolated from embryos on ninth day 
in utero and maintained in cell culture for two 
days (27}. Although estimates of l3-adrenergic 
receptor number were not obtained because of 
the large fraction of nonspecific binding of 3H_ 
DHA, the presence of specific 3H-DHA bind
ing sites was reported in these heart cells by 
autoradiography. An increase in sensitivity to 
l3-adrenergic agonist occurred during cardiac 
development, but could not be compared to 

the density of l3-adrenergic receptor sites (27}. 
The rapid increase in l3-adrenergic receptor 
number and sensitivity to ISO that occurred in 
late fetal life was not associated with alterations 
of the Ko for antagonist (45}. (The relationship 
between the postnatal increase of l3-receptor 
number (table 16-2} and sensitivity of the 
mouse heart to l3-adrenergic agonists has not 
been examined.) It would be of interest to 
know whether changes in affinity for l3-adren
ergic agonist can also be excluded as an expla
nation for the increased sensitivity to ISO. 
Finally, these studies have not excluded the 
possibility that changes in coupling mecha
nisms, which can have a significant effect on 13-
adrenergic sensitivity in the chick heart (see the 
following section), occur during development 
in the mouse heart (45}. 

In the embryonic chick heart, sensitivity of 
the sinoatrial pacemaker (22} and of ventricular 
muscle {54} to the positive chronotropic and 
positive inotropic effects of catecholamines de
creased during the last five days in ovo and 
then increased after hatching. This subsensitiv
ity to l3-adrenergic agonists, which seems tem
porally but not casually related to the onset of 
adrenergic neuroeffector transmission, may be 
explained by a modification of the l3-adrenergic 
receptor, the catalytic unit of adeny late cyclase, 
or the GTP-dependent regulatory protein that 
couples receptor to catalytic unit (see the fol
lowing section). A reduction in the number of 
l3-adrenergic receptors may be insufficient to 
explain this form of l3-adrenergic subsensitiv
ity. According to Alexander et al. {48}, the 
density of l3-adrenergic receptors is unchanged 
between incubation days 13 and 17 when sen
sitivity to ISO is high (day 13) and low (day 
17) {54}. A further reduction of the number of 
l3-adrenergic receptors would be expected at 
one week after hatching when adrenergic trans
mitter release and transmission are well estab
lished (52, 54} and one would expect greater 
manifestation of down-regulation. This prob
lem can be resolved when measurements of spe
cific 3H-DHA binding are done in hatched 
chicks. 

Experiments in the chick heart indicate that 
sensitivity of l3-adrenergic receptors to agonists 
undergoes similar changes at the same time 
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during development of atria and ventricles (re
viewed by Pappano and Higgins {5} and Hig
gins [6}). In the rat heart, the sensitivity of the 
sinoatrial pacemaker to NE did not change be
tween birth and 6-8 weeks later while the sen
sitivity of the left atrium {66} and of papillary 
muscle [67} decreased. The sensitivity to ISO 
did not change in any of these preparations 
over the same experimental period. (These re
sults conflict with those reported by others who 
found that the sensitivity of rat heart sinoatrial 
pacemaker to ISO, determined in vivo, de
creased significantly 4-11 days after birth and 
then increased by the 16th day to a level that 
was not different from that in the adult rat 
{68}. An additional discrepancy is found in the 
experiments of Nukari-Siltovuori {29}, who 
observed a decreased maximum effect of ISO in 
the isolated rat sinoatrial node with no change 
in sensitivity [EDso was constant}.) Because 
ISO is not taken up by adrenergic nerves and 
adrenergic transmission was established in the 
sinoatrial node at birth in contrast to its later 
development in left atrium and papillary mus
cle, it was concluded that the diminished sen
sitivity to NE in the latter two preparations 
was caused by a neuronally dependent uptake 
of NE that effectively reduced its concentration 
at postsynaptic [3-adrenergic receptors {66, 
67}. This hypothesis was supported by the re
sults of Ishii et al. {69}, who showed that 
chemical sympathetic denervation (6-hydroxy
dopamine) and immunologic sympathetic de
nervation (anti-nerve-growth factor) in neonatal 
rat atria increased sensitivity to NE. The obser
vation that sensitivity of postsynaptic [3-adren
ergic receptors to ISO did not change from 
birth to eight weeks [67} appears at odds with 
the observation that the number of these recep
tors per cell is reported to increase {49J. Ishii 
et al. [69} did not confirm the results of Mack
enzie and Standen {67} in ventricular muscle 
insofar as there was no developmental change 
in sensitivity to NE during the time when both 
laboratories agree that adrenergic innervation of 
this tissue is established. It may be speculated 
that a post junctional increase in sensitivity to 
[3-adrenergic agonists is masked by neuronal 
transport which takes up NE but not ISO. Ad
renergic denervation also increased papillary 

muscle sensitivity to ISO and therefore there is 
a post junctional contribution to [3-adrenergic 
supersensitivity in this condition {69}. The hy
pothesis of Ishii et al. {69} for a post junctional 
component of supersensitivity is in accordance 
with the finding that the maximal catalyt
ic activity of adenylate cyclase (epinephrine 
plus guanylylimidodiphosphate) was greater in 
adults as compared to neonates {49}. 

THE ROLE OF CYCLIC NUCLEOTIDES IN THE 
ACTION OF ~-ADRENERGIC AGONISTS 

The cAMP hypothesis for [3-adrenergic agonist 
action on embryonic heart cells has been re
viewed {4, 23, 60}. Additional support for this 
hypothesis is the finding of a close correlation 
between the increase of V max (which is propor
tional to i'i) and the increase of cAMP in em
bryonic chick ventriculr cells exposed to several 
[3-adrenergic agonists PO}. These results are 
consistent with the hypothesis that the amount 
of Ca2 + entry through i'i channels is controlled 
by the intracellular level of cAMP. Additional 
support for the hypothesis is that propranolol 
antagonized the effects of catecholamines on 

. 2+ 
cAMP accumulation and on V max of the Ca -
dependent action potential while verapamil, a 
Ca2+ channel blocking agent, prevented only 
the stimulatory action of catecholamines on the 
Ca 2 + -dependent action potential {7 OJ. 

The relationship between [3-adrenergic re
ceptors and adenylate cyclase activity has been 
examined in several ways with embryonic 
hearts. The number of [3-adrenergic receptor 
sites decreased between incubation days and 7 
and 13 in the embryonic chick heart (table 16-
2) {48}. During this period, there was no 
change either in basal adenylate cyclase ac
tivity (pmol cAMPIlO min-mg protein) or 
in the stimulation of enzyme activity by ISO, 
Gpp(NH)p, and a combination of ISO plus 
Gpp(NH)p. It was concluded that the [3-adren
ergic receptor and adenylate cyclase were not 
coordinately regulated during this stage of 
chick heart development {48}. The possibility 
that [3-adrenergic receptor density is regulated 
by sympathetic adrenergic innervation has been 
mentioned previously in this chapter. Because 
the ontogenetic decrease in number of [3-adren
ergic receptors was not associated with a de-
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crease in ISO-induced stimulation of adenylate 
cyclase, the diminished accumulation of cAMP 
caused by ISO in intact cells {71, 72} may not 
be related to a reduction in adenylate cyclase 
responsiveness to l3-adrenergic agonist {48}. 

Experiments with neonatal rat hearts illus
trate the importance of changes in the number 
of l3-adrenergic receptors in determining the 
pharmacologic response to agonist. Treatment 
of neonatal rats with triiodothyronine (T 3) ac
celerated the development of adrenergic trans
mission to the heart [57}. Triiodothyronine 
also permitted enhanced sensitivity to the pos
itive chronotropic effect of ISO at four days af
ter birth. This result confirmed the finding, 
obtained with neonatal rat heart cells in cul
ture, of a significant post junctional effect of T3 
to increase the number of l3-adrenergic recep
tors and the sensitivity to the stimulatory effect 
of EPI on adenylate cyclase {59}. Sensitivity to 
ISO in T rtreated animals eventually became 
less than that in untreated animals by 11 days 
after birth [57}. The periods of enhanced sen
sitivity (4-8 days) and subsensitivity (14-18 
days) to the positive chronotropic effect of ISO 
in T rtreated animals were directly associated 
with increased and decreased Bmax of 3H-DHA 
binding sites when compared to control ani
mals {57}. No appreciable difference of the Ko 
for 3H -DHA (7-11 nM) was detected between 
control and T rtreated animals. In rats ren
dered hypothyroid by treatment with propyl
thiouracil, both the Bmax for 3H-DHA binding 
and the sensitivity of the sinoatrial node to ISO 
decreased [58}. Whereas there is qualitative 
agreement between this report and the work of 
others {47} regarding the Bmax for 3H-DHA 
binding in control and hypothyroid rat hearts, 
Lau and Slotkin [58} observed a significant in
crease of Ko for 3H-DHA in three-day and 15-
day animals treated with propylthiouracil. The 
significance of this finding is not known. 

The effect of l3-adrenergic agonist on aden
ylate cyclase activity can be regulated in a man
ner that is independent of the number of 13-
adrenergic receptors. Incubation of ten-day em
bryonic chick ventricles in the presence of 10 - 6 

M ISO for 30 min decreased the stimulation of 
adenylate cyclase activity caused by a subse
quent addition of the same concentration of 

ISO to 35 ± 8% of the initial response {73}. 
The effect of ISO on contractility was also di
minished by this procedure. This desensitiza
tion, which seemed specific for the l3-adrener
gic agonist, was not associated with a change 
in the number of specific 3H-DHA binding 
sites, a small (5.2 ± 0.3 nM vs 7.0 ± 0.3 
nM) but significant change in receptor affinity 
for 3H-DHA and no apparent change in recep
tor affinity or ISO {73}. The desensitized state 
could be overcome by the addition of 
Gpp(NH)p to the isolated membrane fraction. 
Therefore, the desensitization of the l3-adren
ergic-receptor-adenylate-cyclase system was at
tributed to an uncoupling of these components 
that is prevented by an action of guanine nu
cleotide on the regulatory protein that links re
ceptor with the catalytic unit. 

Experiments done with IOY2-day embryonic 
chick ventricular cells in culture indicated that 
desensitization of the l3-adrenergic-receptor
adenylate-cyclase system may involve a reduc
tion in receptor-cyclase coupling and a decrease 
in the number of receptors {74}. A 1-h expo
sure to ISO, even at a nonstimulatory concen
tration of 10- 7 M, diminished the stimulation 
of adenylate cyclase activity in a broken cell 
preparation and the accumulation of cAMP in 
intact cells caused by 5 X 10- 5 M ISO. The 
number of l3-adrenergic receptors (125I_HYP 
specific binding sites) was unchanged after a 
1-h exposure to ISO, a result similar to that 
reported by Marsh et al. {7 3}' This manifesta
tion of short-term desensitization was attrib
uted by Bobik et al. {74} to an uncoupling of 
l3-adrenergic receptor from the catalytic unit of 
adenylate cyclase as in the experiments of 
Marsh et al. {73}. The short-term desensitiza
tion to ISO was not accompanied by a change 
in cAMP phosphodiesterase activity {74}. 
However, Gpp(NH)p did not prevent the 
short-term desensitization caused by ISO {74} 
in contrast to the results of others {7 3}. Desen
sitization caused by long-term (16-h) exposure 
to ISO, was accompanied by a reduction of the 
number of specific 125I_HYP binding sites, and 
it was concluded that down-regulation of l3-ad
renergic receptors contributed to this form of 
desensitization {7 4}. Recovery of cells from de
sensitization was about 50% and 100% com-
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plete at 6 hand 24 h, respectively, after re
moval of ISO. This result is consistent with the 
possibility, as yet untested, that protein syn
thesis is required to regenerate l3-adrenergic re
ceptors and thereby restore l3-adrenergic re
sponsiveness [7 4}. 

Another form of diminished sensitivity to 13-
adrenergic agonists has been described in the 
chick ventricle. A transient subsensitivity to 
the positive inotropic effect of ISO occurred be
tween (hatching) incubation days 16 and 21 
[54J. This subsensitivity was associated with an 
increase of the EDso for the positive inotropic 
effect of ISO without a change in the maxi
mum effect [36J. Therefore, this form of 13-
adrenergic subsensitivity is unlike the short
term desensitization reported by others in 
which the EDso for the positive inotropic effect 
of ISO was not changed while the maximum 
positive inotropic effect was significantly re
duced [73} . Additional evidence that the sub
sensitivity to ISO observed late in embryonic 
life in our laboratory may not be the short-term 
desensitization is provided by measurements of 
adenylate cyclase activity in particulate prepa
rations from chick ventricles (figure 16-1). 
Basal activity of adenylate cyclase increased 
with age and ISO had little stimulatory effect 
on enzyme activity, presumably because of the 
lack of GTP that occurred during washing 
of the 12,000 g pellet. In the presence of 
Gpp(NH)p, adenylate cyclase activity attained 
similar levels in all three age groups examined. 
However, the stimulatory effect of ISO in the 
presence of Gpp(NH)p was greater in ten- to 
II-day embryonic and five-to eight-day chick 
ventricles than in those from the 17- to 18-day 
embryos. Therefore, the subsensitivity to ISO 
observed in intact embryonic ventricular mus
cle at 17-18 days is also displayed with an as
say of adenyl ate cyclase activity. The inability 
of Gpp(NH)p to restore stimulation of adenyl
ate cyclase by ISO in the 17- to 18-day group 
to values as great as in the other preparations 
indicates that the subsensitivity is not a mani
festation of short-term desensitization described 
by Marsh et al. [73}. An understanding of the 
mechanism for subsensitivity to ISO that oc
curs late in embryonic life may provide addi
tional clues for the ontogenetic regulation of 
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FIGURE 16-1. Adenylate cyclase activity was determined 
in 12,000 g particulate preparations obtained from chick 
ventricles on the 10th-llth embryonic days (N = 8), the 
17th- 18th embryonic days (N = 8), and the 5th-8th 
days after hatching (N = 6). Additional details of the 
assay procedure are given in Pappano et al. (37) . Ordi
nate: adenylate cyclase activity (10 - 12 mollfLg DNA . 
min); abscissa: age of chicks. Enzyme activity is shown in 
basal conditions (0) and in the presence of lO-7 M ISO 
(e), lO - 5 M Gpp(NH)p (0), and lO -7 M ISO plus 
lO -,-5 M Gpp(NH)p (.) . 

adenylate cyclase activity that can modify the 
sensitivity to l3-adrenergic agonists. 

Intracellular regulation of the response to 13-
adrenergic agonists includes the operation of 
cAMP-dependent processes, a feature also dis
played for cardiac cell responses to muscarinic 
agonists. There are several examples for the role 
of cAMP-dependent protein kinases in the reg
ulation of l3-adrenergic reactivity of embryonic 
and neonatal hearts. 

The cAMP content of the embryonic chick 
heart decreases during ontogenesis (reviewed by 
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Sperelakis {60}). Measurements of cAMP-de
pendent protein kinase activity in the chick re
vealed the presence of a single isozyme (type I) 
isolated by DEAE-cellulose chromatography 
{75}. Basal cAMP-dependent protein kinase ac
tivity ratio decreased from 0.56 ± 0.05 to 
0.25 ± 0.004 in parallel with a decrease of 
cAMP content (pmoUmg protein) from 39.0 
± 2.5 to 9. 1 ± 0.6 in seven-day embryos and 
hatched chicks, respectively. The increase of 
cAMP content produced by 10 - 5 M ISO also 
diminished with age (see also Renaud et al. 
{72}); however, this effect could not be ex
plained by an appropriate reduction of the 
stimulant action of ISO on adenylate cyclase ac
tivity. Therefore, a diminished inotropic re
sponse to ~-adrenergic agonist during ontogen
esis of the chick may arise not only from alter
ations in the number of ~-adrenergic receptors 
and coupling to the catalytic unit of adenylate 
cyclase, but also from a reduction in an intra
cellular effector, cAMP-dependent protein ki
nase {7 5 }. Whereas there was no difference in 
the basal cAMP phosphodiesterase activity of 
the seven- to nine-day embryonic and hatched 
chick hearts, addition of the phosphodiesterase 
inhibitor, RO-20-1724, permitted the re
sponse of the hatched chick heart (cAMP accu
mulation) to ISO to reach levels comparable to 
those observed in similarly treated embryonic 
hearts (75). Therefore, an important role of 
cAMP-dependent phosphodiesterase actIvity 
was proposed to account for the diminished re
sponse to ~-adrenergic agonist in the hatched 
chick ventricle. 

The murine heart displays type-I and type-II 
cAMP-dependent protein kinases as determined 
in the same manner as in the chick heart by 
DEAE-cellulose chromatography {76). Total 
cAMP-dependent protein kinase activity (nmol 
32P/min'mg protein) was 1.95 ± 0.01 in 15-
to 16-day embryonic mouse hearts, rose pro
gressively to 7.0 ± 0.89 in hearts isolated 
seven days after birth, and then declined to 2.5 
± 0.14 in adult mouse hearts. The ratio (type 
Iltype II) increases from 1.10 ± 0.19 (15- to 
16-day embryos) to 3.00 ± 0.16 (seven-day 
neonates) and then decreases to 0.94 ± 0.12 
(adult mouse). Changes in the ratio of type-I to 
type-II cAMP-dependent protein kinase are 

largely due to changes in activity of the type-I 
isozyme {76}. Participation of the isozymes in 
the response to ~-adrenergic agonists has not 
been reported although it has been suggested 
that the isozymes have different functions in 
the regulation of growth and differentiation. In 
this regard, Claycomb (77) proposed that the 
progressive decline in DNA synthesis and cel
lular differentiation in the neonatal rat heart 
was related to the development of adrenergic 
innervation and the eventual regulation of car
diac cAMP by the transmitter, NE. However, 
it is not known whether type-I and/or type-II 
cAMP-dependent protein kinases participate in 
the regulation of DNA synthesis and cell dif
ferentiation. 

The cAMP content of rat hearts decreased 
from 0.82 ± 0.08 pmollmg wet weight in 
two-day-old animals to 0.51 ± 0.07 in 20-day 
animals {78}. The two-day-old heart was more 
sensitive than the 20-day-old preparation to 
EPI, which increased cAMP content by 100% 
and 40%, respectively, in the two age groups. 
However, EPI had no positive inotropic effects 
in ventricles from two-day-old rats whereas a 
linear relationship between the increase in 
cAMP content and an increase of the force of 
contraction occurred in ventricles from 20-day 
animals. The results in two-day neonatal hearts 
could be explained by a lack of cAMP receptors 
(? protein kinases) although compartmentaliza
tion of ~-adrenergic receptors and/or cAMP 
could not be excluded {78}. The ~-adrenergic 
receptor, the GTP-dependent regulatory pro
tein, and the catalytic unit of adenylate cyclase 
are present before birth in homogenates pre
pared from whole rat hearts {79}. Because basal 
adenylate cyclase activity increased continu
ously from the 16th day in utero to adult {79}, 
the decline of basal cAMP content reported by 
other (78) could be related to increased hydrol
ysis by phosphodiesterase. The stimulant effect 
of EPI increased at birth, declined during the 
first week after birth, and then increased there
after. However, the response of adult hearts to 
EPI plus Gpp(NH)p was not as great as that 
observed just before birth (79). This observa
tion is not inconsistent with the mechanism 
proposed by others {78} for the delayed appear
ance of the positive inotropic effect of EPI, but 
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the ontogenetic pattern of adenylate cyclase 
stimulation by EPI + Gpp(NH)p reported by 
Clark et al. [79} differs qualitatively from that 
found by others [49l Therefore, it is difficult 
to resolve the relative importance of changes in 
adenylate cyclase activation from changes in 
cAMP-dependent processes in the development 
of the positive inotropic effect of EPI in the rat 
heart. 

The regulation of l3-adrenergic reactivity by 
processes dependent upon cAMP is provided by 
experiments in the neonatal dog heart [80}. 
The maximum positive inotropic effect of ISO 
was significantly less in newborn than in adult 
dogs. The EDso for the positive inotropic effect 
was lower in newborn dogs, however, and this 
was paralleled by a lower EDso for activation of 
adenylate cyclase in the newborn (0.02 f.LM), 
which was significantly less than in the adult 
(0.15 f.LM). Moreover, the density of l3-adren
ergic receptors decreased from 147 ± fmollmg 
protein in the newborn to 60 ± 19 in the 
adult. No difference in the Ko of 3H-DHA was 
detected as a function of age nor did the ICso 
for displacement of 3H-DHA from specific 
binding sites change [80}. Because 50% of 
maximum activation of adenylate cyclase by 
ISO occurred at concentrations corresponding 
to much less than 50% occupancy of l3-adren
ergic receptors in newborn animals, it was con
cluded that receptor-cyclase coupling was more 
efficient in hearts from these animals. The 
mechanism that impeded the l3-adrenergic re
sponse in hearts from newborn dogs is not 
known. In view of the close coupling between 
l3-adrenergic receptors and the catalytic unit of 
adenylate cyclase, it was suggested that activa
tion of cAMP-dependent protein kinases, phos
phorylation of specific cyroplasmic proteins, or 
the reactivity of contractile proteins themselves 
should be explored as mechanisms for the sub
sensitive response of the neonatal dog heart to 
l3-acl renergic agonists [80l 

A role for l3-adrenergic receptor-mediated 
increases of cAMP in regulating growth and 
differentiation in the neonatal rat heart has 
been suggested [77}. Evidence has also been 
presented for the l3-adrenergic receptor in the 
pathogenesis of cardiovascular disorders in the 
embryonic chick [8 I} . The incidence of aortic 
arch defects and cardiac defects (ventricular 

septal defect, dual-outlet right ventricle) in
creased in the presence of catecholamines whose 
deleterious effects were prevented by adminis
tration of propranolol [81}. Support for the role 
of l3-adrenergic receptors in mediating patho
logic changes in the heart and vasculature of 
chick embryos was provided by Osbidal et al. 
[82}, who noted that the pathologic lesions 
produced by ISO occurred at critical times dur
ing development. Subsequently, ] anatova et al. 
[83} confirmed the results that revealed a 
marked increase of cardiac cAMP content 
caused by intra-amnial administration of ISO 
[84}. The basal level of cAMP and the increase 
in cAMP content caused by ISO were signifi
cantly greater in seven-day than in 15-day em
bryonic chick hearts [84}. The cardiotoxicity of 
ISO may be related to an increased cAMP con 
tent and it has been noted that the intra-amnial 
administration of dibutyryl cAMP also caused 
pathologic changes in the structure of the em
bryonic chick heart [83}. However, the inci
dence of mortality due to derangements of car
diovascular development was not related to the 
dose of dibutyryl cAMP and was lower than 
that observed with ISO. Therefore, the role of 
cAMP in the pathologic effects of l3-adrenergic 
agonists on embryonic heart muscle is less well 
defined than for its participation in the phar
macologic effects. 

a-Adrenergic Receptor 

RECEPTOR BINDING STUDIES 

The biochemical properties of the a-adrenergic 
receptor have been studied in the mouse (re
viewed by Roeske and Wilden thaI [23}). A 
specific a I-adrenergic antagonist, 3H -WB410 1 
(2-N -[2, 6-dimethoxyphenoxyethyl}aminometh
yl-l,4-benzodioxane), has been used to identify 
ai-adrenergic receptor sites; more than 50% of 
the binding of 3H_ WB410 1 was specific at a 
concentration of 4 X 10 - 10 M. The density 
(Bmax> fmollmg tissue) increased from the 13th 
embryonic day, reached a peak at two weeks 
after birth (2 fmollmg tissue), and then de
clined to a level characteristic of the adult (~1 
fmollmg tissue) [85}. Determination of myo
cardial NE content, taken as an index of sym
pathetic adrenergic innervation of the mouse 
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heart, indicated that NE levels increased pro
gressively beginning at seven days after birth 
to reach adult levels (~0.6 f.Lg/g wet weight) 
at 21 days after birth. The decrease in specific 
binding of 3H-WB4101, which began between 
the 14th and 21st days after birth, was attrib
uted to a down-regulation of exl-adrenergic re
ceptors by the sympathetic adrenergic trans
mitter, NE (see Roeske and Wildenthal (23}). 
It was concluded that the ex-adrenergic receptor 
matured earlier than the l3-adrenergic receptor 
in the mouse heart; however, both receptors 
were reported to decline in density at the time 
of sympathetic adrenergic innervation. Treat
ment with 6-hydroxydropamine, which de
stroys adrenergic nerve terminals, was associ
ated with an increased density of ex- and 13-
adrenergic receptors (reviewed by Roeske and 
Wildenthal (23}). The concentration of EPI 
needed to displace 3H -WB410 1 from specific 
binding sites was increased by Gpp(NH)p 
whereas the guanine nucleotide did not modify 
the affinity of antagonist for these sites (86}. It 
is noteworthy that the muscarinic agonist, car
bachol, increased exl-adrenergic receptor affin
ity for EPI but not for WB410 1 in the pres
ence of Gpp(NH)p (86}; this is similar to that 
described for the interaction between l3-adren
ergic and muscarinic cholinergic receptors in 
the adult heart (35}. 

RECEPTOR ACTIVATION 

The pharmacologic properties of ex-adrenergic 
receptor activation in the adult heart have been 
critically reviewed (87}. There are only a few 
reports on the pharmacologic effects of ex-ad
renergic agonists in embryonic and neonatal 
hearts. In embryonic mouse heart cells main
tained in culture, EPI and NE increased beat
ing rate by an action on ex- and l3-adrenergic 
receptors because their positive chronotropic ef
fects were completely prevented by a combina
tion of propranolol and phentolamine, but not 
by either agent alone (27}. Experiments with 
ISO and with phenylephrine, which presum
ably act selectively on 13- and ex-adrenergic re
ceptors, respectively, indicated that both ad
renergic receptor types were present on cardiac 
muscle cells. 

Although less potent than NE, phenyleph
rine has a positive inotropic effect in adult: 

chicken hearts (88}. However, it is not known 
whether phenylephrine acts exclusively on ex
adrenergic receptors in the adult avian heart or 
when such receptors appear postjunctionally 
and begin to regulate muscle cell function. 
Prejunctional ex-adrenergic receptors, which in
hibit the release of NE from adrenergic nerves 
in the chick ventricle, have been demonstrated 
at three days after hatching (89}. 

The operation of ex-adrenergic receptors has 
been demonstrated in cardiac Purkinje fibers 
obtained from neonatal dogs (90}. At low con
centrations (10 - 9_10 -7 M), phenylephrine de
creased the rate of spontaneous impulse gener
ation; this effect was prevented by the ex
adrenergic antagonist, phentolamine. At high 
concentrations (~1O - 5 M), phenylephrine in
creased the rate of spontaneous impulse gener
ation by an action on propranolol-sensitive 13-
adrenergic receptors (90}. There was no differ
ence in the concentration-effect relationships 
for these actions of phenylephrine in neonatal 
(0-7 days after birth) and adult dogs. It is 
noteworthy that ISO, which is usually regarded 
as a selective agonist of l3-adrenergic receptors, 
decreased the rate of spontaneous impulse gen
eration at low concentrations (~1O - 10 M) in 
neonatal and adult dogs and this effect was pre
vented by phentolamine. This result is puz
zling in view of the suggestion that 13- but not 
ex-adrenergic receptors mediate changes in au
tomaticity of adult cardiac Purkinje fibers at 
negative (- 60 to - 100 m V) potentials (91}. 
It is conceivable that the ex-adrenergic receptor 
could regulate automaticity by an action on 
membrane currents at plateau potentials (0 to 
- 50 m V), but this has not been reported. 

Role of Cyclic Nucleotides in ex-Adrenergic Stimu
lation. Experiments in hearts from adult ani
mals indicate that the stimulatory effects of ex
adrenergic agonists are not mediated by stim
ulation of adenylate cyclase or by the accumu
lation of cAMP (87}. There is no information 
from embryonic hearts concerning this possi
bility. 

Summary 
The physiochemical properties of muscarinic 
cholinergic and of ex- and l3-adrenergic recep-
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tors and the regulation of receptor properties 
during ontogenesis have been reviewed. In 
turn, the consequences of autonomic receptor 
activation on the electrical and mechanical 
properties of embryonic, fetal, and neonatal 
hearts have been evaluated in light of a cyclic 
nucleotide hypothesis. There is much evidence 
consistent with the cAMP hypothesis for mus
carinic inhibition and j3-adrenergic stimulation 
of the embryonic heart. By contrast, there is 
little support for a role of cGMP in muscarinic 
inhibition. The mechanism of action of a-ad
renergic agonists on embryonic heart muscle is 
less clear because of a paucity of experimental 
investigations of this important topic. A sys
tematic study of the actions of a-adrenergic ag
onists and antagonists will not only remove 
this deficit, but also provide additional clues 
for the regulation of cardiac function by the 
sympathetic adrenergic nervous system. 
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Introduction 
The autonomic nervous system is the major 
system extrinsic to the heart which regulates 
myocardial contractility. This system can be 
subdivided on the basis of anatomy, functional 
effects, and neurotransmitters released from 
postganglionic nerves into two major divisions: 
the sympathetic and parasympathetic nervous 
systems (fig. 17-1). In general, an increase in 
sympathetic nerve activity stimulates the heart 
(i.e., increases heart rate, conduction velocity 
through specialized conducting tissues, and 
myocardial contractility) whereas augmentation 
of parasympathetic activity inhibits the heart 
(i.e., reduces heart rate, conduction velocity 
through the atrioventricular node, and myocar
dial contractility). The heart is innervated by 
sympathetic nerves and the vagus, which is the 
parasympathetic innervation. The neurotrans
mitter released from preganglionic nerves in 
both the sympathetic and parasympathetic ner
vous systems is acetylcholine. Norepinephrine 
is the neurotransmitter that is released from 
postganglionic sympathetic nerves that inner
vates the heart. The transmitter released from 
postganglionic parasympathetic (vagal) nerve 
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endings is acetylcholine (fig. 17-1). Both nor
epinephrine and acetylcholine produce their ef
fects locally in the immediate area into which 
they are released, that is, they function as neu
rotransmitters. Epinephrine is a catecholamine 
which is released from the adrenal medulla and 
travels via the circulation to the heart and vas
culature and thus functions as a hormone. 

The sympathetic and parasympathetic ner
vous systems modify cardiac function by means 
of catecholamines and acetylcholine interacting 
with discrete proteins, referred to as receptors, 
which are located on the sarcolemma of cardiac 
cells (fig. 17-1). The receptors of the sympa
thetic nervous system have been broadly sub
divided into alpha and beta, and both of these 
major types have been further subdivided into 
subclasses which have been designated alphat 
and alpha2 and betat and beta2' Norepineph
rine stimulates alpha and beta! receptors and 
epinephrine stimulates alpha and both sub
classes of beta receptors. Acetylcholine released 
from parasympathetic nerve endings interacts 
with muscarinic receptors. 

In the intact animal or in conscious man, the 
cardiac effects of activation of the autonomic 
nervous system are very complex and depen
dent on multiple interrelating factors. Some of 
the most important of these factors are activa
tion of reflexes, adrenergic-cholinergic interac
tion, and vascular effects. The nature and mag
nitude of interaction of these factors depend on 
how the autonomic nervous system is activated. 
For example, if the sympathetic nervous system 
is activated physiologically, such as by exercise, 
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parasympathetic tone is likely to be reduced si
multaneously and activation of reflexes and ad
renergic-cholinergic interaction may not be 
pronounced. On the other hand, if the sympa
thetic system is activated by administration of 
a drug, interaction of these modulatory factors 
becomes very important in determining the ul
timate cardiovascular effect of the administered 
agent. If norepinephrine is infused into an in
tact animal or human being, it will activate 
beta. receptors in the heart and also alpha-ad
renergic receptors in the vasculature. The acti
vation of alpha-adrenergic receptors will cause 
arteriolar vasoconstriction with resultant in
creases in peripheral vascular resistance and 
blood pressure. The norepinephrine-induced 
hypertension will cause activation of the baro
receptor reflex with consequent increases in 
efferent vagal nerve activity. The resultant 
augmentation of acetylcholine stimulation of 
muscarinic receptors on myocardial cells pow
erfully modulates the effects of the circulating 
norepinephrine, such that heart rate actually 
decreases rather than increases in response to 
beta.-receptor stimulation and increases in 
myocardial contractility are blunted. The 
vasoconstriction produced by alpha-adrenergic 
stimulation also modulates cardiac function be
cause of the increased resistance to ventricular 
ejection (i.e., increased afterload). If the animal 
or subject is pretreated with atropine prior to 
the administration of norepinephrine, a pure 
sympathetic effect, free of cellular responses to 
activation of reflexes and adrenergic-choliner
gic interaction, will be seen. In this situation, 
heart rate will increase and myocardial contrac
tility will be augmented to a greater extent in 
response to the norepinephrine administration. 

Thus, activation of reflexes, hemodynamic 
effects, and adrenergic-cholinergic interaction 
are very important factors in determining the 
cardiac response to autonomic stimulation. The 
sympathetic and parasympathetic nervous sys
tems interact dynamically in a coordinated 
manner to regulate cardiac function. The high
est level of interaction occurs in vasomotor reg
ulatory centers in the brain where afferent sig
nals from the cardiovascular system are received 
and processed and efferent sympathetic and va
gal nerve activities are regulated. In addition 
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FIGURE 17-1. Schematic representation of relationship 
between sympathetic and vagal nerve terminals and the 
receptors with which their respective neurotransmitters 
interact. Acetylcholine (ACh) stimulates nicotinic (N) re
ceptors in ganglia of both systems and muscarinic (M) 
receptors . Norepinephrine, released from sympathetic ter
minals and epinephrine (E), stimulate alpha t (u t ), alpha2 

(U2), and beta (13) receptors. Symp, sympathetic. 

to this eNS level of integration, important in
teractions occur between the two systems at the 
level of the nerve terminals (fig. 17-1). Histo
logic studies have shown that, in some regions 
of the heart, terminals of sympathetic and va
gal nerves are in apposition one with the other. 
This physical relationship allows for interaction 
between the two systems at the nerve termi
nals. This interaction occurs both prejunction
ally between nerves and postjunctionally at the 
level of membranes of innervated cells and 
within the cells. In the prejunctional level of 
interaction, acetylcholine released from para
sympathetic nerve endings can stimulate mus
carinic receptors on sympathetic terminals to 
inhibit the release of norepinephrine (fig. 17-
1) (for review, see Levy and Martin (1). Thus, 
vagal activity can modulate sympathetic effects 
by inhibiting norepinephrine release. In addi
tion, stimulation of muscarinic receptors on the 
membranes of innervated cells can modulate 
the cellular response to beta-adrenergic-recep
tor stimulation (fig. 17-1). This post junctional 
interaction allows vagal regulation of the cel
lular response to norepinephrine that is released 
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from sympathetic terminals and to circulating 
epinephrine. 

This chapter discusses the cellular and sub
cellular mechanisms by which catecholamines 
and acetylcholine modify cardiac cell function 
and the cellular mechanisms of interaction be
tween the sympathetic and parasympathetic 
nervous systems. 

Mechanisms of Adrenergic Effects 
on the Heart 

ADRENERGIC RECEPTORS 

Catecholamines stimulate the heart by interact
ing with adrenergic receptors on myocytes. 
These receptors were originally defined and 
characterized functionally based on the response 
of intact tissues to a series of adrenergic ago
nists. These studies revealed two distinct rank 
orders of potency for agonists interacting with 
adrenergic receptors and therefore the receptors 
were subclassified into two classes, which were 
called alpha and beta. Subsequent studies with 
newer chemical entities suggested that further 
subclassification of the major classes was justi
fied. With currently available adrenergic ago
nists and antagonists, the two major classes of 
adrenergic receptors have been further subclas
sified on the basis of functional response into 
beta! and beta2 and alpha! and alpha2 subtypes. 
The heart of mammals contains predominantly 
beta! receptors whereas vasculature appears to 
contain predominantly beta2 receptors. Alpha
receptor subtypes also appear to be distributed 
according to organs. Vasculature contains pre
dominantly alpha! receptors. In addition, based 
on both functional and radioligand binding 
studies, alpha-receptor subtypes appear to be 
differentially distributed among the pre- and 
post junctional regions of sympathetic nerves 
(fig. 17-1). Alpha2 receptors appear to be lo
cated on prejunctional sympathetic nerve ter
minals. It is believed that stimulation of these 
receptors inhibits norepinephrine release from 
the terminals. Alpha! receptors are the pre
dominant type found on the innervated post
junctional sites of cardiovascular tissues. 

While much important information about 
adrenergic receptors was gleaned from many 

functional studies with intact organs or tissues, 
it remained for the development of more direct 
radioligand binding assays of adrenergic recep
tors to reveal some of the biochemical and mo
lecular properties of these receptors. Some of 
the most important discoveries relevant to the 
cardiovascular system from binding assays will 
be discussed in this section. For general reviews 
of new discoveries from radioligand binding as
says, see references 2-7. 

Beta-Adrenergic Receptors. Of the autonomic re
ceptors (beta, alpha, and muscarinic), radioli
gand binding assays were first developed for 
beta-adrenergic receptors. This is perhaps the 
reason why, of these three major types of recep
tors, the most is known about the fundamental 
biochemistry of beta-adrenergic receptors. 
Probably because of the well-established impor
tance of the sympathetic nervous system in reg
ulating cardiac function, many of the studies of 
beta receptors have been done in heart. Thus, 
many of the new discoveries from binding as
says regarding beta receptors are directly rele
vant to cardiovascular physiology and pharma
cology. 

Beta-adrenergic receptors are located on the 
sarcolemma of myocardial cells. It became pos
sible to prove this after the development of 
preparations of highly purified sarcolemma and 
internal membrane systems (including sarco
plasmic reticulum) from heart {7-9J. By com
paring the distribution of beta-adrenergic re
ceptors with the distribution of marker 
enzymes known to be localized to sarcolemma, 
sarcoplasmic reticulum, and mitochondria, it 
was shown that beta receptors reside only on 
sarcolemma. Any beta-receptor binding activ
ity found on internal membranes such as sar
coplasmic reticulum could be accounted for by 
contamination of the sarcolemma with sarco
plasmic reticulum {7-9J. The location of beta 
receptors on the outer surface of the sarco
lemma makes them readily accessible to nor
epinephrine released from sympathetic nerve 
terminals or to circulating epinephrine. 

Beta-adrenergic receptors in the heart are not 
static but rather dynamic entities whose prop
erties can change in response to physiologic 
stresses, disease states, or administration of 
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drugs [3, 5-7]. The most readily detected and 
widely studied dynamic property of beta recep
tors is their density in plasma membranes. The 
number of beta receptors appears to vary ac
cording to the magnitude of their stimulation. 
As a broad generalization, the density of beta 
receptors increases when stimulation is low 
(called up-regulation) and decreases when stim
ulation is high (called down-regulation) [3-7}. 
These changes in receptor density are one of 
what are probably multiple alterations that 
may occur in an organ that renders it either 
desensitized or supersensitized to catecholamine 
stimulation. Alterations in receptor density 
may occur with physiologic variations in sym
pathetic activity. For example, when sodium 
intake by human subjects was increased from 
10 to 400 mEq daily, a change that reduced 
sympathetic nervous system activity, the den
sity of beta-adrenergic receptors on leukocyte 
membranes increased by approximately 50% 
[1O} . That the changes in leukocyte-receptor 
density reflected receptor changes in the cardio
vascular system was suggested by the observa
tion that the subjects' sensitivity to the positive 
chronotropic effects of isoproterenol was also 
increased [1O}. The density of beta-adrenergic 
receptors on leukocytes of these normal subjects 
was inversely correlated with circulating and 
24-h urinary catecholamine levels [l0}. The 
levels of catecholamines in the blood and urine 
presumably reflected sympathetic nerve activ
ity. Thus, the higher the level of sympathetic 
nervous system activity (the greater the concen
tration of catecholamines in the receptor mi
lieu), the more down-regulation had occurred. 
Changes in receptor density may also occur in 
response to drugs [3-6}. Drugs which diminish 
beta-receptor stimulation by destroying sym
pathetic nerves and/or depleting catecholamine 
stores (e.g., 6-hydroxydopamine and guanethi
dine) cause up-regulation. Beta-receptor block
ers also cause increases in receptor density. On 
the other hand, chronic pharmacologic stimu
lation of beta receptors causes a reduction in 
receptor density. 

Beta-receptor density also changes with cer
tain disease states. The most extensively stud
ied such association is that seen with abnormal 
thyroid states. Patients with hyperthyroidism 
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FIGURE 17-2. Curves describing competition of I-isopro
terenol with CH}( ± )carazolol for binding to beta-adren
ergic receptors in canine heart (A) and lung (B) mem
branes: 0---0 no added guanine nucleotide, • • 
10- 4 Madded Gpp(NH)p. Note that in both heart and 
lung membranes, addition of Gpp(NH)p shifts the iso
proterenol competition curve to a steeper slope (slope fac
tor shift from 0.73 to 0.86 in heart and 0.42 to 0.74 in 
lung) and lower affinity (Ko change ftom 0.17 to 0 .29 
fLM in heart and from 0.026 to 0 .23 fLM in lung). Be
cause the curve in the absence of Gpp(NH)p was more 
shallow in lung than in heart, the guanine-nucleotide
induced shift is greater in the former than in the latter. 

exhibit signs suggestive of a hyperactive sym
pathetic nervous system whereas patients with 
hypothyroidism appear just the opposite. For 
example, hyperthyroid patients commonly have 
tachycardia, increased cardiac output, and 
tremulousness. Hypothyroid patients have brady
cardia. Animal studies have shown that in hy
perthyroidism the density of beta-adrenergic 
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receptors is increased by 50%-100% whereas 
in hypothyroidism the density of beta-adrener
gic receptors is reduced modestly {Il, 12}. 
Clinical studies have shown that administration 
of triiodothyronine to normal subjects leads to 
an increase in density of beta-adrenergic recep
tors in leukocytes {l3}. Although not yet 
proven, it has been speculated that these 
changes in leukocyte receptors reflect changes 
that also occur in the heart {13}. Thus, beta
receptor density in the heart is related to thy
roid state and changes in the receptors may ex
plain, at least partially, the cardiovascular 
changes that accompany altered thyroid status. 

Studies with radiolabeled ligands have re
vealed differences in the molecular interactions 
of agonists and antagonists with beta-adrener
gic receptors. The difference in the nature of 
agonist and antagonist binding is observed by 
analysis of the effects of guanine nucleotides on 
agonist competition curves. Addition of gua
nine nucleotides (GTP or Gpp{NH}p) to the 
assay medium decreases the affinity of beta re
ceptors for agonists without changing the affin
ity for antagonists (fig. 17-2 and table 17-1) 
{2-7}. Partial agonists are affected in an inter
mediate manner proportional to their activity 
as agonists. This observation which was made 
originally in model systems has subsequently 
been extended to a variety of other tissues in
cluding heart (fig. 17-2 and table 17-1). In 
terms of their interaction with agonists, beta 
receptors can exist in two states {3-7}. Recep
tors in membrane preparations depleted of 
guanine nucleotides exist in both high- and 
low-affinity states {3-7}. This coexistence of 
two affinity states of the receptor is manifested 
in radioligand binding studies as shallow ago-

TABLE 17-1. Effect of guanine nucleotide on interaction 

nist competItIon curves, nonlinear Scatchard 
plots, and slope factors less than unity (fig. 17-
2 and table 17-1). The addition of exogenous 
guanine nucleotides to such preparations is 
thought to convert a majority (or all) of the 
receptors into a single low-affinity state, thus 
transforming the agonist competition curve to 
a form with a steeper slope and shifting the 
dissociation constants to higher values (lower 
affinity) (fig. 17-2 and table 17-1) {3-7}. The 
data in figure 17-2 are from cardiac mem
branes (panel A), which generally demonstrate 
only a small guanine-nucleotide-induced shift 
in slope and affinity, and lung (panel B). Al
though in heart the change in receptor affinity 
for agonists is small compared to that seen in 
lung and in some other systems, these changes 
are consistent and reproducible. Antagonist 
competition curves are always steep and uni
phasic, regardless of the presence or absence of 
guanine nucleotides, and these curves are not 
altered by the addition of guanine nucleotides 
(fig. 17-3 and table 17-1). 

This agonist-specific two-state receptor con
formation appears to be an in vitro manifesta
tion of receptor changes induced by agents 
with intrinsic activity, these changes resulting 
under appropriate conditions in activation of 
adenylate cyclase {3-5}. It is postulated that 
beta-receptor agonists can induce a high-affin
ity state of receptor, resulting in a receptor
agonist complex which then interacts with a 
third component, a coupling protein. This ter
nary complex of hormone, receptor, and cou
pling protein then interacts with regulatory 
guanine nucleotides, which leads to a return of 
the receptor to a low-affinity state and dissocia
tion of the hormone-receptor complex and at 

of beta-adrenergic receptors with the antagonist propranolol and with catecholamines 

Drug 

I-Propranolol 
I-Isoproterenol 
I-Epinephrine 
I-Norepinephrine 

0.91 
0.73 
0.81 
0.76 

Slope Factor 

0.91 
0.86 
0.90 
0.82 

5.8 
0.17 
3.3 
2.2 

Values are means from 3-9 experiments. KD for propranolol X 10- 9 M and for catecholamines X 10- 6 M. 

5.6 
0.29 
4.7 
3.2 
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the same time activation of adenylate cyclase 
[3, 5}. Antagonists (agents without intrinsic 
activity) cannot induce the high-affinity state 
and also do not activate adenylate cyclase. This 
concept is discussed in more detail in later sec
tions of this chapter. 

Alpha-Adrenergic Receptors. The existence and 
physiologic role of alpha-adrenergic receptors 
in vascular smooth muscle are well established, 
but their existence and role in cardiac muscle 
have been controversial [l4}. Functional stud
ies have shown that alpha agonists can increase 
myocardial contractility in certain species sllch 
as rat and rabbit [l4}. The nature of the me
chanical changes induced by alpha agonists is 
different from that of beta agonists, suggesting 
that different biochemical mechanisms mediate 
the contractile effects of stimulation of these 
two types of adrenergic receptors. For example, 
alpha agonists do not accelerate the rate of re
laxation of cardiac muscle as do beta agonists 
[l4}. Alpha agonists also produce electro
physiologic effects in isolated cardiac tissues 
studied in vitro, and these effects are different 
from those of beta agonists. 

With the advent of radioligand binding as
says, the presence of alpha receptors in the 
heart has been confirmed directly, but the role 
that these receptors play in mediating the ino
tropic effects of catecholamines is still not 
clear. Moreover, the biochemical mechanisms 
by which stimulation of alpha-adrenergic re
ceptors might modify cardiac function are 
largely unknown [l4}. 

ADENYLATE CYCLASE 

The proximate biochemical effector enzyme 
with which beta-adrenergic receptors interact 
to modify cardiac function is adenylate cyclase. 
Adenylate cyclase is located in sarcolemma, as 
are beta receptors, and not in internal mem
branes such as sarcoplasmic reticulum [15}. 
Hormone-regulated adenylate cyclase is com
prised of at least three major units: receptors 
such as beta-adrenergic receptors, a catalytic 
unit which catalyzes the conversion of ATP 
into cyclic AMP (cAMP), and a coupling or 
regulatory unit which couples the receptor to 
the catalytic unit and translates the signal of 

' 00 ,,~,. i--"'e'i 'I_~ B 
""ll. \ .'i, 

0 .t.'i • !! p 
..J 

\ V Ii • 0 \ ~ \ « \ . II 

'" ,0 \ • « \ 0, 0 , u i ~ • ., 
\... '9 \ n 

'" ~i .'", • 
~ '~~ "'!-.!:"'f ) ... e __ .) '. ~'-II 

' 0- 6 ' 0- ) 

D R ue CON C E N T R 1\ T I ON (M) 

FIGURE 17-3. Competition of beta-adrenergic antagonists 
with CH)( ± )carazolol for binding to beta-adrenergic re
ceptors present in membrane vesicles derived from canine 
ventricular myocardium (A) and canine lung (B): 

S( - )carazolol (6.); (- )propranolol (oe); (± )meto
prolol (D.). Presence (filled symbols) or absence (unfilled 
symbols) of 10 -4 M 5' -guanylylimidodiphosphate has no 
effect on the position or configuration of antagonist-ra
dioligand competition curves. Reprinted with permission 
from Manalan et al. [79). 

hormone-receptor interaction to the catalytic 
unit whose activity is then altered (fig. 17-4). 
The details of the biochemistry and molecular 
biology of adenylate cyclase have been eluci
dated primarily in nonmammalian model sys
tems (for a general review of adenylate cyclase, 
see Ross and Gilman [l6}). However, most of 
the properties of the enzyme described in these 
systems appear to hold true also for myocardial 
adenylate cyclase. 

It is now clearly established that adenylate 
cyclase can be regulated in both a stimulatory 
and an inhibitory manner, and that there are 
neurotransmitter and hormone receptors which 
can inhibit as well as those which can stimulate 
the enzyme [l7-19}. Alpha2 and muscarinic 
receptors interact with the enzyme in a manner 
which leads to inhibition of activity [18, 20}. 
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FIGURE 17-4. Schematic flow chart of interaction between 
autonomic receptors and intracellular effectors. Catechol
amines interact with beta-adrenergic receptors (13) to 
stimulate, via a guanine-nucleotide-binding regulatory 
protein (N,), the catalytic subunit (C) of adenylate cy
clase. cAMP formed interacts with protein kinase (PK,) to 
activate it (PKA ). The free catalytic subunit of protein 
kinase (PKA ) then catalyzes the phosphorylation of pro
teins. Proteins are dephosphorylated by phosphoprotein 
phosphatases. Muscarinic (M) receptors are also coupled 
to adenylate cyclase, possibly by an inhibitory guanine
nucleotide-binding protein (N). Muscarinic receptors are 
also coupled to guanylate cyclase (GC), ion channels and 
may regulate membrane phospholipid turnover. 

The unit which couples receptors to the cat
alytic unit is called the G/F or N protein be
cause it binds and is regulated by guanine nu
cleotides (l6} (fig. 17-4). The N protein in 
turn is comprised of several subunits, one of 
which mediates the effects of stimulatory recep
tors, called N" and another which putatively 
mediates the effects of inhibitory receptors, 
called Ni (l7-19J. Both Ns and Ni bind gua
nine nucleotides such as GTP. Both subunits 
also possess GTPase activity and are thereby 
able to hydrolyze GTP to GDP (fig. 17-4). 

In most systems studied, including the 
heart, guanine nucleotides are necessary for 
regulation of adenylate cyclase activity. In car
diac membranes, guanine nucleotides them
selves can stimulate enzyme activity (fig. 17-
5). In addition, guanine nucleotides are re
quired for hormonal regulation of enzyme ac
tivity. Catecholamines do not stimulate the en
zyme unless guanine nucleotides (either GTP 

or nonhydrolyzable analogues) are present (fig. 
17-5) [20}. In like manner, GTP must be 
present for expression of muscarinic inhibition 
of cardiac adenylate cyclase activity. Unlike 
beta-receptor stimulation of activity which can 
occur in the presence of GTP or nonhydrolyza
ble analogues, however, muscarinic inhibition 
of the enzyme occurs only when GTP is the 
guanine nucleotide present {20} (fig. 17-5). If 
nonhydrolyzable analogues are used, musca
rinic inhibition of the enzyme does not occur 
(fig. 17-5) {20}. This observation has led to 
the speculation that muscarinic agonists might 
inhibit the enzyme by activating a GTPase and 
thereby reducing the availability of GTP for in
teraction with N s . Data in cardiac membranes 
and in other systems coupled to nonmuscarinic 
inhibitory receptors are consistent with this 
conclusion. However, whether this is indeed a 
mechanism for muscarinic inhibition of aden
ylate cyclase and whether additional mecha
nisms are present remain to be established. 

Thus, cardiac muscle sarcolemma contains 
both stimulatory (beta-adrenergic) and inhibi
tory (muscarinic) receptors which interact with 
N proteins. Included in the subunits compris
ing N proteins are a stimulatory component 
(Ns) and a putative inhibitory component (N j ), 

both of which bind GTP (fig. 17-4). When 
stimulatory or inhibitory receptors are activated 
by their respective agonists, the activity of the 
catalytic unit is either increased or reduced, 
this change in enzyme activity being mediated 
by the appropriate N protein (Ns or N i). Intra
cellular cAMP levels then either increase or de
crease. 

Intracellular cAMP levels are controlled by 
the activity of two enzymes: adenylate cyclase 
and phosphodiesterase (fig. 17-4). The latter 
enzyme converts cAMP into 5' -AMP and 
thereby restores cellular levels of the cyclic nu
cleotide to prestimulation values. There is no 
evidence as yet that activation of autonomic re
ceptors alters the activity of phosphodiesterase, 
but inhibition of this enzyme is a well-known 
important mechanism of action of certain 
drugs, most notably methyxanthines. Some of 
the newer nonglycoside, noncatecholamine-pos
itive inotropic agents such as amrinone may 
also produce part of their contractile effects by 
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inhibiting phosphodiesterase, thereby Increas
ing tissue levels of cAMP. 

PHOSPHOR YLA nON OF PROTEINS: 
cAMP-DEPENDENT PROTEIN KINASE, 
PROTEIN PHOSPHATASES 

When cAMP is increased within myocardial 
cells by the increased catalytic activity of aden
ylate cyclase, it then produces its effects on cel
lular function by interacting with another pro
tein called cAMP-dependent protein kinase (for 
a review of protein kinases, see Krebs and 
Beavo [21}) (fig. 17-4). This enzyme exists in 
sarcolemma as well as in soluble form in the 
cytosol. cAMP-dependent protein kinase is an 
enzyme which is composed of two units, which 
are referred to as the regulatory and catalytic 
subunits {21}. When cAMP-dependent protein 
kinase exists as a holoenzyme, it is not catalyt
ically active. The regulatory subunit is a recep
tor for cAMP, so that when cAMP is increased 
within the cell it binds to the regulatory sub
unit, and this interaction then causes the reg
ulatory and catalytic subunits to dissociate 
{21}. When the catalytic subunit is released 
from the regulatory subunit , it becomes cata
lytically active and catalyzes the transfer of the 
terminal phosphate of A TP to various proteins 
within the myocardial cell (fig. 17-4). This 

FIGURE 17-5. Guanine nucleotide stimulation of adenyl
ate cyclase activity in canine cardiac membrane vesicles. 
Guanine nucleotide added was GTP in left panel and 
Gpp(NH)p in right panel. Circles are values with guanine 
nucleootides alone and triangles with guanine nucleotides 
plus 10- 7 M isoproterenol. Unfilled symbols designate 
the presence of 10 - j M methacholine in addition ro 
guanine nucleotide alone or with isoproterenol. Note that 
methacholine significantly inhibits GTP or GTP plus is
oproterenol activation of adenylate cyclase (left panel), but 
does not affect adenylate cyclase activity when the guanine 
nucleotide added is Gpp(NH)p (right panel). 

phosphorylation changes the properties of the 
protein in such a manner that its interaction 
with ions, e.g., Ca2+, is altered and thus the 
contractile properties of the heart are modified. 
Various cardiac muscle proteins have been 
shown in vitro to be substrates of cAMP-de
pendent protein kinase. Only a few of these 
proteins, however, have been shown to be 
phosphorylated, presumably by cAMP-depen
dent protein kinase, in intact functioning 
hearts. These include phosphorylase kinase, 
TN-I, myosin, and phospholamban {22}. 

Phosphorylation of phosphorylase kinase is 
involved in beta-agonist-induced activation of 
phosphorylase. While this effect of catechol
amines is likely important in meeting the in
creased metabolic demands of cardiac muscle 
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functioning at an increased inotropic state, 
phosphorylation of this protein probably does 
not participate directly in increasing contractil
ity. 

Because TN-I, myosin, and phospholamban 
are intimately associated with components of 
the heart cell that either bind Ca2 + or regulate 
Ca2 + flux, it has been speculated that phos
phorylation of one or more of these proteins 
might mediate the contractile effects of cate
cholamines {22}. TN-I is a component of tro
ponin, one of the regulatory proteins of the 
myofibrillar contractile protein complex. It was 
first shown that TN-I could be phosphorylated 
by cAMP-dependent protein kinase in vitro 
{22}. Subsequently, it was shown that infusion 
of catecholamines to intact hearts caused phos
phorylation of TN-I and that this correlated 
with increased contractile state {2 3}. The onset 
and development of increased contractile state 
correlated with phosphorylation of TN-I, but 
the reversal of these processes could be disso
ciated {23}. Upon removal of catecholamines, 
TN-I remained phosphorylated while contrac
tile force returned to control values. Other 
agents (ouabain, increased ci +, X5 3 7 A) or 
maneuvers (reduced Na2 + in perfusion me
dium, Treppe) which produced positive ino
tropic effects but did not elevate cAMP levels 
did not cause phosphorylation of TN-I [23}. 

Studies of the effect of TN-I phosphorylation 
on the function of the troponin complex have 
been conflicting, so the significance and role of 
this phosphorylation remains uncertain. To the 
present, there are not consistent observations 
regarding the effect of TN-I phosphorylation 
on Ca2 + regulation of actomyosin-ATPase ac
tivity. If this phosphorylation were functionally 
important, it would be expected that phos
phorylation of TN-I would either increase or 
decrease the sensitivity of this complex to 
Ca2 +. In fact, both types of alterations have 
been observed. It has been reported that phos
phorylation of TN-I from guinea pig hearts re
duced the Ca2 + requirement of actomyosin 
ATPase, i.e., increased the Ca2 + sensitivity 
{24}. Others have reported no difference in 
Ca2 + stimulation of actomyosin-ATPase activ
ity of nonphosphorylated or phosphorylated 
myofibrils {25]. Finally, it has been reported 

that protein phosphorylation was associated 
with a decreased Ca2 + stimulation of acto
myosin-ATPase activity {26}. If the latter ob
servation were correct, it could be speculated 
reasonably that phosphorylation of TN-I, 
which results in reduced Ca2+ sensitivity of ac
tomyosin ATPase to Ca2 +, partially accounts 
biochemically for the enhanced rate of relaxa
tion of cardiac muscle exposed to catechol
amines. However, the conflicting results re
garding the effects of TN-I phosphorylation 
prevent any firm conclusions at the present re
garding its physiologic significance {22}. The 
major remaining unresolved questions regard
ing the role of TN-I phosphorylation in re
sponse to cAMP elevation are: (a) What is the 
biochemical or ionic result of this phosphory
lation? and (b) What is the role of this phos
phorylation in mediating the mechanical effects 
of adrenergic stimulation? 

The phosphorylation state of the 19,OOO-dal
ton light chain of myosin in intact cardiac 
muscle has been examined {22]. Similar to the 
situation for TN-I, the results have been con
tradictory. It has been reported that the 
19,OOO-dalton light chain of cat papillary mus
cle was phosphorylated during exposure to nor
epinephrine {27}. On the other hand, others 
have reported that rabbit cardiac muscle light 
chain was fully phosphorylated in the resting 
state and addition of epinephrine resulted in a 
decrease in protein-bound phosphate {28}. 
More recently, it has been reported that a va
riety of inotropic maneuvers (both negative and 
positive inotropic interventions) did not alter 
myosin light-chain phosphorylation in rabbit 
and rat cardiac muscle {29}. Specifically, iso
proterenol caused activation of phosphorylase 
(thus demonstrating a biochemical effect of 
cAMP elevation) in perfused rabbit hearts but 
did not affect phosphorylation of myosin light 
chain {29}. Thus, what effect, if any, catechol
amines have on myosin phosphorylation in in
tact cardiac muscle remains to be established. 
Furthermore, what biochemical role phosphor
ylation of cardiac muscle light chain has in the 
overall function of myosin remains to be dem
onstrated {22}. 

In vitro studies on the role of phosphoryla
tion in regulating sarcoplasmic reticulum func-
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tion revealed that a major substrate for cAMP
dependent protein kinase was a 22,000-molec
ular-weight protein which appeared to be in
trinsic to sarcoplasmic reticulum membranes 
[30, 31}. It was shown that addition of cAMP 
to sarcoplasmic reticulum membranes, with or 
without exogenous cAMP-dependent protein 
kinase, resulted in phosphorylation of this 
22,000-dalton protein and associated with this 
increased Ca2+ -ATPase activity [30, 31}. Sub
sequent studies showed that this 22,000-dalton 
protein could be reduced in size to approxi
mately 8,000-11,000 by appropriate treatment 
of membranes (e.g., boiling in detergent), sug
gesting that the protein is an oligomer com
posed of two or more subunits {32}. This pro
tein has been named phospholamban (Greek for 
phosphate acceptor), and it has been suggested 
that this protein regulates Ca2 + -ATPase activ
ity of sarcoplasmic reticulum [31}. 

Several laboratories have demonstrated that 
phospholamban can be phosphorylated in intact 
hearts {33-35}. This phosphorylation occurs 
rapidly (within 20 s of onset of catecholamine 
infusion) and occurs with low concentrations of 
drug, as low as 3 X 10 - 9 M isoproterenol (fig. 
17-6A) [35}. Ca2 + -ATPase activity of the 
same sarcoplasmic reticulum vesicles in which 
phospholamban is phosphorylated (i.e., sarco
plasmic reticulum isolated from intact ventri
cles) is increased in time and concentration 
dependence that parallels the time and concen
tration dependence of phospholamban phos
phorylation (fig. 17-6B) {35}. Phospholamban 
phosphorylation and ci + -ATPase actIVIty 
closely parallel the onset and development of 
changes in relaxation parameters (i.e., rate of 
relaxation), but there may be a dissociation be
tween the biochemical and mechanical param
eters when reversal of the effects of isoproter
enol is studied. Return of relaxation parameters 
to control values appeared to precede dephos
phorylation of phospholamban and return of 
Ca2+ -ATPase to basal values 05}. There are 
several possible explanations for this latter ob
servation, including: (a) that the discrepancy is 
more apparent than real, (b) that phosphoryla
tion of phospholamban initiates the relaxant ef
fects of catecholamines but other mechanisms 
(other than dephosphorylation of phospho lam-
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FIGURE 17-6. Time course of beta-adrenergic stimulation 
of phospholamban phosphorylation (A) and Ca2+ -ATPase 
activity (B) in guinea pig ventricles. Hearts were perfused 
with buffer containing 1.1-1.8 mCi 32P i for 30 min. Iso
proterenol was then administered and hearts were frozen 
at the times indicated. Membrane vesicles were prepared 
and divided into aliquots for SDS-polyacrylamide-gel 
electrophoresis or assay of Ca2+ -ATPase activity. 32p in
corporation into phospholamban was quantified by count
ing the radioactivity in the bands from the dried gels 
(band identified by autoradiography) and dividing the 
value obtained by the specific activity of {,yYp}ATP, 
which was determined for each heart. Reprinted with per
mission from Lindemann et al. [35]. 
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ban) terminate the mechanical effects, and (c) 
that phosphorylation of phospholamban has 
nothing whatsoever to do with the inotropic ef
fects of catecholamines. Obviously, more stud
ies will have to be done to resolve these ques
tions. 

Phosphorylation of all of the foregoing pro
teins discussed is reversed by the action of 
phosphoprotein phosphatases which remove the 
phosphate and thereby return the protein to its 
basal state (fig. 17-4). Thus far there is no evi
dence that neurotransmitters or hormones can 
regulate phosphoprotein phosphatase activities 
and thereby influence protein phosphorylation. 
However, such a mechanism of action is an at
tractive hypothesis for certain antiadrenergic 
agents, such as muscarinic agonists. This will 
be discussed in more detail in later sections. 

Slow inward current (lsi) channels, putatively 
located in sarcolemma, presumably are also 
substrates for cAMP-dependent protein kinase 
{36}. Very little is known about this protein, 
however, and no convincing evidence has yet 
been provided regarding its phosphorylation in 
vitro or in vivo. Functional studies strongly 
suggest that one of the subcellular mechanisms 
by which catecholamines modify cardiac func
tion is by causing phosphorylation of lsi chan
nels. 

Agents which elevate tissue cAMP levels in
crease lsi. This was first shown indirectly by 
studying so-called slow responses induced by 
various inotropic agents {3 7}. Intact cardiac 
tissue can be rendered inexcitable by inactiva
tion of fast Na + channels, for example, by de
polarization, administration of high concentra
tions of tetrodotoxin, or administration of 
buffer containing zero Na +. Excitability can be 
restored to these cardiac tissues by administra
tion of agents which elevate cAMP levels {37}. 
The inward depolarizing current in these excit
ability-restored hearts is carried by Ca2+ 
through lsi channels. This increase in lsi can be 
blocked by Ca2+ antagonists which do not alter 
catecholamine-induced elevation of cAMP lev
els {37}. cAMP levels in these same hearts were 
increased by the agents which induced slow re
sponses (catecholamines, histamine, phospho
diesterase inhibitors, dibutyryl cAMP) {37}. 
Presumably agents which elevate cAMP levels 

increase lsi by causing phosphorylation of a pro
tein component of lsi channels {38}. Positive 
inotropic agents or interventions which do not 
elevate cAMP, and therefore presumably do not 
activate cAMP-dependent protein kinase, do 
not increase lsi {3 7}. 

Subsequent more direct studies also suggest 
that catecholamines produce part of their ef
fects by causing phosphorylation of lsi channels. 
Direct administration of cAMP or analogues to 
cardiac fibers caused increases in directly mea
sured lsi (measured by voltage-clamp tech
niques) {39}. Recently, it has been shown that 
injection of the nonhydrolyzable analogue of 
GTP, Gpp(NH)p, and cholera toxin (which ac
tivates adenylate cyclase) directly into myocar
dial cells (by microiontophoresis) increased 
slow response and thus lsi {40}. Thus, substan
tial evidence suggests that lsi channels in sar
colemma are another subcellular site which is 
modified by catecholamines to effect functional 
changes, and that this modification involves 
protein phosphorylation (38, 39}' Further 
work will have to be done to document this 
directly with phosphorylation studies in intact 
myocardium. 

To summarize this section, it seems likely 
that agents which increase cellular cAMP lev
els, such as catecholamines, alter myocardial 
cell function by causing phosphorylation of 
proteins. Several proteins which have been 
shown in intact hearts to be phosphorylated in 
response to catecholamine treatment have been 
considered. There are gaps or deficiencies in the 
evidence for a functional role of this phosphor
ylation for each of the proteins considered. The 
data regarding the biochemical effect of TN-I 
phosphorylation are contradictory and the re
versal of phosphorylation appears to lag behind 
reversal of functional effects of catecholamines. 
Myosin light-chain phosphorylation does not 
seem to be modified by any inotropic interven
tion. The evidence for a role for phospholam
ban phosphorylation seems quite convincing, 
but the reversal of phosphorylation appears to 
lag behind reversal of the relaxant effects of 
catecholamines. Finally, although substantial 
evidence suggests that a component of lsi chan
nels could be a substrate for cAMP-dependent 
protein kinase, no direct studies of phosphory-
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lation of lsi channels either in vitro or in intact 
tissues have yet been accomplished. Thus, 
much remains to be studied to establish the 
functional role of phosphorylation of these pro
teins in mediating the positive inotropic effects 
of catecholamines. Other possible protein sub
strates which may be involved in regulating 
cardiac function should also be explored. 

ROLE OF Ca2+ IN MEDIATING THE INOTROPIC 
EFFECTS OF CATECHOLAMINES 

Ultimately, any change in contractile state of 
cardiac muscle is determined by the availability 
of cl + to interact with the myofibrillar con
tractile protein complex. The effects of beta 
agonists must therefore ultimately involve 
changes in cl + fluxes and availability to con
tractile proteins. As described above, these ef
fects of catecholamines presumably include in
creased systolic inward cl + flux via lsi 

channels, perhaps altered sensitivity of TN-C 
to Ca2 +, and increased Ca2+ -ATPase activity. 
Presumably, phosphorylation of proteins cata
lyzed by cAMP-dependent protein kinase is the 
biochemical change that mediates these effects. 

Theoretically, Ca2 + -calmodulin-dependent 
protein kinase could also be activated by the 
increased intracellular Ca2 + resulting from 
catecholamine effects, and this kinase could 
also phosphorylate various proteins and thereby 
modify cardiac cell function. It has been shown 
in vitro that addition of calmodulin in the 
presence of Ca2 + to sarcoplasmic reticulum 
membranes leads to phosphorylation of phos
pholamban {41-43}. The amount of this phos-

phorylation is additive to that induced by 
cAMP-dependent protein kinase and therefore 
the two kinases are assumed to phosphorylate 
different sites [42}. Ca2+ -ATPase activity of 
sarcoplasmic reticulum is increased by calmod
ulin-kinase-induced phosphorylation just as it 
is by cAMP-dependent protein-kinase-induced 
phosphorylation [42, 43}. One study of func
tioning rat ventricles suggests that calmodulin
kinase-induced phosphorylation may also occur 
in vivo (33}. However, in extensive studies 
with guinea pig ventricles, a variety of ino
tropic interventions which do not elevate 
cAMP failed to cause phosphorylation of phos
pholamban (table 17-2) (35}. These interven
tions included perfusion with high Ca2 + buffer 
and the administration of ouabain and the 
cl + ionophore A23187. Although the posi
tive inotropic effects of these interventions were 
equivalent in magnitude to that induced by 
beta agonists, phospholamban phosphorylation 
was unaltered [35}. These positive inotropic 
agents which did not elevate cAMP levels did 
not accelerate the rate of relaxation of the 
guinea pig ventricles. Also, Ca2+ -ATPase ac
tivity of sarcoplasmic reticulum of these hearts 
was not altered (table 17-2). These results thus 
suggest that, in intact hearts, agents which in
crease intracellular Ca2 +, but do not elevate 
cAMP levels, do not cause phosphorylation of 
phospholamban, despite the fact that such 
phosphorylation can be shown in vitro and that 
sarcoplasmic reticulum membranes contain a 
Ca2+ -calmodulin-dependent protein kinase. 
The reason why phosphorylation by maneuvers 

TABLE 17-2. Effects of various positive inotropic agents on phospholamban 
phosphorylation, Ca2+ -ATPase activity, and contractile parameters in intact myocardium 

32p incorporation Ca2+ -ATPase + Tmax Atll2 
Treatment (pmol 32P/mg protein) (J.Lmol P/mg protein/h) (% control) (ms) 

H20, 60 s (control) 71 ± 11 (15) 1.63 ± 0.10 (15) 
Histamine, 1 J.LM, 60 s 191 ± 23 (6)* 2.10 ± 0.17 (6)* 190 ± 11 (6) -22 ± 1* (6) 
H20, 15 min (control) 59 ± 15 (8) 1.53 ± 0.11 (8) 
Bt2cAMP, 3 mM, 15 min 118 ± 19 (9)* 1.98 ± 0.08 (9)* 115 ± 5 (9) - 1 ± 1 (9) 
Ouabain, 1 mM, 15 min 37 ± 7 (5) 1.47 ± 0.24 (5) 131 ± 4(5) 
Propranolol, 6 J.LM + metiamide 

10 J.LM, 5 min 37 ± 8 (3) 1.28 ± 0.05 (3) 
+Ca2+, 5 mM 60 s 31 ± 4 (3) 1.25 ± 0.15 (3) + 2 ± 1 (3) 

Results are mean ± SE of n hearrs (in parenrheses). P < 0.05 when compared to control. 
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which would be expected to activate calmodu
lin kinase cannot be demonstrated in vivo are 
unknown. Possibly, phosphate turnover at the 
calmodulin-kinase site is slow, and in vivo this 
site remains phosphorylated even in hearts not 
treated with positive inotropic agents. 

Mechanisms of Cholinergic 
Effects on the Heart 
One of the respects in which parasympathetic 
regulation of cardiac function differs from sym
pathetic regulation is that there is much more 
marked variability in response of different car
diac tissues to parasympathetic than to sympa
thetic stimulation [I}. All tissues of the heart 
generally respond similarly qualitatively and 
quantitatively to beta-adrenergic-receptor stim
ulation. By contrast, ventricular tissue is much 
less responsive to muscarinic agonists than is 
atrial tissue [l}. Choline esters potently de
crease automaticity of spontaneously excitable 
atrial tissue and exert powerful negative inotro
pic effects on atrial muscle. By contrast, mus
carinic agonists produce minimal negative ino
tropic effects on isolated ventricular tissues (in 
the absence of sympathetic stimulation) and 
minimal electrophysiologic effects on ventricu
lar muscle. Muscarinic agonists may exert di
rect electrophysiologic effects on Purkinje fibers 
of some species. In both supraventricular and 
ventricular structures, muscarinic agonists an
tagonize the effects of beta agonists. Because of 
the relatively minimal effects of muscarinic ag
onists alone in ventricular tissues, the muscar
inic antiadrenergic effect is pronounced com
pared to the effect seen with muscarinic 
agonists alone. This magnification of muscar
inic effect during simultaneous sympathetic 
stimulation, which can be observed in isolated 
cardiac tissues as well as in intact animals with 
normal sympathetic and vagal innervation, has 
been termed accentuated antagonism [44}. These 
differences in responsiveness of supraventricular 
and ventricular structures to muscarinic stimu
lation suggest: (a) that multiple subcellular 
mechanisms mediate the cardiac effects of mus
carinic stimulation, and (b) that only some of 
these subcellular mechanisms are shared by 
atrial and ventricular tissues. The various myo-

cardial cell components that mediate muscarin
ic effects on the heart will be discussed in the 
following sections. 

MUSCARINIC CHOLINERGIC RECEPTORS 

Like adrenergic receptors, muscarinic receptors 
have also come to be studied directly with ra
dioligand binding assays (for a general review 
of radioligand binding assays of muscarinic re
ceptors, see Birdsall and Hulme [45} and Eh
lert et al. [46}). These assays have demon
strated that muscarinic receptors exist in both 
atria and ventricles and that the density of re
ceptors in ventricles is at least as great or 
greater than that in atria. Thus, the differences 
in atrial and ventricular responses to muscarinic 
agonists cannot be explained by muscarinic-re
ceptor distribution. Binding studies indicate 
that muscarinic receptors are membrane associ
ated and probably predominantly or exclusively 
located in the plasma membrane {9}. Muscar
inic binding sites in purified sarcolemma and 
sarcoplasmic reti~ulum isolated from dog hearts 
copurified with the sarcolemmal marker Na + , 

K+ -ATPase and away from the sarcoplasmic 
reticulum marker Ca2 + -ATPase {9}. Muscarin
ic binding activity also copurified with beta
adrenergic binding sites. Therefore, both beta
adrenergic and muscarinic receptors are local
ized to the sarcolemma in myocardium. Such a 
location would be optimal for accessibility of 
neurotransmitters to the receptors and for in
tracellular interaction between the two 
branches of the autonomic nervous system at 
the level of the receptors and their effectors 
(fig. 17-1). 

Similar to beta-adrenergic receptors, musca
rinic receptors are also regulated by a variety of 
influences {45, 46}. Binding assays have re
vealed that the interaction of agonists with 
muscarinic receptors is much more complex 
than that of antagonists, similar to the situa
tion with beta-adrenergic receptors. Muscarinic 
receptors exist in multiple states in terms of 
their interaction with agonists {45, 46}. The 
same binding sites (i.e., muscarinic receptors) 
which interact with antagonists in a uniform 
manner interact with agonists heterogeneously. 
This is recognized by analysis of the curves re
lating the occupancy of muscarinic receptors to 
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the concentration of muscarinic agonists added 
to the receptors. The binding curves relating 
antagonist occupation of receptors to antagonist 
concentration are of the form predicted by the 
application of the law of mass action to the in
teraction of a ligand with a uniform set of 
binding sites (fig. 17-7). In contrast, the pat
tern of agonist binding curves deviates substan
tially from this simple mass-action relationship 
(fig. 17-7). These agonist curves are shallower 
than antagonist binding curves and have slope 
factors substantially less than 1. O. The most 
plausible explanation for this is that muscarinic 
receptors exist in multiple conformations in 
terms of their interaction with agonists {4 5, 
46}. Three different classes of muscarinic bind
ing sites, each with different affinities for ago
nists, have been described in rat brain mem
branes {45}. At least two binding sites (high 
and low affinity) for agonists have been de
scribed in several other organs, including heart 
{45, 46}. These different affinity binding sites 
are noninterconvertible in the binding assay, 
and therefore the slopes describing occupancy 
as a function of agonist concentration represent 
the sum of the interaction of ligand with mul
tiple binding sites. 

Muscarinic receptors, like beta-adrenergic 
receptors, are regulated by guanine nucleotides 
[46}. Analysis of agonist competition with an
tagonist radioligands for binding to muscarinic 
receptors in cardiac membrane preparations 
from which endogenous guanine nucleotides 
have been removed yields the shallow binding 
curves described above (fig. 17-7). If exoge
nous guanine nucleotides are added, however, 
the curves shift to a steeper form, a pattern 
compatible with the interaction of ligand with 
a single, homogeneous class of binding sites 
[46}. At the same time the affinity of the re
ceptor for agonists is reduced substantially. 
These data have been interpreted as showing a 
guanine-nucleotide-induced conversion of re
ceptors in a high-affinity state for agonists into 
a low-affinity state [46}, analogous to the situ
ation with guanine nucleotide regulation of 
beta-adrenergic receptors. Thus, with added 
guanine nucleotide binding curves are steeper 
(representing a single class of binding sites) and 
shifted to the right because most or all of the 
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FIGURE 17-7. Competition curves for [lH}QNB binding 
to muscarinic receptors in membrane vesicles derived from 
canine ventricular myocardium. Data from separate exper
iments performed in purified membrane preparations are 
presented, with binding expressed as a percent of control 
binding in the absence of competing drug. For all curves, 
eH}QNB concentration was approximately 80 pM. Note 
that oxotremorine (0) and methacholine (e) slopes are 
shallow compared to the antagonist slopes. Drugs are 
QNB (0), dexetimide (.). atropine (.), oxotremorine (0). 

methacholine (e), and levetimide (6). Reprinted with permis
sion from Mirro et aJ. (80). 

receptors are in a low-affinity state. The inter
action of guanine nucleotides, presumably via 
N proteins, with muscarinic receptors might 
be a mechanism for coupling of the receptor to 
intracellular effectors, analogous to the situa
tion for beta-adrenergic receptors (fig. 17-4). 
However, as yet little is known about the de
tailed molecular interactions of muscarinic re
ceptors with the other membrane components 
of the adenylate cyclase system. 

Analogous to the situation with beta-adren
ergic receptors, the density of cardiac musca
rinic receptors varies depending on the ambient 
concentrations of muscarinic agonists. For ex
ample, cultured chick embryo heart cells ex
posed to carbamylcholine for various durations 
had a diminished negative chronotropic re
sponse to muscarinic agonists associated with a 
substantial reduction in receptor density [47}. 
Detailed analysis revealed a biphasic pattern to 
this agonist-induced receptor alteration, a rapid 
phase (occurring over 1 min) associated with a 
reduced affinity of receptors for agonists fol
lowed by a slower phase (occurring over several 
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hours) reflecting a true reduction in measurable 
receptor binding (47}. The agonist-induced re
duction in cardiac muscarinic-receptor density 
has also been demonstrated in in vivo studies. 
Carbachol was administered to chicks in ovo. 
The negative chronotropic response to car
bachol of hearts removed from these chicks was 
diminished compared to that of hearts from 
control chicks, and the density of muscarinic 
receptors in homogenates of these hearts was 
reduced markedly (48}. 

Like beta-adrenergic receptors, the density of 
cardiac muscarinic receptors can vary depend
ing on thyroid status. Thyroidectomy increased 
the density whereas treatment with triiodothy
ronine resulted in a modest decrease in density 
of muscarinic receptors (49}. These effects of 
thyroid state on muscarinic receptors are ex
actly the opposite of the effects on beta-adren
ergic receptors. Hyperthyroidism increases the 
density whereas hypothyroidism decreases the 
density of beta-adrenergic receptors in cardiac 
tissues {II, I2}. Thus, the tachycardia of hy
perthyroid animals and the bradycardia of hy
pothyroid animals may reflect a reciprocal alter
ation in the density of receptors of both limbs 
of the autonomic nervous system. 

INTRACELLULAR EFFECTORS COUPLED TO 
MUSCARINIC CHOLINERGIC RECEPTORS 

Compared to the relatively detailed knowledge 
regarding the subcellular mechanisms by which 
beta agonists modify cardiac function, the in
tracellular mechanisms for producing muscarin
ic effects are sketchy. Several potential mecha
nisms will be discussed in this section. 

Cation Channels. The electrophysiologic and 
inotropic effects of muscarinic activation of 
mammalian atria are associated with an increase 
in outward current carried by K+ {50, 51]. 
This increase in K + outward current results in 
earlier repolarization of the membrane and thus 
shortening of action potential duration and de
creases in contractility. The reduction in con
tractility is thought to be due to a secondary 
diminution in lsi {50}. Because action potential 
duration is shortened by increased outward cur
rents, the plateau phase of the action potential 
during which time lsi occurs is abbreviated 

{50}. Whether this electrophysiologic mecha
nism can account entirely for the negative ino
tropic effects of muscarinic activation or 
whether additional mechanisms (to be dis
cussed in later parts of this section) are opera
tive remains to be established. Also, it is not 
known whether muscarinic receptors are cou
pled directly to K + channels or whether inter
mediary steps (e.g., altered phospholipid turn
over, increased cyclic-GMP levels) must occur 
between activation of the receptors and in
creased K + current. 

In mammalian atria, the effects of musca
rinic activation on cation channels appears 
to depend on the concentration of muscarinic 
agonist used. With low concentrations of ace
tylcholine (sufficient to reduce twitch tension 
by 30%-40%), the previously described effects 
of muscarinic activation on K + currents oc
curred {50}. At this concentration of acetylcho
line the changes in lsi were secondary or "indi
rect", i.e., these changes resulted from the 
shortening in plateau duration. With higher 
concentrations of acetylcholine (sufficient to re
duce twitch tension by 70%-90%), a direct ef
fect on lsi also was observed with voltage-clamp 
studies {50}. Thus, with high concentrations of 
muscarinic agonists, K + outward currents in
creased and lsi also decreased. These dual ac
tions on ion flux would be expected to produce 
strong negative inotropic effects. As in the case 
of K + channels, the nature of the coupling be
tween muscarinic receptors and lsi channels re
mains unknown. 

Tissue differences alSO exist in muscarinic ef
fects on lsi' In mammalian atria, high concen
trations of acetylcholine directly reduced lsi 

{50}. However, in mammalian ventricular tis
sues, activation of muscarinic receptors even 
with high concentrations of acetylcholine did 
not appear to produce a direct effect on lsi' 

Thus, one well-established effect of muscar
inic activation is alterations in the properties of 
ion channels located in the sarcolemma of myo
cardial cells. 

Cyclic GMP. It was first shown in cardiac tis
sue that cyclic-GMP (cGMP) levels could be 
elevated by activation of muscarinic cholinergic 
receptors. This original observation of musca-
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rinic-induced increases in cGMP levels in car
diac tissues was confirmed and extended by 
multiple subsequent studies done in hearts 
from a variety of different species (fig. 17-8) 
(for review, see Goldberg and Haddox [52}) . 
Thus, there is no question that, under appro
priate conditions, activation of muscarinic re
ceptors can result in increases in myocardial tis
sue cGMP levels (fig. 17-8), but whether this 
muscarinic-induced elevation in cGMP levels 
has any physiologic role remains an issue of 
controversy [52, 53}. Moreover, the biochemi
cal mechanisms by which changes in tissue 
cGMP might alter cardiac function are un
known [52}. 

The original studies which attempted to 
demonstrate a physiologic role for cGMP cor
related a physiologic response (e.g., contractile 
state) with tissue cGMP levels. In these stud
ies, acetylcholine was given to cardiac prepara
tions in various concentrations for different du
rations, the mechanical or electrophysiologic 
responses of the hearts were observed, and 
cGMP levels determined in the same tissues. 
Although there appeared to be a fairly good 
correlation between tissue cGMP levels and the 
measured physiologic response, these studies 

FIGURE 17-8. Effect of acetylcholine on cGMP and cAMP 
levels in guinea pig ventricles. Acetylcholine was perfused 
for 2 min prior to freezing hearts. Note the concentration
dependent increase in cGMP levels, without a change in 
cAMP levels except at 10- 6 M acetylcholine. At this 
highest concentration of acetylcholine, catecholamines 
may have been released to account for the small elevation 
in cAMP level. Note also the lack of any significant neg
ative inotropic effect of acetylcholine. 

could be criticized as being inconclusive be
cause a sufficiently detailed concentration-re
sponse analysis was not performed [53}. 

The bulk of the additional evidence support
ing a role for cGMP in mediating some of the 
physiologic effects of muscarinic activation 
comes from studies utilizing analogues of 
cGMP to attempt to increase directly the intra
cellular levels of the nucleotide. Analogues 
(e.g . , dibutyryl cGMP or 8-bromo-cGMP) are 
used because they are less susceptible to degra
dation during superfusion or perfusion, and be
cause they are thought to penetrate the sarco
lemma more readily than does cGMP. It is 
reasoned that if intracellular cGMP levels can 
be increased directly with these agents, and if 
these agents mimic the action of acetylcholine, 
then this is evidence that cGMP mediates that 
action of acetylcholine. A similar rationale has 
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been applied to studies utilizing analogues of 
cAMP to establish the role of this nucleotide in 
mediating a given effect of a hormone or neu
rotransmitter. When using analogues of either 
cyclic nucleotide, the results must be inter
preted cautiously, because the time course of 
action of these agents is slower than that of 
neurotransmitters and because relatively large 
concentrations are needed (in view of the low 
endogenous concentrations of these cyclic nu
cleotides) to produce the expected physiologic 
effects. 

Analogues of cGMP have been shown to 
mimic certain of the electrophysiologic effects 
of acetylcholine. Dibutyryl cGMP slowed the 
spontaneous beating rate of isolated cultured 
rat heart cells {54}. Dibutyryl cAMP increased 
spontaneous beating rate {54}. cGMP injected 
directly into sinoatrial nodal cells by iontopho
resis decreased the slope of spontaneous dia
stolic depolarization {55}. Acetylcholine ad
ministered by this same route was without 
effect, presumably because the choline ester 
must interact with muscarinic receptors on the 
outside of the sarcolemma to produce its effects 
{55}. Like acetylcholine, 8-bromo-cGMP in
hibited atrial slow-response action potentials 
{56}, an indirect assessment of lsi' Associated 
with this inhibition of the slow-response action 
potential was a negative inotropic effect {56}. 
8-bromo-cGMP mimicked the effects of acetyl
choline on action potential configuration and 
contractile state of rat atria {57}. In this same 
study, 8-bromo-cGMP decreased Ca2 + uptake 
by beating atrial preparations, but had no ef
fect on K + content {57}. It was concluded that 
cGMP might mediate the effects of muscarinic 
activation on lsi, but not on K+ channels {57}. 

Analogues of cGMP have also been used to 
assess the possible role of cGMP in the antiad
renergic effects of acetylcholine. Dibutyryl 
cGMP mimicked the effect of acetylcholine and 
antagonized the positive inotropic effects of 
catecholamines in isolated cardiac tissues {58}. 
These results have been confirmed by other lab
oratories. Like acetylcholine, dibutyryl cGMP 
also attenuated the positive inotropic effects of 
isoproterenol in hearts from hyperthyroid rats 
{59}. cGMP analogues also mimic acetylcho
line in antagonizing certain of the electrophy-

siologic effects of catecholamines or cAMP. Iso
proterenol antagonized the inhibition of 8-
bromo-cGMP of slow responses to guinea pig 
atria {56}. This can be thought of as the recip
rocal of cGMP antagonism of isoproterenol-in
duced augmentation of slow responses. cGMP 
analogues also mimicked the cholinergic antag
onism of the cardiac metabolic effects of cate
cholamines {59}, Hearts from hyperthyroid rats 
were hyperresponsive to the metabolic effects of 
beta agonists compared to those from euthyroid 
animals {59}, Acetylcholine antagonized iso
proterenol-induced activation of phosphorylase 
in such hearts {59}. Dibutyryl cGMP mim
icked these effects of acetylcholine without 
lowering cAMP levels {59}. Thus, it has been 
shown that analogues of cGMP can mimic the 
effects of acetylcholine in antagonizing the 
electrophysiologic, inotropic, and metabolic ac
tions of beta agonists. 

If cGMP is involved in mediating some of 
the effects of muscarinic-receptor stimulation 
in the heart, the biochemical mechanism by 
which this occurs remains unknown. One hy
pothesis is that, analogous to the cAMP-pro
tein-kinase system, cGMP interacts with a 
specific protein kinase which in turn phospho
rylates certain substrates to alter protein func
tion. A cGMP-dependent protein kinase has 
been identified in various tissues, including 
heart {60}. Recently, an assay has been devel
oped for studying the activity of cGMP-depen
dent protein kinase in cardiac tissues {60}. 
With this assay, it has been shown for the first 
time that administration of acetylcholine to in
tact rat heart results in increases in cGMP-de
pendent protein kinase activity ratios associated 
with elevations in cGMP levels {60}. Both of 
these biochemical responses were associated 
with a negative inotropic effect in the same 
hearts. Na nitroprusside also increased cGMP 
levels, in fact to much greater levels than that 
caused by acetylcholine. However, Na nitro
prusside did not increase cGMP-dependent 
protein kinase activity ratios nor did it change 
force of contraction {60}. These results suggest 
several conclusions: (a) they suggest a possible 
mechanism by which cGMP, the levels of 
which are altered in response to muscarinic 
stimulation, might modify protein function 
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and the physiologic properties of the heart; (b) 
they support the notion that cGMP and its in
tracellular effectors might be compartmental
ized; and (c) they demonstrate the hazards of 
using agents other than muscarinic agonists to 
elevate cGMP levels and then drawing conclu
sions about the role of cGMP if these agents do 
not mimic the choline esters. 

There is a body of evidence that has been 
interpreted to show that cGMP does not have 
any role in cardiac regulation {53}. One con
centration-response study showed a dissocia
tion between inotropic and cGMP-elevating ef
fects of low concentrations of carbachol {61}. 
Low concentrations of carbachol (0.03-1.0 j.LM) 
decreased contractility whereas only high con
centrations (2 or 10 j.LM) elevated cGMP levels 
{61}. Also, by using a low concentration of car
bachol, a dissociation in time course of re
sponse was demonstrated. With 0.3 j.LM car
bachol contractility fell whereas cGMP levels 
did not change {61}. These data were inter
preted as showing that cGMP does not have a 
role in regulating the contractile state of atria. 
However, an alternative interpretation is that 
the contractile state of atria, as modified by 
muscarinic agonists, is determined by more 
than one factor, and cGMP regulates only one 
of those factors. It was shown by voltage-clamp 
studies that low concentrations of acetylcholine 
increased K + outward currents whereas high 
concentrations reduced lsi as well as increased 
outward currents in mammalian atria {50}. 
Even low concentrations (that only modified 
K + currents) produced negative inotropic ef
fects, presumably because lsi was indirectly ab
breviated owing to the shortened duration of 
the action potential {50}. High concentrations 
produced more marked negative inotropic ef
fects presumably because lsi was directly inhib
ited as well as being abbreviated due to the 
shortened action potential duration. Thus, it is 
possible that with low concentrations of mus
carinic agonists negative inotropic effects occur 
independently of cGMP and with high concen
trations a second mechanism (e.g., inhibition 
of Is) becomes operative and that this second 
mechanism involves cGMP. Such a conclusion 
would be compatible with studies that showed 
that cGMP modulates lsi or slow responses 
{57}. 

Another approach to test the cGMP hypoth
esis has been to elevate cGMP with drugs 
which do not interact with muscarinic recep
tors. Because of its potency in elevating tissue 
cGMP levels, Na nitroprusside has been widely 
used for such studies. It has been shown that 
Na nitroprusside did not mimic the inotropic, 
electrophysiologic, metabolic, or antiadrenergic 
effects of acetylcholine, even though it mark
edly increased cGMP levels (for a review, see 
Linden and Brooker {53}). However, because 
Na nitroprusside elevates cGMP levels in heart 
without producing physiologic effects, it does 
not necessarily follow that cGMP has no role in 
mediating the effects of acetylcholine. Immu
nohistochemical evidence in noncardiac {62} 
and cardiac {63} tissues has shown that cGMP 
can be compartmentalized within the cell and 
that muscarinic agonists and Na nitroprusside 
affect the concentrations of this nucleotide in 
different compartments. The recent observa
tions that acetylcholine, but not Na nitroprus
side, activates cGMP-dependent protein kinase 
in rat hearts provide further evidence for differ
ent compartments or pools of cGMP, each of 
which can be selectively regulated and which 
have different intracellular effectors {60}. Anal
ogous evidence has been provided for compart
mentation of cAMP and differential regulation 
of cAMP levels in different pools in myocardial 
cells. 

The most convincing evidence against a role 
for cGMP in mediating certain physiologic ef
fects are the observations that over a range of 
concentrations of muscarinic agonist certain 
physiologic effects can be induced without 
changing tissue cGMP levels. Acetylcholine 
decreased automaticity and shortened action 
potential duration of guinea pig atria and these 
changes appeared to occur without any rela
tionship to tissue cGMP levels {64}. Muscarin
ic agonists antagonized the positive inotropic 
effects of agents that elevate cAMP levels (cate
cholamines, phosphodiesterase inhibitors, chol
era toxin) without elevating cGMP levels {65}. 
These results could be interpreted as eliminat
ing a role for cGMP in the electrophysiologic 
or antiadrenergic effects of muscarinic agonists. 
However, the following considerations should 
be kept in mind: (a) muscarinic receptors 
might be linked to multiple responses only one 
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or a few which are regulated by cGMP; each of 
these must be examined carefully before ruling 
out in a blanket fashion any physiologic role for 
cGMP; (b) cGMP might be compartmentalized 
and small undetectable (by available assays) 
changes in levels might have occurred in exper
iments that appeared to show no change in the 
levels of the nucleotide. 

Thus, substantial evidence exists both in 
support of and against the concept that cGMP 
plays a role in mediating certain cardiac effects 
of muscarinic-receptor stimulation. It is clear 
that this is an unresolved issue. Further exper
iments must be done to establish or completely 
eliminate a role for this cyclic nucleotide in 
cardiac regulation. 

cGMP levels are regulated by two enzymes: 
guanylate cyclase and cGMP phosphodiesterase 
{52}. Guanylate cyclase occurs as both a mem
brane-associated and soluble enzyme in cardiac 
tissues. The membrane-bound form of the en
zyme is located in sarcolemma, the same loca
tion of muscarinic receptors {66}. The two 
forms of the enzyme in cardiac muscle are dif
ferentially regulated: nonionic detergents stim
ulated the particulate enzyme without modify
ing the activity of the soluble enzyme, whereas 
Na nitroprusside stimulated only the soluble 
enzyme {66}. These results showing both par
ticulate and soluble forms of the enzyme and 
differential activation of the two forms of the 
enzyme provide further support for the notion 
of different intracellular pools of cGMP which 
can be modified selectively by certain agents. 
Acetylcholine presumably increases cGMP lev
els by stimulating guanylate cyclase. As noted, 
both muscarinic receptors and particulate guan
ylate cyclase are located in sarcolemma. Except 
for rare reports, however, investigators have 
failed to show any effect of muscarinic agonists 
on guanylate cyclase activity in broken cell 
preparations {52}. In intact tissues, Ca2+ is re
quired for muscarinic-induced elevations in 
cGMP levels. The divalent cation ionophore 
A23187 increased cGMP levels in guinea pig 
ventricles presumably by elevating Ca2 + in cer
tain critical areas of the myocardial cell {67}. 
Ca2 + has been shown to stimulate particulate 
guanylate cyclase activity {68}. Based on these 
types of results it has been suggested that Ca2 + 
might in some way function as an intermediary 

between the muscarinic receptor and guanylate 
cyclase. However, this conclusion remains to 
be established. Other studies have shown Ca2 + 
inhibition of guanylate cyclase {52}. In cardiac 
muscle, although Ca2 + is required for musca
rinic-induced increases in cGMP levels, the 
physiologic response to muscarinic stimulation 
is either no change or a decrease in contractile 
state {58}. These mechanical effects suggest 
that muscarinic agonists do not produce a gen
eralized increase in intracellular Ca2 + concen
tration. If activation of muscarinic receptors 
leads to mobilization of Ca2 +, this must occur 
in discrete intracellular pools (presumably in 
the region of guanylate cyclase) because con
tractile proteins and other intracellular enzymes 
(e.g., phosphorylase kinase) do not appear to 
be affected. 

Cellular (Post junctional )Mechanisms of Muscarinic 
Modulation of Adrenergic Effects on the Heart. In 
cardiac preparations from various mammalian 
species it has been shown clearly that choline 
esters antagonize the positive inotropic effects 
of beta-receptor agonists {58, 69} (fig. 17-9). 
In most of these studies with isolated tissues, 
the negative inotropic effects of muscarinic ag
onists given alone were prominent and easily 
detectable in atria {69}, but were small or ab
sent in ventricles {58}. Muscarinic antagonism 
of the positive inotropic effects of catechol
amines was seen in both atria and ventricles. 
Thus, it appears that in atrial tissues muscarin
ic agonists produce negative inotropic effects 
both by a direct action and by antagonizing the 
effects of the beta-receptor agonists. By con
trast, in ventricles the predominant muscarinic 
effect appears to be inhibition of the inotropic 
effects of beta agonists. 

In isolated cardiac preparations, muscarinic 
agonists also antagonize the electrophysiologic 
effects of catecholamines. Choline esters atten
uated the positive chronotropic effects of cate
cholamines on isolated atrial preparations, pre
sumably by antagonizing the catecholamine
induced increase in spontaneous phase-4 depo
larization. Muscarinic agonists antagonize the 
electrophysiologic effects of catecholamines on 
isolated Purkinje fibers or ventricular muscle. 
Acetylcholine inhibited isoproterenol-induced 
shortening of action potential duration in nor-
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mally polarized paced cardiac Purkinje fibers. 
Acetylcholine also abolished isoproterenol
dependent slow responses in cardiac Purkinje 
fibers or guinea pig papillary muscles (fig. 17-
10) [70}. 

Activation of muscarinic receptors also mod
ulates the cardiac metabolic effects of beta
adrenergic-receptor stimulation. Acetylcholine 
completely antagonized the glycogenolytic ef
fect of epinephrine in isolated perfused guinea 
pig hearts. Subsequent studies showed that this 
was due to a muscarinic antagonism of beta
adrenergic activation of glycogen phosphorylase 
[59, 7I} (fig. 17-11). 

Thus, in isolated cardiac preparations there 
is abundant evidence for intracellular interac
tion between activation of beta-adrenergic and 
muscarinic receptors. In isolated ventricular 
tissues, it appears that modulation of sympa
thetic effects is a major mechanism by which 
the parasympathetic nervous system exerts its 
effect. Choline esters alone produced little or 
no change in the inotropic, electrophysiologic, 
or metabolic properties of isolated ventricular 
tissues. Only when these physiologic or meta
bolic responses were stimulated by beta-adren
ergic agonists did muscarinic cholinergic effects 
become readily apparent. In this situation, 
muscarinic agonists potently antagonized the 
beta-adrenergic alteration of these properties. 
The mechanisms for the intracellular interac
tion between the components of the sympa
thetic and parasympathetic systems are dis
cussed in the next section. 

MUSCARINIC INHIBITION OF ADENYLATE CYCLASE. A 
number of investigators using different types of 
cardiac preparations from various species have 
shown that muscarinic agonists can attenuate 
beta-agonist-induced increases in steady-state 
tissue cGMP levels [59, 69, 7I}. When phys
iologic or metabolic responses were measured, 
the muscarinic attenuation of cAMP generation 
paralleled the inhibition of the myocardial re
sponse to catecholamines. Muscarinic agonists 
inhibited catecholamine-induced increases in 
cAMP levels and concomitantly attenuated the 
positive inotropic effects [59, 69}. Muscarinic 
agonists also antagonized catecholamine-in
duced activation of phosphorylase while inhib
iting cAMP generation [7 I} . These results are 
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FIGURE 17-9. Effect of acetylcholine (ACh) (10- 7 M) on 
the positive inotropic effect of isoproterenol (Iso) in iso
lated, perfused guinea pig ventricles. Measurements were 
taken after hearts had reached a stable level of contractions 
after 2 min of continuous drug infusion. Note that the 
inotropic response to isoproterenol is markedly attenuated 
by acetylcholine. Values are means ± SEM for 7-15 
hearts. Reprinted with permission from Watanabe and 
Besch {58}. 

consistent with the conclusion that the muscar
inic inhibition of cAMP generation is physio
logically and metabolically important in car
diac cells, and that attenuation of cAMP 
generation might be a contributing mechanism 
for the antiadrenergic effects of muscarinic ag
onists. 

The mechanism for muscarinic attenuation 
of catecholamine-induced cAMP generation in
volves inhibition of adenylate cyclase activity. 
It first was shown two decades ago, prior to any 
detailed knowledge regarding regulation of 
adenylate cyclase, that muscarinic agonists in
hibited adenylate cyclase activity in crude prep
arations of dog myocardium [72}. Carbachol 
added to these preparations inhibited both 
basal and epinephrine-stimulated adenylate cy
clase activity [72}. These results were con
firmed in similar experiments which used a 
crude myocardial preparation from rabbit 
hearts [73}. As mentioned previously, adenyl
ate cyclase activity in purified membranes from 
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FIGURE 17-10. The effects of acetylcholine on an isopro
terenol-dependent "slow response". (A) Control Purkinje 
fiber action potention in 4 mM potassium. (B) General
ized depolarization and loss of excitability produced by 
superfusion of Tyrode solution containing 22 mM potas
sium. (C) Restoration of excitability by the addition of 
10 -7 M isoproterenol. (D) The addition of acetylcholine 
(10 - j M) abolishes the "slow response" generated by the 
addition of isoproterenol. Zero potential indicated in each 
panel. Calibrations: horizontal bar = 50 ms; vertical 
bar = 25 mY. Reprinted with permission from Bailey et 
al. [70}, 

myocardial cells is not stimulated by hormones 
unless exogenous guanine nucleotides are added 
(fig. 17-5). Addition of exogenous guanine nu
cleotides stimulated the enzyme directly as well 
as facilitating hormone stimulation of the en
zyme {20} (fig. 17-5). Thus, guanine nucleo
tides can activate cardiac adenylate cyclase di
rectly and are required for hormone activation 
of the enzyme. In purified membrane prepara
tions, muscarinic agonists had no effect on 
basal adenylate cyclase activity, i.e., that activ
ity in the absence of added guanine nucleotides 
[20}. If GTP was added to the enzyme prepa
ration, muscarinic agonists inhibited adenylate 
cyclase activity (fig. 17-5, left panel). This was 
true whether GTP was added alone or together 
with a catecholamine (fig. 17-5, left panel). In 
the earlier studies cited {72, 73}, because the 
membrane preparations were crude it is likely 
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that endogenous GTP was present. Thus, in 
these earlier studies it is likely that muscarinic 
effects on adenylate cyclase activity were also de
pendent on GTP. This dependency of the mus
carinic inhibitory effect on GTP was specific 
for this guanine nucleotide. Cardiac adenylate 
cyclase activity was also increased by the non
hydrolyzable guanine nucleotide Gpp(NH)p 
(fig. 17-5, right panel). However, muscarinic 
agonists had no effect on enzyme activity in the 
presence of this nucleotide {20} (fig. 17-5, 
right panel). Similarly, muscarinic agonists did 
not modify NaF stimulation of adenylate cy
clase activity {20}. The effects of muscarinic 
agonists were blocked by atropine {20}. It was 
concluded that the interaction of both muscar
inic and beta-adrenergic receptors with adenyl
ate cyclase was regulated by the naturally oc
curring guanine nucleotide GTP. These studies 
have been confirmed subsequently. Based on 
these findings and the data that show guanine 
nucleotide regulation of muscarinic-receptor af
fini ty for agonists {4 5, 46}, it is reasonable to 
hypothesize that an N protein, with which 
GTP interacts, is involved in "coupling" inhib
itory muscarinic receptors to adenylate cyclase 
(fig. 17-4). Whether this is the same Ns pro
tein that couples stimulatory receptors to the 
enzyme or whether muscarinic receptors are 
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coupled to the putative Ni protein is unknown 
(fig. 17-4). The detailed biochemical mecha
nism by which activation of muscarinic recep
tors leads to reduction of the efficacy of GTP is 
also unknown. The fact that this inhibition 
does not occur when the nonhydrolyzable ana
logue Gpp(NH)p is the guanine nucleotide 
present suggests the hypothesis that muscarinic 
agonists increase the activity of an adenylate
cyclase-associated GTPase. It has been shown 
in another system that muscarinic agonists can 
activate adenylate-cyclase-associated GTPase ac
tivity [7 4}. In studies indirectly assessing 
GTPase activity, this mechanism is suggested 
for cardiac membranes [75}. Other mechanisms 
are also possible instead of or in addition to 
that postulated. Thus, the specific details re
garding the biochemical and molecular mecha
nisms by which activation of muscarinic recep
tors inhibits adenylate cyclase remain to be 
elucidated. Nevertheless, it seems clear that 
muscarinic agonists can diminish tissue cAMP 
levels by inhibiting catecholamine stimulation 
of adenylate cyclase. 

MUSCARINIC MODULATION OF cAMP EFFECTS INDEPEN

DENT OF CHANGES IN cAMP LEVELS. The muscarinic 
attenuation of catecholamine-induced cAMP 
generation cannot account entirely for the mus
carinic antagonism of the cardiac effects of beta 
agonists. Under certain conditions, muscarinic 
agonists can potently inhibit the physiologic 
and metabolic effects of catecholamines without 
changing cAMP levels. Acetylcholine markedly 
antagonized the positive inotropic effects of iso
proterenol in isolated perfused guinea pig ven
tricles [58} (fig. 17-9). cGMP levels in the 
acetylcholine-treated hearts were markedly ele
vated (fig. 17-12). However, cAMP levels in 
hearts receiving both acetylcholine and isopro
terenol were not significantly different from 
those in hearts receiving isoproterenol alone 
[58} (fig. 17-12). These results have been con
firmed subsequently by several other investiga
tors. It has been shown either that muscarinic 
agonists attenuated a physiologic or metabolic 
response to catecholamines out of proportion to 
the magnitude of reduction in cAMP or that 
the inhibition of physiologic response occurred 
without any change in cAMP levels. Addi
tional evidence for muscarinic antagonism of 
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FIGURE 17-11. Muscarinic cholinergic antagonism of iso
proterenol activation of glycogen phosphorylase in isolated 
perfused hearts taken from hyperthyroid rats. Basal phos
phorylase activity ratio was 8%. Values were mean ± 
SEM of 6-8 hearts. 

catecholamine effects by mechanisms not in
volving cAMP reduction comes from studies in 
which cAMP levels are increased independently 
of stimulation of beta receptors. It was ob
served many years ago that acetylcholine 
blocked the positive inotropic effects of both 
epinephrine and theophylline in isolated turtle 
hearts [76}. Although cAMP levels were not 
measured, it is reasonable to conclude that the 
positive inotropic effects of both epinephrine 
and theophylline were mediated at least par
tially by cAMP [76}. Subsequently, several in
vestigators have utilized phosphodiesterase in
hibitors to produce positive inotropic effects 
and elevate cAMP levels in cardiac preparations 
and then examine the effects of muscarinic ag
onists on these parameters. Methylisobutylxan
thine (MIX) elevated cAMP levels and aug
mented Ca2 + -dependent action potentials and 
contraction in chick ventricles [77}. Acetylcho
line (10 - 6 M) abolished the MIX-induced in
crease in tension without reducing tissue cAMP 
levels [77}. In isolated rat left atria, methacho
line antagonized the positive inotropic effects 
of MIX without changing cAMP levels [69}. 
Myocardial cAMP levels also can be increased 
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FIGURE 17- 12. Cyclic nucleotide levels in hearts receiving 
isoproterenol (Isoprot.) alone or combined with acetylcho
line (ACh) for 2 min of continuous infusion. Values are 
means ± SE for 7- 16 hearts. The horizontal broken line 
is the mean value of cGMP found in hearts receiving 10 - 7 

M acetylcholine alone for 2 min. Reprinted with permis
sion from Watanabe and Besch {58]. 

by treating the intact tissue with cholera toxin 
[65}. The presumed mechanism is that cholera 
toxin inhibits the adenylate-cyclase-associated 
GTPase. Thus, the GTP concentration avail
able to interact with the N protein is increased 
and adenylate cyclase thereby activated. Chol
era toxin elevated cAMP levels [65} and in
creased contractions {65} of intact cardiac prep
arations. Muscarinic agonists inhibited the 
positive inotropic effect of cholera toxin with
out reducing cAMP levels [65}. These results 
thus provide additional evidence that muscarin
ic agonists can antagonize the effects of cAMP 
within the myocardial cell. 

There are several potential sites beyond 
cAMP where muscarinic agonists could act to 
interfere with the intracellular effects of the nu
cleotide (fig. 17-4). One of these is cAMP ac
tivation of cAMP-dependent protein kinase. 
This has been examined in only a limited man
ner. However, the studies that have attempted 
to examine the relationship between cAMP lev
els and activation of cAMP-dependent protein 

kinase have failed to reveal any effect of acetyl
choline on this relationship . That is, for a 
given level of cAMP, cAMP-dependent protein 
kinase was proportionately activated in the 
presence or absence of muscarinic agonists. 
Muscarinic agonists thus do not appear to in
terfere with cAMP activation of protein kinase. 

Another potential site where muscarinic ag
onists might interfere with the intracellular ef
fects of cAMP is at the level of phosphorylation 
of proteins which are thought to mediate the 
effects of hormones or drugs that elevate cAMP 
concentrations. Because TN-I and phospholam
ban have been shown to be phosphorylated in 
intact muscle in response to catecholamines, 
both proteins are good candidates for examin
ing the effects of muscarinic agonists on pro
tein phosphorylation. It has been shown in 
limited studies that acetylcholine reverses epi
nephrine-induced phosphorylation of TN-I 
{23}. Acetylcholine also potently attenuated 
isoproterenol-induced increases in 32p incorpo
ration into phospholamban while antagonizing 
the positive inotropic effects of the catechol
amine [78} (fig. 17-13). Thus, muscarinic ag
onists can potently antagonize catecholamine
induced phosphorylation of myocardial cell 
proteins which may be involved in mediating 
the positive inotropic effects of catecholamines. 
It is not yet known whether this attenuation of 
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FIGURE 17-13. Autoradiogram of guinea pig ventricles perfused with 32p; and then treated with isoproterenol 00 - 8 M) 
alone or isoproterenol plus acetylcholine (10 - 7 M) for 20, 40, and 60 s. After perfusion with drugs for respective 
durations, ventricles were freeze-clamped and then membrane vesicles were prepared . Vesicles were subjected to gel 
electrophoresis and this autoradiogram was subsequently obtained. Acetylcholine was perfused simultaneously with and 
for the same duration as isoproterenol. Hearts in lanes 1, 3, and 5 received isoproterenol plus acetylcholine. Heart in 
lane 7 received atropine in addition to isoproterenol and acetylcholine, and heart in lane 8 received propranolol in 
addition to isoproterenol. Note that isoproterenol produces a time-dependent increase in 32p incorporation into the 
22,000- and 8 ,000- to 1l,000-M, proteins (lanes 1, 3, and 5). Propranolol antagonizes this effect of isoproterenol (lane 
8) . Acetylcholine clearly attenuates the isoproterenol-induced increase in 32p incorporation (lanes 2, 4 , and 6). Atropine 
reverses the effect of acetylcholine (lane 7). Reprinted with permission from Watanabe et al. (78). 

protein phosphorylation can be accounted for 
entirely by muscarinic reduction in cAMP lev
els and thus in protein kinase activity . In view 
of the earlier studies mentioned, this seems un
likely. Rather, it seems more likely that cAMP 
may have been reduced somewhat and that this 

accounts partially for the reduced phosphoryla
tion, but that some additional mechanism was 
also operative to produce the ultimate observed 
inhibition of 32p incorporation. One reasonable 
hypothesis is that muscarinic agonists somehow 
activate a protein phosphatase (fig. 17-4). 
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There are, however, not yet any data available 
that address this question specifically. 

Thus, muscarinic agonists appear to act at 
more than one level in modulating the cascade 
of reactions mediating the intracellular effects 
of beta-receptor stimulation. They can inhibit 
adenylate cyclase activity by somehow reducing 
the efficacy of GTP. In addition, they appear 
to be able to interfere with the intracellular ef
fects of cAMP. The mechanism for this latter 
effect is yet unknown. 

Summary 
Catecholamines modify cardiac function by in
teracting with beta- and alpha-adrenergic re
ceptors on myocyte cell surfaces. The intracel
lular effects of beta-adrenergic-receptor stim
ulation are mediated, at least partially, by 
the cAMP, cAMP-dependent protein kinase 
system. This ultimately involves cAMP-depen
dent protein-kinase-induced phosphorylation of 
proteins in myocardial cells to alter protein 
function and thereby change Ca2 + flux and 
binding to cellular components critical in reg
ulating myocardial contractility. Several pro
tein substrates of cAMP, which are involved in 
Ca2 + regulation of the myofibrillar contractile 
protein complex or in membrane control of 
Ca2 + movements, have been identified and 
shown to be phosphorylated in intact hearts 
treated with catecholamines. Although it seems 
likely that phosphorylation of one or more of 
these proteins is involved in mediating the cel
lular effects of cAMP, additional studies are 
needed to establish this and to elucidate the 
detailed biochemical mechanisms for these ef
fects. Additional proteins, not yet identified, 
may also be involved in mediating these ef
fects. It is possible that stimulation of beta
adrenergic receptors leads directly to altered 
cellular Ca2+ handling independent of changes 
in the cAMP, cAMP-dependent protein kinase 
system. However, no convincing evidence re
garding such a mechanism is available. 

Alpha agonists increase myocardial contrac
tility in some species by activating myocardial 
alpha-adrenergic receptors. The intracellular 
mechanisms by which alpha agonists modify 
myocardial cell function are not known. Al
tered Ca2 + handling by myocytes must be in-

volved, but how this occurs is unknown. It is 
known that the cAMP, cAMP-dependent pro
tein kinase system does not mediate alpha-ad
renergic effects on the heart. 

The cellular mechanisms by which muscarin
ic agonists modify myocardial cell function are 
also less well elucidated than those for beta
adrenergic effects. Muscarinic activation in 
atria leads to increased K + flux. However, 
what "couples" muscarinic receptors to K+ 
channels is unknown. cGMP levels can be ele
vated by muscarinic agonists, but the role of 
this nucleotide in modifying myocardial cell 
function remains questionable. One definite 
mechanism by which muscarinic agonists mod
ify cardiac function is by modulating the cel
lular effects of beta agonists. This occurs by 
muscarinic inhibition of catecholamine stimu
lation of adenylate cyclase and muscarinic at
tenuation of phosphorylation of proteins. The 
detailed mechanisms of both of these muscarin
ic effects remain to be elucidated. 

Thus, while there is substantial information 
about the cellular and subcellular mechanisms 
by which autonomic transmitters modify myo
cardial cell function, much remains to be estab
lished and to be elucidated in more detail. Fu
ture investigation in these areas should be 
fruitful and rewarding. 
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Background 
The term digitalis encompasses a wide variety 
of steroids which have the property of increas
ing the force of contraction and eliciting char
acteristic electrophysiologic effects upon the 
heart. These substances are derived from a 
number of plant and animal sources. The me
dicinal actions of the squill, or sea onion, were 
recognized as early as 1600 B.C. Digitalis-like 
activity is present in the seeds of strophanthus 
gratus, which is the source of ouabain, used as 
an African arrow poison and in the skin of the 
toad, used by ancient Chinese herbalists. The 
glycosides most frequently used today are de
rived from the leaves of the foxglove, Digitalis 
purpurea and D. lanata. The classic study on the 
action of digitalis was published in 1785 by 
William Withering who described his long ex
perience with digitalis in An Account 0/ the 
Foxglove, and Some 0/ Its Medicinal Uses: With 
Practical Remarks on Dropsy, and other Diseases 
[l}. Withering failed to recognize that its effi
cacy in reducing edema was secondary to its 
cardiac action. A second comprehensive mono
graph was published in 1799 by John Ferrier, 
who suggested that digitalis might have a car
diac effect distinct from its ability to promote 
a diuresis. Traube in 1850 also recognized the 
effect of digitalis in promoting the efficiency of 
cardiac muscle and further suggested that the 
bradycardia was the result of vagal stimulation. 
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The usefulness of digitalis preparations in atrial 
fibrillation was first established in the early 
twentieth century. It was not many years ago, 
in 1938, that Cattell and Gold were able to 
show experimentally that the cardiac glycosides 
brought about their beneficial effects by in
creasing the force of contraction of the heart 
[2}. Following the purification of the digitalis 
glycosides and the establishment of methods 
for standardization of various preparations, dig
italis became the mainstay of therapy for 
congestive heart failure. 

Chemistry 
The chemistry of the cardiotonic steroids and 
their structure-activity relationships have been 
the object of considerable research over the past 
40 years [3}. Up until recently, those struc
tural characteristics required for cardiotonic ac
tivity appeared to be well established, but 
more recent data suggest that the earlier hy
potheses no longer hold. A recent review by 
Thomas et al. encompasses both the classic 
structure-activity relationship studies and some 
of the newer findings [4}. These workers have 
described a model for the interaction of a large 
number of the active chemicals with the puta
tive digitalis receptor which is consistent with 
the effects of these agents to increase the force 
of contraction and to inhibit Na,K-ATPase ac
tivity. The cardiac glycosides are made up of a 
combination of an aglycone, or genin, com
bined with one or more sugar molecules. For 
example, digoxin, a cardiac glycoside exten-
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sively used clinically, is made up of an agly
cone, digoxigenin, with three molecules of 
digitoxose, attached at position 3 (see fig. 18-
1). The aglycone and the glycoside both possess 
pharmacologic activity. The aglycones are gen
erally shorter acting and less potent cardiotonic 
agents, but have the same therapeutic and toxic 
characteristics as the glycosides. 

The classic structure-activity relationship 
studies of the digitalis-like compounds indi
cated that inotropic activity was to be found 
only with the 14j3-hydroxysteroids substituted 
with a 17j3-unsarurated lactone ring and addi
tionally possessing the stereochemical features 
of the digitalis steroids; specifically, the cis/ 
trans/cis configurations at the ring junctions 
[51 . These conclusions were difficult to recon
cile with the observation that a number of 
compounds not possessing these features still 
exhibited significant digitalis-like activity. The 
model suggested by Thomas et al. does account 
for the wide spectrum of chemicals capable of 
producing an inotropic action, yet not con
forming to the classic structural model. How
ever, it does appear that the major functional 
group is the electrophilic center in the C-17 
side chain which binds to the receptor and 
therefore is necessary for digitalis-like activity, 
although the lactone ring , per se, is not essen
tial. 

Among the various glycosides and aglycones 
there is a difference in the number and position 
of OH groups. Apparently the OH groups are 
important for determining lipid solubility, 
protein binding, metabolic biotransformation, 
and duration of action of the particular com
pound. While the aglycone portion of the mol
ecule is responsible for the cardiac effects, the 
presence of sugar moieties influences potency 
and pharmacokinetics. The sugar in closest 
proximity to the genin has the greatest effect 
in the binding of the glycoside to its receptor. 
The second and third sugars have lesser influ
ence. Not all digitalis-like compounds contain 
a five-membered unsaturated lactone ring at 
position 17 (see above), but those agents with 
the five-membered lactone ring are called car
denolides , the more common ones being di
goxin, digitoxin, and ouabain. 

o 
Digoxin 

o 

OH 

Digitoxose H 
/ 

Digitoxose 
/ 

Digitoxose 

FIGURE 18-1. Chemical structure of the glycoside, di
goxin. The aglycone, digoxigenin, lacks the sugars in the 
3-position. Digitoxin differs from digoxin by the absence 
of an OH group at the C-12 position. 

Pharmacokinetics 
The two most widely used preparations are di
goxin and digitoxin and these have been most 
extensively studied with respect to their phar
macokinetics in man. 

In normal patients, the absorption of di
goxin following oral administration varies from 
65 % to 85%, depending on the type of prepa
ration used . Absorption of digoxin is more fa
vorable from hydroalcoholic solutions and 
lower when tablets are the drug formulation. 
Variability is greatest with tablets and, al
though digoxin tablets must now meet a tablet 
dissolution test, physicians using a specific 
brand should probably maintain the patient on 
that preparation. 

Following oral administration, a peak level 
of digoxin is achieved at 45-60 min which 
then falls to a plateau level 5-6 h after drug 
administration. This latter phase represents the 
predominant half-life (f 1/2) of approximately 35 
h which results from the metabolism and excre
tion of the drug. 

Because digitoxin is more lipid soluble than 
digoxin, its oral absorption is almost complete . 
The time required for one-half of the drug to 
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TABLE 18-\. Properties of some digitalis preparations 

Absorption 
Peak excretion, and 

Preparation Source Dose effect Half-Life metabolism 

Digoxin (tablets, Glycoside from leaves 1.0-2.5 mg orally 4-6 h 35 h Absorption 75%, 
elixir, injection) of D. lanata then 0.25-0.5 (oral) eliminated by renal 

mg daily excretion 

Digitoxin (tablets, Glycoside from D. 1. 0-1. 5 mg orally, 6-12 h 5 days Absorption 90%-100%, 
injection) purpurea, D. lanata, then 0.1 mg (oral) hepatic 

or other species daily biotransformation; 
renal elimination of 
metabolites 

Lanatoside C Glycoside from D. 1. 0-1. 5 mg orally, 4-6 h 33 h Irregular absorption; 
(tablet) lanata then 0.25-0.75 (oral) 20% metabolized by 

mg daily liver 

Deslanoside Desacetyl derivative of 0.8-1. 5 mg, then 1-2 h 20% metabolized by 
(injection) lanatoside C 0.2-0.5 mg liver; renal 

daily elimination 

Powdered digitalis Leaves of D. purpurea 1.0 mg, then 100 8-12 h 5-7 days Irregular absorption; 
(pill, tablet, or or D. lanata mg daily liver metabolism and 
capsule) mixture of various renal excretion 

glycosides, 
primarily digitoxin 

Ouabain Seeds of Strophanthus 0.25-0.5 mg i.v., 0.5-2.0 h Renal elimination 
(injection) gratus then 0.1 mg 

every h 

be eliminated from the body by metabolism 
and excretion is about 5-6 days in man. 

The cardiac glycosides are widely distributed 
throughout the tissue and fluid compartments 
of the body. Plasma proteins are a significant 
site for glycoside binding; about 25% of di
goxin and 90% of digitoxin are bound to 
plasma proteins. Both glycosides are distrib
uted to all body tissues with highest concentra
tions found in kidney, skeletal muscle, heart, 
liver, and adrenal. Most tissues have concentra
tions up to 100 times greater than that of free 
drug found in plasma at equilibrium, indicat
ing the avid binding of the glycosides to tissue 
protein. 

Digoxin is essentially removed from the 
body by renal excretion, most of it being un
changed drug. The most important determi
nant of the fate of digoxin is renal function and 
the clearance of this glycoside is directly pro
portional to creatinine clearance. A small 

amount of digoxin is secreted by the kidney 
and some is reabsorbed from the tubular lu
men. 

Digitoxin, on the other hand, is largely me
tabolized and renal function does not signifi
cantly alter the half-life of this glycoside. In 
uremia the tl/2 of digoxin and digitoxin are al
most identical so that little is gained by using 
digitoxin in this regard. If dose adjustments 
are necessary during the course of therapy in 
uremic patients, however, digitoxin may be the 
preferred drug. Digitoxin is metabolized by the 
liver microsomal oxidative enzymes and those 
drugs or agents which stimulate or induce 
these enzymes facilitate the metabolic biotrans
formation of digitoxin. One of the products of 
digitoxin biotransformation is digoxin (table 
18-1). 

The cardiac glycosides are distributed rela
tively slowly throughout the body and have a 
large apparent volume of distribution. Their 
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onset of action is slow and is determined by the 
rate at which the drug is bound to Na,K-ATP
ase, the putative pharmacologic receptor. The 
binding of the drug to the tissue receptors is 
slow both in the intact animal and in isolated 
hearts and is largely dependent upon the con
centrations of potassium and sodium ions in 
the extracellular environment (6}. For example, 
in a hypokalemic animal, or a patient with a 
low plasma potassium concentration as a result 
of vigorous diuretic therapy, the rate of bind
ing of digitalis to its receptor is enhanced as is 
the rate of onset of its pharmacologic action. 
Hyperkalemia retards the onset of the digitalis 
effect [7]. The movement of sodium ion across 
the cardiac cell membrane also promotes the 
binding of the cardiac glycoside to its receptor 
so that the sodium concentration or the num
ber of contractions or depolarizations per unit 
time will also influence the rate of onset of ac
tion (8}. It is possible therefore that digitalis 
might act more rapidly in a patient with a fast 
heart rate. 

Among various animal species, the difference 
in sensitivity to the positive inotropic action of 
the cardiac glycosides is remarkable. A part of 
such species-dependent differences in glycoside 
sensitivity is apparently due to differences in 
the rate of metabolism and elimination of the 
glycosides. However, the primary cause of the 
difference is inherent within the heart muscle 
itself, as indicated by the differences in glyco
side sensitivities which can be observed in iso
lated heart muscle preparations. Isolated myo
cardium from dog, cat, cow, or sheep is highly 
sensitive to the inotropic and toxic actions of 
the glycoside, whereas that from guinea pig or 
rabbit is approximately an order of magnitude 
less sensitive. The rat myocardium is more 
than two orders of magnitude less sensitive 
than the heart muscle obtained from guinea 
pigs or rabbits, requiring corresponding higher 
concentrations of the glycoside to produce pos
itive inotropic effects. Human heart seems to 
have the highest glycoside sensitivity among 
the various animal species. These differences in 
the glycoside sensitivity are apparently due to 
the variation in affinity of the receptors for the 
glycosides {9], and a similar magnitude of ino
tropic effect can be obtained in each species 

when the myocardium is exposed to an appro
priate concentration of the glycoside, i.e., the 
dose-response curves are parallel. 

The doses (expressed as mg/kg of body 
weight) of the cardiac glycosides needed in neo
nates and young children are considerably 
larger than those in adults although there ap
pears to be no significant difference in meta
bolic disposition or excretion. Thus, in youn
ger individuals or animals, higher serum levels 
of drug are observed with no evidence of tox
icity. Reasons for this tolerance to digitalis by 
the younger patient are presently unknown; ap
parently a difference in the interaction with the 
putative pharmacologic receptor, Na-ATPase 
does not appear to be the underlying event. 

Pharmacodynamics 
Digitalis has two useful clinical effects. These 
are to increase the force of myocardial contrac
tions in patients with congestive failure and to 
slow the beating of the ventricle in atrial fibril
lation or flutter. Although for many years it 
was thought that the beneficial effects in 
congestive heart failure might be the result of 
the slowing of the ventricular rate, it is now 
firmly established that the positive inotropic ef
fect is the result of a direct action upon the 
heart subsequent to an interaction with the 
digitalis receptor (see below). Its effect on the 
electrophysiologic activity of the heart is also 
direct, but may be modified to some extent by 
input from the central nervous system. In ad
dition to its effects upon the brain, which may 
also be responsible for some of its toxic mani
festations, digitalis also has pronounced effects 
upon other tissues such as vascular smooth 
muscle, for example. The cardiac glycosides 
also have significant effects upon sympathetic 
and parasympathetic function in both therapeu
tic and toxic concentrations. Thus, the overall 
pharmacodynamics of this class of compounds 
is complex, influenced by indirect as well as by 
direct effects upon the target tissue. 

INCREASE IN FORCE OF CONTRACTION 

The cardiac glycosides increase the force of con
traction of both atrial and ventricular heart 
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muscle. This positive inotropic effect can be dem
onstrated in various isolated cardiac muscle 
preparations from a variety of animals, includ
ing man. Increased contractility occurs in the 
normal as well as the failing heart, but is not 
generally seen in normal patients or animals 
because of reflex hemodynamic adjustments. 

It can be readily shown in isolated heart 
muscle preparations that the cardiac glycosides 
increase peak developed tension and that this 
effect is dose or concentration dependent (fig. 
18-2). With higher concentrations a negative 
inotropic effect may be observed associated 
with an increase in resting tension. 

During congestive heart failure a number of 
pathophysiologic events occur which are ulti
mately modified by digitalis treatment. The 
basic defect is the inability of the heart to 
pump adequately to supply the tissues with 
blood. While the initial insult resulting in 
depression of myocardial contractility may 
vary, the pathologic sequelae are similar. 
When the heart fails to function, several mech
anisms are triggered in an attempt to compen
sate for the deficit. There is an increase in end
diastolic volume, in which the heart is now op
erating at a new point on the Frank-Starling 
ventricular function curve; an increase in sym
pathetic tone; and, finally, a significant in
crease in ventricular size. The enhanced sym
pathetic tone is a consequence of reduced 
cardiac output and blood pressure influencing 
the baroreceptors. Thus, the result is a com
pensatory rise in blood pressure, heart rate, and 
peripheral resistance. However, ultimately this 
increase in sympathetic tone forces the heart to 
work harder to eject enough blood to perfuse 
the tissues, and cardiac efficiency is decreased. 

During compensation, an increased preload 
is necessary to maintain the cardiac output. 
Myocardial oxygen consumption is increased 
and vascular and pulmonary congestion may re
sult from the increase in preload. Any increase 
in metabolic demands upon the heart under 
these conditions can lead to dyspnea. Ventric
ular hypertrophy is also a consequence of the 
decrease in myocardial contractility. The rise in 
ventricular pressure promotes an increase in the 
number of myofibrils of the ventricle and in 
heart size. All these mechanisms act in concert 

in an attempt to maintain cardiac output and 
are reasonably successful except when increased 
demands are placed on the heart [lO}. 

Intervention with digitalis is still the most 
effective treatment to maintain the patient 
with congestive failure. With the cardiac gly
cosides, the heart now operates on a new ven
tricular function curve, indicative of a higher 
level of cardiac contractility. Thus, at any des
ignated ventricular filling pressure more stroke 
work is generated. Not only is peak tension de
velopment greater after digitalis, but also the 
time to reach a given tension at every load is 
reduced when the velocity of contraction is ex
amined at various loads. The duration of sys
tole is also reduced. 

The effect of the glycosides to increase the 
force of contraction enhances stroke volume so 
that the sympathetic nervous system and cate
cholamines are no longer needed to maintain 
tissue perfusion. Since the kidney is now more 
effectively perfused, more salt and water is ex
creted and edema is reduced. Peripheral vaso
constriction is diminished, plasma volume is 
lowered, cardiac preload is decreased and the 
heart returns toward its normal size [IO}. Ox
ygen consumption of the heart may be slightly 
increased by the cardiac glycosides, but effi
ciency is remarkably improved so that the net 
oxygen requirements may actually be less. The 
negative chronotropic effect of the cardiac gly
cosides may also tend to reduce oxygen con
sumption. 

ELECTRO PHYSIOLOGIC ACTIONS 

The digitalis glycosides have both beneficial 
and toxic electrophysiologic effects upon the 
heart. In addition to their action to increase the 
force of cardiac contraction, the glycosides are 
used therapeutically to correct rhythm altera
tions of supraventricular origin. In high con
centrations, the therapeutic actions of the gly
cosides are limited by the occurrence of life
threatening rhythm and conduction distur
bances. Therefore, an understanding of the 
basic electrophysiology of the glycosides is im
portant. Most of the pertinent experimental 
studies have been performed on either isolated 
preparations or in situ on species other than 
man although significant studies have also been 
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done on the human heart. Moreover, the gly
cos ides have different actions on the specialized 
conducting tissues of the heart. Generally there 
has been good correspondence between obser
vations in experimental animals and in man. 

Direct Effects. The most extensively examined 
cardiac tissue from the viewpoint of the direct 
electrophysiologic actions of digitalis has been 
the mammalian Purkinje fiber [ll}. The basis 
for the arrhythmogenic actions of the glyco
sides stems from studies on this tissue. Studies 
in which canine Purkinje fibers are exposed to 
the cardiac glycosides indicate that the glyco
sides promote spontaneous firing in this spe
cialized conducting tissue which may become 
the origin of the electrical activity. Recent 
studies have demonstrated that a depolarization 
afterpotential, also referred to as a transient de
polarization (TD) or delayed afterdepolarization 
(DAD), may be the causative underlying event. 
The TD is also capable of eliciting an aftercon
traction. Generally, the transient depolariza
tion is observed in Purkinje tissue following a 
train of several evoked action potentials in the 
presence of cardiac glycosides. This aberrant 
depolarization is frequency dependent and is 
observed more readily at high stimulation 
rates. When the transient depolarization 
reaches the threshold potential, a series of re
petitive volleys are induced. These TDs have 
also been reported in atrial and ventricular 
muscle preparations using larger concentrations 
of cardiac glycosides. A transient inward cur
rent has been implicated in the genesis of the 
transient depolarizations. 

Indirect Effects. It has been shown both exper
imentally and from clinical studies that efferent 
vagal activity is increased by the glycosides and 
that the slowing of heart rate observed can be 
blocked by atropine. Several sites appear to be 
implicated in this slowing of heart rate. Many 
studies have demonstrated that the slowing is 
dependent upon an intact automatic nervous 
system and both parasympathetic activation 
and sympathoinhibition playa role. 

Sympathetic nervous activity may also be en
hanced by digitalis and this action is observed 
with toxic doses of the glycosides. Whether the 

sympathetic stimulation originates within cen
tral nervous system or peripheral sites is still 
uncertain as is the importance of sympathetic 
stimulation in the genesis of the arrhythmias 
seen with the larger doses of digitalis. The role 
of the nervous system on the actions of digitalis 
has been reviewed by Gillis and Quest [12}. 

Effects on Various Cardiac Tissues. Atrial tissues 
are very sensitive to the indirect action of the 
cardiac glycosides because of its well-known re
sponsiveness to acetylcholine. Acetylcholine 
markedly decreases the atrial refractory period 
(ERP), automaticity, and action potential du
ration (APD). The membrane potential (RMP) 
is increased and tissue becomes hyperpolarized, 
reducing conduction velocity. While the direct 
effects of the glycosides tend to decrease the rest
ing membrane potential and to increase the 
action potential duration, the indirect effects 
predominate so that with therapeutic concen
trations of digitalis the ERP and APD of atrial 
tissue are decreased. The atrioventricular (A V) 
nodal tissues are similarly influenced by acetyl
choline so that digitalis has a significant effect 
on this tissue. Both the rate of rise and the 
amplitude of A V nodal tissue action potentials 
are decreased so that conduction is impaired 
and the ERP markedly increased. Thus, toxic 
doses of the glycosides can lead to A V block as 
a result of the conduction impairment. These 
effects are also of particular importance in the 
treatment of atrial fibrillation and atrial flutter. 
The Purkinje system and ventricular muscle are 
much less sensitive to acetylcholine and thus 
less influenced by the vagal effects of digitalis. 
As a result of the direct and indirect electro
physiologic actions of the cardiotoxic glyco
sides, the following may be observed on the 
EeG of patients with adequate digitalis to pro
duce a positive inotropic effect. The heart rate 
is decreased due to the depressed sinoatrial (SA) 
nodal automaticity. The PR interval, the prop
agation through the A V node, is lengthened as 
a result of the decreased A V nodal conduction 
velocity. The QT interval, an estimate of the 
ERP, is shortened; a consequence of the in
crease in ventricular excitability. The ST seg
ment may be depressed or inverted and the T 
wave inverted. 
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Treatment 0/ Dysrhythmias. The cardiac glyco
sides are effective in the control of atrial fibril
lation, atrial flutter, and supraventricular par
oxysmal tachycardia. 

In the treatment of atrial flutter, the aim is 
to reduce the ventricular rate. This is brought 
about by a direct action of digitalis on the A V 
node and also secondarily as a consequence of 
an increased blood pressure resulting from an 
enhanced cardiac output. This promotes vagal 
tone and reduces sympathetic drive. The direct 
effect on the A V node is to prolong the effec
tive refractory period (ERP) so that a fewer 
number of impulses reach the ventricles; thus 
ventricular slowing is observed. The increased 
vagal tone shortens the atrial refractory period 
to further increase atrial rate. As a result, the 
A V node is bombarded at a greater frequency 
by impulses, but most of these are extin
guished because the node is depressed and the 
refractory period is prolonged to a greater ex
tent, further slowing the ventricular rate. 
Atrial flutter is also treated effectively with the 
cardiac glycosides. The increase in vagal activ
ity shortens the ERP of the atria, as above, and 
the flutter is converted to atrial fibrillation 
which can be controlled more easily. Supraven
tricular paroxysmal tachycardias are generally 
relieved by maneuvers which enhance vagal ac
tivity; thus the use of digitalis is indicated. It 
is important to note that overdosage with dig
italis can result in supraventricular paroxysmal 
tachycardia with A V block. 

Digitalis Intoxication 
All of the glycosides manifest similar toxic 
signs. In addition to cardiac rhythm distur
bances, other untoward effects are frequently 
observed. These include such gastrointestinal 
effects as anorexia, nausea and vomiting, diar
rhea, and abdominal pain. The genesis of the 
gastrointestinal side effects (particularly nausea 
and vomiting) is apparently the result of stim
ulation of the chemoreceptor trigger zone in 
the area postrema of the medulla. Headache, 
malaise, and drowsiness are prominent central 
nervous side effects which occur early in digi
talis intoxication. Visual disturbances are seen 
in patients intoxicated with digitalis with blur-

ring and color vision disturbances occurring 
most commonly. 

The primary event which occurs most fre
quently in patients is arrythmogenesis. This in
cludes rhythm abnormalities of both atria and 
ventricles and disturbances of A V conduction. 
Diagnosis rests on patient history and an esti
mation of the concentration of digitalis glyco
side in the plasma. Since the therapeutic and 
toxic ranges of the glycosides in plasma over
lap, clinical evaluation is clearly of primary im
portance. 

TREATMENT 

The treatment of digitalis toxicity, once the di
agnosis is made, involves the use of one of sev
eral antiarrhythmic drugs. Lidocaine, procain
amide, or propranolol are frequently used, 
effective agents. Phenytoin is also useful to 
treat atrial arrhythmias, although several in
stances of sudden death with this agent have 
been reported. Potassium administration is one 
of the most effective regimens when the plasma 
K + is either low or normal. If the plasma K + 
is high, further K + addition will enhance A V 
block and may induce cardiac arrest. Although 
the mechanism of the K + -induced reversal of 
digitalis arrhythmogenesis has not been eluci
dated, several explanations have been proposed. 
Potassium is known to reduce the steady-state 
concentration of the glycoside-Na +, K + -ATP
ase complex, to have the ability to stimulate 
the sodium pump, and to alter cardiac cell 
membrane permeability. Data are presently not 
available to support any of these hypotheses, 
and an alternative mechanism is equally fea
sible. 

DRUG INTERACTIONS 

A recent interesting finding has been the obser
vation of an interaction between the cardiac 
glycosides and quinidine. This is of particular 
clinical importance because of the use of quin
idine in digitalized patients to convert atrial 
flutter to a sinus rhythm. It has been shown 
that certain of the cardiac glycosides, particu
larly digoxin, and quinidine occupy mutual 
binding sites in many tissues. Thus, the con
comitant use of these two agents results in lev
els of the glycoside which are dangerously 
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high, and causes arrhythmias in a large number 
of patients [l3}. When such a combined ther
apy is instituted it is necessary to reduce the 
maintenance dose of digoxin or increase the 
dosing interval. Quinidine reduces the clear
ance of the cardiac glycoside and also its vol
ume of distribution in the body. Plasm~ 
digitoxin concentrations are less affected by 
quinidine administration, while ouabain's lev
els are apparently not influenced. The inter
action between the digitalis glycosides and 
diuretics which promote the excretion of potas
sium is well known and has been discussed ear
lier. Hypokalemia results in an enhanced bind
ing of the glycoside to its putative receptor in 
the heart and can lead to arrhythmias. Con
versely, hyperkalemia will retard the binding 
of the glycoside to its receptor and slows the 
onset of the therapeutic action. Calcium ion 
potentiates the toxicity of the cardiac glyco
sides. Other drugs which must be used judi
ciously with the cardiac glycosides are the beta
adrenergic antagonists and the calcium channel 
blockers which may compromise the increased 
force of myocardial contraction induced by the 
glycosides. 

Mechanisms 0/ Therapeutic Action 
Although the cardiac glycosides have a proven 
efficacy of increasing the force of myocardial 
contraction, especially in the failing heart, 
their clinical use has been compromised by 
their narrow margin of safety. For example, 
concentrations of digoxin in plasma observed in 
patients who are adequately treated with the 
glycosides are generally in the range of 1-2 ng/ 
ml. These concentrations are approximately 
half those observed in patients showing signs of 
digitalis toxicity, representing an extremely 
narrow margin of safety for this group of com
pounds. Clinical studies have indicated that the 
therapeutic and toxic concentrations of digoxin 
or digitoxin in plasma overlap [14}. This nar
row margin of safety of the cardiac glycosides 
has resulted in a high incidence of glycoside 
toxicity among patients on digitalis therapy. 
Because of this problem, many cardiologists 
recommend the use of alternative therapy such 
as diuretics or calcium antagonists to reduce 

preload and afterload in order to improve myo
cardial function, although only the cardiac gly
cosides reverse the cause of chronic heart fail
ure, i.e., inadequate myocardial contractility. 
Another approach to this problem is to develop 
a drug which has a wider margin of safety. 
Therefore, it is necessary to understand the 
mechanisms responsible for both the therapeu
tic and toxic actions of the cardiac glycosides, 
since the strategy to develop safer compounds 
and also the rational treatment of patients are 
largely dependent on whether the receptors for 
the two actions of the glycoside are the same or 
different. 

Cat tel and Gold [ 15} , pioneers of modern 
pharmacologic research into the mode of action 
of the cardiac glycosides, questioned in 1934 
whether the therapeutic and toxic actions of the 
glycosides might not be separated by selecting 
a compound based on its chemical structure. 
Such a separation would be feasible only if the 
receptors for the two actions of the glycoside 
were different. Since that time, numerous com
pounds have been synthesized and tested for 
their therapeutic and toxic potencies. Occasion
ally, a partial improvement of the margin of 
safety has been reported; however, a complete 
separation of two actions of the glycoside deriv
atives has not yet been achieved. Since a large 
number of compounds with different structures 
have already been tested, the results should 
suggest that these two actions are probably not 
completely separable. 

Na,K-ATPase AND THE SODIUM PUMP 

Among numerous biochemical systems exam
ined during the past four decades, the sodium 
pump of the cardiac plasma membrane or 
sarcolemma, or its enzymatic representation, 
Na,K-ATPase, has proven to be most sensitive 
to the cardiac glycosides. Various cardiac gly
cos ides and their derivatives bind to Na,K
ATPase in a specific manner, and inhibit this 
enzyme activity [6, 8, 16}. The significant 
binding and the ensuing substantial enzyme in
hibition observed in vitro occur in a range of 
glycoside concentrations which produce posi
tive inotropic effects in isolated heart prepara
tions or in intact animals. Moreover, when 
heart muscle is exposed to a therapeutic con-
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centration of a cardiac glycoside, and Na,K
ATPase or sodium pump activity is assayed un
der conditions in which release of the glycoside 
bound to the enzyme is negligible; a 20%-
40% inhibition of the enzyme or sodium pump 
activity can generally be observed. These find
ings suggested that the binding of cardiac gly
cosides to sarcolemmal Na,K-ATPase and the 
resulting sodium pump inhibition are involved 
in the mechanism of the positive inotropic ac
tion of these compounds. 

CHARACTERISTICS OF THE POSITIVE 
INOTROPIC EFFECT 

The positive inotropic effect of the cardiac gly
coside has many salient characteristics. For ex
ample, the rate of onset of the inotropic effect 
is slow. This slow onset is apparently not due 
to a slow absorption of the glycoside, because 
the slow onset of the action can be observed 
even when the glycoside is injected intrave
nously, or in isolated heart preparations which 
are exposed to a uniform concentration of the 
glycoside. The rate of onset of the inotropic ac
tion can be accelerated by conditions which in
crease the rate of sodium influx into myocardial 
cells. These conditions include higher heart 
rate, driving of the heart with twin-pulse stim
ulation, or the presence of a sodium ionophore, 
monensin. The rate of onset is delayed by ele
vating the extracellular potassium concentra
tion [l6}. 

A slight change in the chemical structure of 
the active cardiac glycosides, e.g., saturation of 
the lactone ring, elimination of a hydroxyl 
group at the C-14 position, or a removal of the 
sugar moiety from glycosides, markedly re
duces the potency of the compound [3, 4}. The 
loss of the positive inotropic effect of the car
diac glycosides in the intact animal is generally 
determined by the loss of the compound from 
the body, and therefore is dependent on the 
rate of metabolism and elimination. In isolated 
heart studies in which the glycoside concentra
tion of extracellular fluid can be rapidly re
duced to zero, the loss of the inotropic effect is 
dependent on the rate of release of the glyco
side from the inotropic receptor. Under these 
conditions, the rate is dependent on the chem
ical structure of compounds and the animal 

species. Generally, the higher the potency of 
compound or the sensitivity of the myocar
dium, the slower the washout of the inotropic 
effect [l6}. This slow rate is further delayed by 
elevating the extracellular potassium concentra
tion. 

These rather unique characteristics of the 
positive inotropic effect of the cardiac glycoside 
should be explained by any proposed mecha
nism of inotropic action of the glycosides. 

BINDING OF CARDIAC GLYCOSIDES 
TO Na,K-ATPase 

Na,K-ATPase is a membrane-bound enzyme 
which is responsible for the coupled, active 
transport of sodium and potassium ions across 
the cell membrane [6}. Apparently, the en
zyme system spans the entire thickness of the 
cell membrane, binds sodium ions at the inner 
surface, and transports and releases sodium ions 
at the external surface. The enzyme system 
then binds potassium ions at the external sur
face and releases them at the inner surface. 
Each cycle of the above reaction is associated 
with a cycle of phosphorylation and dephos
phorylation of, and also conformational changes 
in, the enzyme protein. The enzyme is phos
phorylated from ATP which is hydrolyzed to 
ADP and inorganic phosphate during the reac
tion cycle, the free energy released from ATP 
being utilized for active cation transport. 

Cardiac glycosides bind to Na,K-ATPase at 
the site accessible from extracellular side [l6}. 
The binding normally occurs when the enzyme 
has just completed the transport of sodium 
ions, i.e., when the enzyme is in a sodium
induced conformation. If potassium ions induce 
a further conformational change in enzyme pro
tein, the binding sites become less accessible to 
the glycoside. This means that the binding of 
the glycoside to Na,K-ATPase is promoted by 
conditions which either increase the intracellu
lar sodium ions available to the sodium pump 
or reduce the extracellular potassium. There
fore, a higher heart rate, twin-pulse electrical 
stimulation, the presence of a sodium iono
phore, such as monensin, or hypokalemia en
hances the glycoside binding to Na,K-ATPase. 
Since glycoside binding occurs to the sodium
induced form of the enzyme, and the enzyme 
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spends only a comparatively short time in this 
form during its cycle of conformational 
changes, the binding of cardiac glycosides to 
Na,K-ATPase is relatively slow, resulting in a 
slow onset of glycoside action even when the 
drug is given intravenously. 

Structure-activity relationship studies with 
various glycoside derivatives have shown that 
the ability of a compound to bind to and in
hibit isolated Na,K-ATPase or the sodium 
pump is related well to its ability to increase 
the force of myocardial contraction in isolated 
heart muscle preparations {4J. Corresponding 
to the species-dependent differences in glyco
side sensitivity, Na,K-ATPase preparations ob
tained from heart muscle of highly sensitive 
species have a high affinity for the glycoside, 
and those from relatively low sensitive species 
have a low affinity. These differences in the af
finity of isolated Na,K-ATPase for various gly
coside derivatives are primarily due to differ
ences in the dissociation rate constants, or the 
rate at which the compounds are released from 
the binding sites on the enzyme {9]' Again, 
good correlation is observed between the rate of 
release of the compounds from isolated Na,K
ATPase and the rate of loss of the inotropic 
effect in isolated heart muscle preparations 
{I 7]. 

Finally, when Na,K-ATPase is isolated from 
cardiac muscle exposed to a positive inotropic 
concentration of the glycoside, one can gener
ally observe that the enzyme is inhibited by 
20%-40% [16}, indicating that substantial 
glycoside binding to Na,K-ATPase must occur 
in the heart muscle at a time when the ino
tropic effect of the glycoside is apparent. 

Because of these impressive relationships be
tween the binding of cardiac glycosides to 
Na,K-ATPase and their inotropic effects, it is 
now generally believed that the binding of the 
glycoside to Na,K-ATPase is intimately related 
to the mechanisms of inotropic action of car
diac glycosides, i.e., Na,.K-ATPase is the re
ceptor molecule for the pharmacologic action of 
the glycosides. 

EVENTS WHICH CONNECT Na,K-ATPase 
INHIBITION TO INOTROPIC EFFECTS 

Although the binding of cardiac glycosides to 
Na,K-ATPase seems to be essential for their 

positive inotropic effect, there are differences in 
opinion with regard to the mechanisms by 
which binding leads to an increase in the force 
of myocardial contraction. In cardiac muscle, 
membrane excitation is characterized by a rapid 
sodium influx, causing membrane depolariza
tion, followed by a delayed potassium efflux 
which causes membrane repolarization. Unlike 
the action potential in the nerve cells, the time 
interval between membrane depolarization and 
repolarization in cardiac muscle, i.e., the pla
teau phase, is as long as 200-500 ms. During 
this time period, calcium ions enter the cell. 
These calcium ions combined with those re
leased from intracellular sites, will cause a tran
sient increase in the intracellular free calcium 
ion concentration shortly following each mem
brane excitation, resulting in muscle contrac
tion. Cardiac glycosides have been shown to 
enhance this transient increase in calcium ion 
concentration, or calcium transient, thereby in
creasing the force of contraction [18]. Thus, it 
may be concluded that in some manner the 
glycosides increase the efficiency of events 
which connect membrane excitation to calcium 
transients. 

The precise biochemical or electrophysiol
ogic basis for the membrane-excitation-cal
cium-transient coupling mechanism, however, 
is presently unknown. Thus, it is somewhat 
difficult to understand how the glycoside mod
ifies normal processes of the coupling mecha
nism to increase its efficiency. One obvious 
consequence of the glycoside binding to Na,K
ATPase is an inhibition of sodium pump activ
ity. Therefore, several investigators have pro
posed that sodium pump inhibition causes an 
elevation of the intracellular sodium ion con
centration, which in turn elevates intracellular 
calcium ion concentration by either stimulating 
a calcium-influx-sodium-efflux exchange reac
tion or inhibiting a sodium-influx-calcium-ef
flux exchange reaction {I9]' The exchange re
action seems to work bidirectionally f20}, i.e., 
during the systolic phase, calcium influx is 
coupled with sodium efflux, presumably due to 
the relatively high sodium concentration at the 
inner surface of the cell membrane, whereas 
during the diastolic phase, sodium influx is 
coupled with calcium efflux. Thus, it is more 
likely that sodium pump inhibition, with its 
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FIGURE 18-2. Ptoposed mechanisms of the positive ino
tropic and arrhythmogenic actions of the cardiac glyco
sides. 

augmented increase in sodium ion concentra
tion at the inner surface of the cell membrane 
during the systolic phase, enhances calcium in
flux. The problem with this explanation is that 
the increase in intracellular sodium ion concen
tration is minimal when as much as 40% in
hibition of the sodium pump is caused by ino
tropic concentrations of the glycoside [21}. 

It is apparent that the sodium pump has a 
reserve capacity, since a substantial inhibition 
does not cause a corresponding increase in the 
intracellular sodium ion concentration. This 
must indicate that the remaining sodium 
pump, now turning over faster in response to a 
slightly higher intracellular sodium ion concen
tration, is adequate to pump out sodium ions 
entering the cell during a cycle of myocardial 
function. The presence of a reserve capacity of 
the sodium pump is also apparent when the 
rate of sodium influx is increased by increasing 
the heart rate or in the presence of agents 
which increase sodium influx. Under these con
ditions as well, the intracellular sodium ion 
concentration rises only minimally [22}, indi
cating that the sodium pump is now turning 
over faster as a result of the slight increase in 
intracellular sodium ion concentration, and is 
adequate to handle the enhanced sodium influx 

~ 
Ca Accumulation 

I 
Ca Redistribution 

I 
Altered Membrane Permeability 
Transient Inward Current 

I 
Oscillatory After-Potentials 

~ 
Arrhythmias 

rate. Thus, one has to question whether partial 
inhibition of a system which has a significant 
reserve capacity can have any physiologic sig
nificance. 

Actually, a small increase in intracellular so
dium may be sufficient to cause a substantial 
increase in intracellular calcium ion concentra
tion, considering that the intracellular sodium 
ion concentration is approximately 5-10 mM, 
whereas the cytoplasmic calcium ion concen
tration is less than 0.01 mM. Alternatively, 
dynamic changes in the intracellular sodium 
concentration are such that one cannot experi
mentally determine, with the currently avail
able methods, the changes in intracellular so
dium ion concentration caused by a moderate 
sodium pump inhibition. During the early 
phase of membrane excitation, the rate of so
dium influx suddenly increases. Such an in
crease may effectively elevate the sodium ion 
concentration at the inner surface of the cell 
membrane, thereby stimulating the sodium 
pump and also the calcium-influx-sodium
efflux exchange reaction [23}. During this pe
riod, individual sodium pump units may be 
turning over faster, in the absence of the gly
coside, in response to an elevated intracellular 
sodium ion concentration and may now be op
erating at close to their maximum capacity to 

extrude sodium. Thus, an inhibition of the so
dium pump by the glycosides may cause more 
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sodium ions to be extruded by the calcium
sodium exchange mechanism, resulting in an 
enhanced calcium influx, and augmented cal
cium transients. During the later phase of 
myocardial function, the rate of sodium influx 
declines, providing an opportunity for the in
hibited sodium pump to "catch up" before the 
next membrane excitation. 

This latter explanation is consistent with 
most observations, such as the finding that 
only a slight increase in intracellular sodium is 
observed in resting cardiac muscle exposed to 
inotropic concentrations of the glycoside, that 
sodium accumulation occurs more easily when 
the heart is stimulated at a higher frequency, 
that agents or conditions which enhance trans
membrane sodium influx can increase the force 
of myocardial contraction, and that the aug
mentation of calcium transients by the cardiac 
glycosides has a relatively minor effect on the 
resting calcium concentration. In this regard, 
it should be noted that an enhancement of so
dium influx, which would produce a similar 
net result as would sodium pump inhibition, 
also produces inotropic effects and toxicity 
quite similar to those caused by the cardiac 
glycosides. Nevertheless, this role for intracel
lular sodium has yet to be supported by the 
experimental demonstration of sodium tran
sients. Additionally, that the magnitude of the 
sodium transients and calcium transients and 
the time course of the calcium-sodium ex
change reaction are adequate to explain an aug
mentation of the calcium transient by this 
mechanism should be examined. 

Alternative explanations for the enhance
ment of myocardial contraction resulting from 
the glycoside binding to Na,K-ATPase in the 
apparent presence of the sodium pump reserve 
capacity are also possible. For example, the 
glycoside binding to Na,K-ATPase might alter 
properties of membrane lipids associated with 
the enzyme so that the capacity and affinity of 
the calcium binding sites within the cell mem
brane are altered, favoring binding and release 
of calcium ions associated with membrane ex
citation [24, 25}. Such glycoside-enhanced cal
cium binding sites may be either inside or out
side the membrane lipid bilayer. 

Cardiac glycosides are capable of producing 

positive inotropic effects by their direct action 
on the heart, probably by binding to sarcolem
mal Na,K-ATPase and inhibiting sodium 
pump activity. There is, however, no a priori 
reason to believe that this is the only mecha
nism by which the glycosides modify the force 
of myocardial contraction. For example, various 
cardiac glycosides alter the configuration of the 
action potential of cardiac muscle cells. The ef
fect is both concentration and time dependent, 
i.e., in low concentrations and at an early 
time, the glycosides prolong the action poten
tial duration, and at higher concentrations and 
after prolonged exposure, they shorten the ac
tion potential duration. These changes cannot 
be the primary mechanism for the positive in
otropic action of the glycoside, as the inotropic 
effect can be observed at the time when the 
action potential duration is shortened, as well 
as prolonged. Nevertheless, these changes un
doubtedly modify the force of contraction, 
which is anticipated to be enhanced when the 
action potential duration is prolonged. It is 
possible that the positive inotropic effect of the 
cardiac glycosides is mediated by two or more 
parallel pathways. 

Mechanisms of Toxicity 
While some of the toxic signs of cardiac gly
cos ides , such as nausea, vomiting, fatigue, and 
yellow vision, are apparently due to their ac
tion on the central nervous system, the most 
important toxicity, cardiac dysrhythmia, prob
ably involves both a direct action of the glyco
side on the heart and indirect lesions, i.e., 
those on the nervous system. Since the arrhyth
mogenic actions of the glycoside can be dem
onstrated with isolated heart preparations, gly
cosides are apparently capable of producing 
arrhythmias by their direct action on the heart. 
Such a direct arrhythmogenic action of the gly
coside is generally considered to result from in
hibition of the sodium pump to a degree ex
ceeding its reserve capacity [21}. In animal 
experiments with anesthetized dogs, cardiotox
icity of the glycoside is associated with a 60%-
80% inhibition of the sodium pump. At this 
level of sodium pump inhibition, the remain
ing capacity of the sodium pump is insufficient 
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FIGURE \8-3. Membrane action potential of cat Purkinje 
fibers exposed to toxic concentrations of digoxin. Four 
driven action potentials, indicated by the solid points, are 
followed by two oscillatory afterpotentials in the presence 
of 2 j-lM digoxin (lower trace). The upper trace is a con
trol, prior to digoxin exposure. 

to pump out sodium ions entering the cell as
sociated with membrane excitation. This causes 
myocardial cells to accumulate sodium and lose 
potassium. 

Sodium accumulation and potassium loss 
then cause partial depolarization, i.e., the 
transmembrane potentials become less nega
tive, approaching the threshold potential for 
the activation of sodium channels. The concept 
that the reduced difference between the resting 
membrane potential and the threshold poten
tial increases excitability of the myocardial 
cells, makes myocardial cells fire more easily 
without being driven by the normal pacemaker 

cells, and thereby causes arrhythmias, however, 
is not supported by studies which demonstrate 
that an elevation of the extracellular potassium 
concentration causes a further depolarization, 
yet reverses the glycoside-induced arrhythmias 
(fig. 18-3) . 

Electrophysiologic studies indicate that the 
ventricular tachycardia caused by toxic doses of 
the cardiac glycoside originates, at least ini
tially, from Purkinje fibers [26]. When these 
fibers are exposed to toxic concentrations of the 
glycoside, oscillatory afterpotentials can be ob
served immediately following repolarization. 
The oscillatory afterpotentials are apparently 
caused by fluctuations in membrane permeabil
ity to various cations during the short time pe
riod which follows membrane repolarization. 
This increase in membrane permeability results 
in sodium, and perhaps calcium, ions to flow 
through the membrane into the cell, generat
ing transient inward currents, which make the 
membrane potential less negative. Subthresh
old oscillatory afterpotentials do not propagate; 
however, when the size of the afterpotential be
comes large enough to reach the threshold po
tential, spontaneous firing occurs. This will 
propagate and cause arrhythmic contractions of 
the heart muscle. In glycoside-poisoned Pur
kinje fibers, such firing may become repetitive, 
resulting in ventricular tachycardia. 

This transient increase in membrane perme
ability, which is responsible for oscillatory af
terpotentials, seems to result from calcium 
overload at the inner surface of the cell mem
brane. Toxic doses of the cardiac glycosides 
inhibit the sodium pump beyond its reserve 
capacity, causes intracellular sodium accumula
tion, and subsequently results in a calcium ov
erload via reduced calcium extrusion due to an 
inhibition of the coupled sodium-influx-cal
cium-efflux reaction. The calcium overload is 
speculated to cause oscillatory movements of 
calcium between intracellular stores and myo
plasm with associated phasic changes in mem
brane conductance. 

These phasic changes in membrane conduc
tance and ensuing ventricular arrhythmias 
caused by oscillatory afterpotentials (triggered 
activity) should be distinguished from en
hanced pacemaker (automatic) activity. Unlike 
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pacemaker actIvIty, triggered actIvIty is more 
difficult to overdrive, because triggered activity 
is enhanced by increasing stimulation fre
quency, whereas automatic activity is subject 
to postpacing depression. An elevation of the 
extracellular calcium concentration tends to de
press automatic activity by reducing the slope 
of phase-4 depolarization, whereas it enhances 
the glycoside-induced oscillatory afterpoten
tials. 

Cardiac glycosides may cause many different 
types of arrhythmias. Among them, ventricular 
tachycardia is perhaps most important as it 
poses the greatest danger to the patients. Clin
ically, however, the type of arrhythmia most 
frequently observed with the use of digitalis 
glycosides is that associated with the suppres
sion of atrioventricular (A V) conduction. A 
slight increase in the PR interval, i.e., first
degree A V block, can be seen in most patients 
treated with "therapeutic" doses of digitalis. 
As the dose of the cardiac glycoside is in
creased, more advanced A V block can be ob
served. Stimulation of the parasympathetic 
nerve, presumably owing to the central action 
of the glycoside, is considered as the cause of 
the A V conduction block, since it is easily re
versed by atropine or vagotomy in experimental 
animals, although there are also extra-vagal 
components. The blockade of the sympathetic 
nervous system by various means also increases 
the dose of the cardiac glycoside needed to 
cause arrhythmias. It is uncertain, however, 
whether the glycoside-induced increase in sym
pathetic nerve activity plays an important role 
in the arrhythmogenic action of the glycoside, 
or if the basal activity of the sympathetic ner
vous system is required to maintain the suscep
tibility of the heart to glycoside-induced tox
icity. The latter view is favored by the 
observation that sympathetic discharge is not 
always increased in experimental animals ex
posed to toxic concentrations of the glycoside. 
As the baroreceptor is sensitized by the glyco
side, sympathetic discharge becomes more 
phasic; a burst occurs during the diastolic 
phase, and the sympathetic activity almost 
ceases during the systolic phase (27}. Overall 
activity, however, may be somewhat decreased 
until the glycoside-induced arrhythmias cause a 

significant decrease in the mean arterial blood 
pressure. 

Of particular interest is the hypothesis that 
the glycoside causes a nonuniform discharge 
within the cardiac sympathetic nerve, resulting 
in nonuniform electrophysiologic properties of 
cardiac muscle cells, predisposing the heart to 
arrhythmias (28}. If this were to occur, then 
sympathetic nerve activity contributes to the 
glycoside-induced arrhythmias, whether overall 
activity is decreased or increased. 

Thus, the toxic effect of the cardiac glyco
side may involve both a direct action of the 
glycoside on the myocardium and also indirect 
actions on the nervous system. The latter ac
tion of the glycoside may be due to alterations 
in sensitivity of the baroreceptor, central ac
tions of the glycoside, and also an effect on 
nerve terminals. It is not surprising that the 
glycosides affect various systems, because 
Na,K-ATPase is ubiquitous and is likely to 
play important roles in various tissues. It is 
easy to understand these actions of the cardiac 
glycoside as stemming from sodium pump in
hibition, since they can be explained from ei
ther reduced transmembrane potentials or via 
an enhancement of the coupled sodium efflux
calcium-influx exchange reaction. 
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General Considerations and History 
It is one of the most important achievements 
in modern basic cardiology that many sub
stances with a positive or negative inotropic ef
fect on heart muscle act as promoters or inhib
itors of the mediator function of Ca2 + -ions in 
excitation-contraction coupling. For instance, 
l3-adrenergic stimulation with adrenaline, nor
adrenaline, or isoproterenol facilitates the 
transmembrane Ca2 + influx during excitation. 
Splitting of ATP by the cl+ -activated myofi
brillar ATPase, and contractile tension devel
opment, are thereby augmented. Similarly, un
der the influence of cardiac glycosides, more 
Ca2+ is made available to the contractile myo
fibrils. Conversely, a number of negative ino
tropic substances can inhibit excitation-con
traction coupling of heart muscle by a Ca2 + -
antagonistic effect. 

Nearly 20 years have passed since the first 
report from our laboratory on a new compound 
(later known under the different names of Is
optin, iproveratril, or verapamil) appeared 
which mimicked the cardiac effects of simple 
Ca2+ withdrawal {1}. This substance, like 
Ca2 + deficiency, diminished Ca2 + -dependent 
contractile force without a major change in ac
tion potential, reduced Ca2+ -dependent high-

N. Sperelaki' (,d.). PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
All rzghtJ reJcrl't!d. Copyright © 1984. 
Mar/lnllS Nijho/f Publishing, Boston/The Hague/ 
DordrefhflLancfJster. 

energy phosphate utilization of the beating 
heart, and lowered extra-oxygen consumption 
in parallel with contractile activity. However, 
these inhibitory effects of verapamil could be 
promptly neutralized with the help of addi
tional calcium, l3-adrenergic catecholamines, 
or cardiac glycosides, i.e., by measures able to 
restore the Ca2 + supply to the contractile sys
tem. Thus, verapamil represented the most in
teresting prototype in the series of further 
C 2+ "" b h" a -antagoOlStlC su stances w lCh were sub-
sequently identified in our laboratory (see table 
19-1). In fact, Ca2 + antagonism turned out to 
be a novel pharmacodynamic principle of car
diac inhibition clearly distinguishable from 13-
receptor blockade {2, 3}. Therefore in 1969, on 
the basis of our investigations with verapamil, 
methoxyverapamil (0-600), and prenylamine, 
we felt sufficiently entitled to introduce the 
term calcium antagonist for the sake of clarity 
{4}. 

As a result of comparative studies, however, 
it seemed feasible to subdivide the substances 
listed in table 19-1 into two groups: group A 
comprises the Ca2 + antagonists of outstanding 
efficacy and specificity such as verapamil, D-
600, nifedipine, ryosidine, niludipine, nimo
dipine, and dilitiazem. The substances of 
group A are capable of inhibiting Ca2 + -depen
dent excitation-contraction coupling of the 
mammalian ventricular myocardium by 90% or 
more, before the fast Na + influx, during the 

421 
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TABLE 19-1 

Group A: Calcium antagonists of outstanding specificity 
Criteria: inhibition by 90%-100% of slow inward Ca current without concomitant influence on transmembrane Na 
conductivity 

H3C CH3 
,I NO] CH/ CH3 

CH 01J C-CH -CH -CH -~-CH -CH 1)0CH3 3 I I 1 ] 1 1 1 lOCH 
CH30, C'N . /. 3 2 H3COOC I IH COOCH3 

Verapamll 
(Mol. wt. 454.59) 

H3C CH3 
I Nifedipine 

H (Mol. wt. 346 34) 

H 3C, ,CH3 

~H TH3 

CH 0=Q-C-CH -CH -CH -N-CH -CH 1)0CH3 3 I III 1 l] lOCH 
CH30 , C'N /. 3 

CH30-' - Compound ~OO 

( Ga"opamii 

Mol.wt.485.59 ) 

Group B: Calcium antagonists of satisfactory specificity 

Niludipine 
( Mol. wt. 490.55) 

Criteria: inhibition by 50%-70% of slow inward Ca current before fast Na influx is also affected; additional blockade of 
Mg effects 

F'- CH CH 
~" I 3 I 3 
/='../ CH - CH] -CH -NH - f -CH3 

~ CH 

~ CH3 
/. CH-CH -CH -NH-~H-o ('Y ] 1 -

V Fendiline 
(Mol. wt. 315.46) 

Caroverine 
(Mol. wt. 366.49) 

Terodiline 3 

(Mol. wt. 281.0) 

Q 
O-CH]-CH-D 

H 

Perhexiline 
(Mol.wt.217.50) 

Evidence for the specific Ca2 + -antagonistic actions of the different compounds listed above was first presented in the following publications: 
Veeapamil: Fleckenstein [121. Fleckenstein et aJ. [3. 41. 
D-600: Fleckenstein [121. Fleckenstein et aI. [41. 
Nifedipine: Fleckenstein [121. Fleckenstein et aI. [8. 54. 551. Gelin and Fleckenstein [111. 
Niludipine: Fleckenstein et aI. [561. Nimodipine was simultaneously analyzed. 
Diltiazem: The strong Ca2 + -antagonistic properties of diltiazem were first described. by Japanese authors (Nakajima et aI. {57}). 
Prenylamine: Same papers as for verapamil. 
Fendiline: Fleckenstein et aJ. [581. 
Teeodiline: Unpublished observations of Fleckenstein and Fleckenstein-Grun (1978). 
Peehexiline: Fleckenstein-Gelin et aI. [591. 
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C1sing phase of action potential, which is also 
affected. Moreover, they do not interfere with 
electrogenic membrane effects of Mg2+ ions. 
Group B, on the other hand, includes prenyla
mine, fendiline, terodiline, caroverine, and 
perhexiline, which are somewhat less potent 
and specific. This means that, under their in
fluence, a concomitant inhibition of the Na + 

dependent excitatory process can be seen when 
Ca2 + -dependent contractile tension develop
ment of isolated papillary muscles has been re
duced by 50%-70%. Moreover, the substances 
of group B are also unable to discriminate 
clearly between Ca2 + - and Ml + -induced bio
electrical membrane effects. There are some in
dications that cinnarizine and flunarizine also 
belong to group B, but the poor water solubil
ity of these drugs did not allow us a satisfactory 
electrophysiologic analysis on isolated myocar
dial tissue [5}. 

The scope of the Ca2 + -antagonistic drug re
sponses is not merely confined to a dose-depen
dent limitation of cardiac contractile energy ex
penditure and oxygen requirement, since there 
are still a number of other therapeutically im
portant actions: 

1. On the myocardium, for instance, the Ca2 + 

antagonists also provide cardioprotection 
against deleterious intracellular Ca2 + over
load, which is a major factor in the patho
genesis of myocardial necrosis . 

2. On cardiac pacemakers, the principal action 
of Ca2 + antagonists consists of damping 
Ca2+ -dependent automaticity. This applies 
even more to ectopic foci. Moreover, reen
try pathways may be blocked. 

3. On vascular smooth muscle, Ca2 + -dependent 
tone is reduced and spastic contractions 
abolished. Accordingly, all Ca2 + antago
nists are able, in very low concentrations, 

1 g~ Normal 
•. Tyrode solution 

ljillll! 
Tyrode solulion 

+ 
Verapamil 
(2 x 10.6 M) 

40 min 

to relax the smooth musculature from coro
nary, cerebral, mesenteric, and renal arte
ries [5, 6-11}. 

However, these particular effects on myocar
dium, cardiac pacemakers, and vascular smooth 
muscle are accentuated differently, depending 
on the individual Ca2+ antagonist used. For in
stance, if verapamil or D-600 is systemically 
administered, their Ca2 + -antagonistic effects 
on myocardium, pacemakers, and vasculature 
appear almost equal in strength. On the other 
hand, nifedipine and its derivatives niludipine 
and nimodipine preferentially suppress vascular 
contractility whereas, at least in dogs and hu
mans, their influence on cardiac pacemaker 
functions is modest. Due to these peculiarities, 
nifedipine and its derivatives are prominent va
sodilators. Conversely, verapamil is particularly 
useful for direct cardioprotection, as in car
diomyopathies and for antidysrhythmic pur
poses . As for diltiazem, this substance too , al
though more related pharmacologically to 
verapamil than to nifedipine, interferes pre
dominantly with vascular contractile activity. 

Hence, certain characteristics indicate that 
the Ca2 + antagonists are not totally homoge
neous. Nevertheless, there is ample evidence to 
show that all the Ca2 + antagonists listed in ta
ble 19-1 are members of a distinct pharmaco
logic family, having in common most of their 
therapeutic effects on the cardiovascular sys
tem. One is actually facing a Ca2 + antagonist 
boom, and thus the number of such com
pounds is rapidly growing. But among true 
Ca2 + antagonists there are also drugs which 
were launched under this designation without 
the necessary verification. For instance, lidofla
zin has been claimed by its producers to repre
sent a Ca2 + antagonist, but in our studies it 
turned out that this compound inhibits more 

Tyrode SOlu t ion 
• 

Verapamil 
( 1 x 10' 5 M) 

4 5 min 

Tyrode SOlution 

• 
Verapamil 

( 1 x 10-5 M ) 5 5 m in 

+ 

Isopro terenol 
(1.1 x 10- S M) 10 min 

FIGURE 19- \ 
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the Na + -dependent excitatory processes than 
the Ca2 + -dependent contractile parameters. 
Needless to say, the name of a Ca2 + antagonist 
should only be accredited to such drugs which 
exert Ca2 + antagonism so specifically that all 
other pharmacodynamic properties, at least in 
a reasonable dosage range, are more or less neg
ligible (for more details, see review articles [6, 
12, 13} and the recent monograph by Fleck
enstein [5}. 

Opposite Effects of Calcium Antagonists 
and I3-Adrenergic Catecholamines on 
Transsarcolemmal Calcium Influx and 
Contractile Tension Development 
Crucial experiments illustrating the spectacular 
Ca2+ -antagonistic interference with the devel
opment of Ca2 + -dependent contractile tension 
in isolated guinea pig papillary muscles are 
shown in figures 19-1 to 19-3. Here the iso
metric contraction amplitude was totally sup
pressed by large doses of verapamil, nifedipine, 
or diltiazem. The high concentrations applied 
are sufficient to interrupt almost totally the 
"slow" inward current of Ca2 + ions across the 
excited myocardial sarcolemma membrane as 
established by direct measurements using a 
special voltage-clamp technique [14, 15}. In 
contrast, the "fast" influx of Na + ions which is 
responsible for the onset of action potential was 
unaffected. Therefore, in figures 19-2 and 19-3, 
upstroke velocity and height of overshoot of the 
action potential remained unchanged. Only the 
plateau of the action potentials appeared to be 
slightly abbreviated, because ci+ ions are no 
longer able to contribute to the maintenance of 
depolarization during the late phase of the pla
teau when the transmembrane Ca2 + conductiv-

FIGURES 19-1 to 19-3. Selective suppression of myocar
dial contractility by Ca2+ antagonists. No change in 
Na + -dependent maximal rate of upstroke (dV/dtma.) and 
height of action potential (see upper record in figs. 19-2 
and 19-3). Restitution of contractile force by isoproter
enol (fig. 19-1) or by elevation of extracellular Ca2+ con
centration (fig. 19-3). Isolated guinea pig papillary mus
cles in Tyrode solution with 2 mM Ca2+. Figute 19-1 
reproduced from Fleckenstein {60}. 

ity has been blocked. As regards the control of 
the slow inward Ca2 + current, Ca2 + antago
nists and sympathetic transmitter substances 
exert exactly opposite effects: Ca2+ antagonists 
restrict the transmembrane Ca2 + inflow, 
whereas l3-receptor stimulation promotes the 
inward Ca2 + current, even in the presence of 
Ca2+ antagonists. When administered at exces
sively high concentrations, all specific Ca2 + an
tagonists of group A were able to selectively 
abolish cardiac contractile performance to the 
same extent of almost 100% and, in all these 
cases, suitable doses of l3-adrenergic agents re
stored the mechanical responses [5}. 

There is no doubt that the sarcolemma 
membrane has to be considered the decisive site 
of action of Ca2 + antagonists. Thus it was 
shown in our laboratory that the possibility of 
controlling contractile force by Ca2 + antago
nists is lost when the sarcolemmal membrane 
has previously been destroyed in "skinned" 
myocardial fibers by glycerin-water extraction 
or according to Winegrad's technique [16}. In 
such skinned fibers, Ca2 + antagonists caused 
no inhibition when contraction was directly in
duced by addition of ATP and Ca2 +. This in
dicated that the structural integrity of the car
diac sarcolemma membrane is an indispensable 
prerequisite for the ci + -antagonistic drug ac
tion. Obviously, these agents lose their power 
if the Ca 2 + ions have free access to the myofi
brils where ATP is split. Hence, there is cer
tainly no direct effect of ci + -antagonistic 
compounds on the Ca2 + -dependent activation 
of myofibrillar ATPase and on energy transfor
mation in the myofilaments. Similarly, in frac
tionated sarcoplasmatic reticulum, several at
tempts to demonstrate an inhibitory effect of 
negative inotropic doses of verapamil on bind
ing, accumulation, or exchange of Ca2 + have 
failed [17-19}. Moreover, in isolated cardiac 
mitochondria, only an excessive concentration 
of verapamil, more than 1000 times greater 
than that required to produce contractile fail
ure, suppressed Ca2 + uptake [20}. In other 
words, evidence for decisive action of negative 
inotropic concentrations of Ca2 + antagonists on 
intracellular sites is still lacking. 

Many observations indicate that the sarco
lemma membrane not only regulates the in-
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ward diffusion of Ca2+ into the myoplasm, but 
also plays an important role as Ca2 + -accumulat
ing system which recruits Ca2 + actively from the 
environment. Presumably, the highest Ca2 + 
concentration is attained in those parts of the 
sarcolemma membrane which are invaginated 
in the form of the T tubules. From here the 
Ca2 + ions enter the interior of the myocardial 
fibers through the slow channels as soon as the 
excitation wave depolarizes these membrane 
structures. Although the basement membrane 
contains much negatively charged free or pro
tein-bound mucopolysaccharide material with 
specific affinity for Ca2 + [2l}, the decisive re
action that leads to an accumulation of Ca2 + in 
the sarcolemmal membrane probably consists of 
the production of cyclic AMP [22, 23}. Ac
cording to this concept, l3-adrenergic catechol
amines, through the formation of cyclic AMP, 
activate a membrane-bound protein kinase 
which, in turn, induces phosphorylation of 
membrane proteins in the vicinity of the slow 
channels or even within the slow channels. By 
this reaction, the number of fixed negative 
phosphate groups suitable for accumulation of 
C 2+· .. d h M 2+ . a IOns IS Increase , w ereas g IOns 
seem to be displaced {5}. In this way, l3-adren
ergic catecholamines probably fill the superfi
cial Ca2 + pool with more loosely bound Ca2+ 
that is instantaneously available to the slow 
channels, as soon as depolarization has oc-

Restitu tion 

Guinea pig papillary muscle 

Stimulation rate, 30 min-I 
Temperature 30-C 

FIGURE 19-4. Parallel suppression of Ca2+ -dependent ac
tion potentials and contractile force of partially depolar
ized guinea pig papillary muscle in a K+ -rich (19 mM) 
Tyrode solution upon reduction of extracellular Ca2+ con
centration from 2 to 0.4 mM. The records from top ro 
bottom represent (a) dV/dtm "" (b) action potentials, 
(c) isometric mechanograms. Stimulation rate 30/min, 
temperature 30°C. 

curred. In other words, l3-adrenergic catechol
amines seem to increase the capacity of the su
perficial ci + store so that the uptake of Ca2 + 
from the environment and the subsequent 
transsarcolemmal influx of Ca2 + are aug
mented, even in the case of considerable extra
cellular Ca2 + depletion or in the presence of 
Ca2 + -antagonistic drugs. Dibutyryl cyclic AMP 
increases the inward Ca2 + current more di
rectly, i.e., without activation of adrenergic 13-
receptors. 

The Ca2 + antagonists, on the other hand, 
exert exactly the opposite effects on superficial 
Ca2 + binding. They do not interfere with the 
formation of cyclic AMP {19}, but they prob
ably displace Ca2 + from the fiber surface apart 
from direct interference with the slow-channel
mediated inward Ca2 + current. Accordingly, 
isolated cardiac sarcolemma membranes could 
be depleted of bound Ca2+ by verapamil {18}. 
There are two different types of Ca2+ storage 
in cardiac sarcolemma membranes: one at low
affinity and another at high-affinity binding 
sites {24}. Verapamil specifically inhibited low-
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affinity Ca2+ binding. The effective verapamil 
concentration that blocked low-affinity ci + 
binding in isolated cardiac sarcolemma mem
branes proved to be as low as 1.4 J.LM {23}. 
Hence, verapamil and other Ca2 + antagonists 
seem to impair primarily the Ca2+ -binding ca
pacity or the refilling of the superficial Ca2+ 
depots in the sarcolemma membrane, so that 
the availability of Ca2 + to the slow channels 
is critically diminished. Ca2 + antagonists of 
group A interfere with sarcolemmal Ca2+ bind
ing and electrogenic Ca2 + influx selectively, 
whereas the Ca2 + antagonists of group Bare 
less specific in that they also suppress Mg2 + -
induced electrogenic membrane effects {5}. 

Linear Correlation between Inhibition 
by Calcium Antagonists of 
Transmembrane Calcium Supply 
and Contractile Performance 
To study the quantitative correlation between 
the changes in Ca2 + influx and myocardial ten
sion development, experiments have been car
ried out in our laboratory on isolated cat and 
guinea pig papillary muscles, in which the fast 
Na + transport system had previously been 
blocked {5, 25}. For instance, if the cardiac fi
ber membrane potential is reduced to - 45 
m V, the fast Na + inward current becomes in
activated, whereas the slow Ca2 + channels con
tinue to respond to electrical stimulation. The 
simplest method of producing this critical de
gree of depolarization consists of placing addi
tional KCl (19 mM) in the experimental Ty
rode solution. Such predepolarized myocardial 
fibers are still capable of conducting propagated 
impulses. However, in this situation, not only 
contractile performance but also bioelectric ac
tivity depend on the slow inward Ca2 + cur
rent. Such Ca2 + -mediated action potentials 
of partially depolarized myocardial fibers are 
highly sensitive to changes in the extracellular 
Ca2 + concentration. Hence, upstroke velocity, 
height, and duration of the Ca2+ -carried action 
potentials decrease rapidly in a Ca2 + -deficient 
medium. In the experiment of figure 19-4, 
bioelectrical activity totally disappeared to

gether with the contractile function within 12 

min after the Ca2 + concentration had been re
duced from 2 mM to 0.4 m M. However, the 
Ca2 + -dependent action potentials and contrac
tile force recovered within 6 min following re
turn to the original medium with 2 mM ci + . 

Figures 19-5 and 19-6 show how perfectly 
the Ca2 + antagonists mimic the effects of sim
ple Ca2 + withdrawal on such partially depolar
ized guinea pig papillary muscles. As can be 
easily seen from the superimposed traces (reg
istered with a storage oscilloscope), the papil
lary muscles (treated in fig. 19-5 with 0.2 mg 
nifedipine/l, 0.4 mg D 60011, or 2 mg verapa
mil/I) behaved in the presence of a normal 2 
mM Ca2 + concentration as if they were exposed 
to a Ca2 + -deficient medium. Obviously, in all 
these cases, the time course of inhibition of the 
Ca2 + -mediated action potentials coincides with 
the development of contractile incompetence. 
At the end of the experiment, the Ca2+ antag
onists were neutralized by increasing the Ca2 + 
concentration up to 6 or 8 mM. Consequently, 
the bioelectrical membrane activity of the par
tially depolarized myocardium recovered again 
more or less in parallel with the mechanical 
performance. Figure 19-6 represents identical 
experiments with the use of the ci + antago
nists diltiazem, perhexiline maleate, and fen
diline. 

Partially depolarized ventricular myocardium 
offers unique possibilities of testing in this way 
the quantitative correlation between transmem
brane Ca2 + influx, as indicated by the bio
electrical parameters of the Ca2+ -mediated ac
tion potentials, and by the mechanical re
sponses. For instance, the upstroke velocity 
(dV/dtmax) of Ca2+ -mediated action potentials 
indicates the intensity of transsarcolemmal 
Ca2+ influx through the slow channel, whereas 
the duration of the Ca2+ -mediated action po
tentials reflects the length of time of Ca2+ en
try. In fact, contractile tension changes in par
allel with these bioelectrical parameters. As an 
example, the areas of the Ca2+ -dependent iso
metric mechanograms, representing tension 
time, as the most appropriate parameter of con
tractile performance, are plotted in figure 19-
7 against the areas of the Ca2 + -mediated action 
potential curves. It is evident from this graph 
that there is a perfect linearity between the 
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FIGURE 19-5 

magnitude of the Ca2 + -dependent bioelectrical 
and mechanical responses. Hence the conclu
sion is justified that the various ci+ antago
nists, tested in the present study on partially 
depolarized myocardium, act uniformly in that 
they inhibit contractile tension development al
ways to the same extent as they are capable of 
restricting the slow transsarcolemmal inward 
Ca2 + current which is responsible, in this sit
uation, for both the bioelectrical and the me
chanical events. 

Cardioprotective Actions of Calcium 
Antagonists: Decrease in Myocardial 
Oxygen Requirement-Prevention of 
Deleterious Intracellular Calcium Overload 
The cardiac effects of f3-adrenergic substances 
and Ca2 + antagonists counteract each other in 
almost every respect. Ca2+ binding in the su
perficial membrane pool, transmembrane Ca2 + 
influx through the slow channels, splitting of 
ATP by myofibrillar ATPase, contractile ten-



19. EFFECTS AND MECHANISMS OF ACTIONS OF ANTIANGINAL AGENTS 429 

D i lti az em (4 mg ll ) 

Ex tra-C a» ( ~8 mM) 

ReStitutiOn 

COntrOl o - 5 - 10 - 20 4 0 min o - 10 - 15 min 

Perhexiline Maleate (20 mg /I) 

Extra , Ca'(::;S mM ) 

Restitution 

Contro l o - 5 - 10 - 20 40 min 0 - 6 - 12 min 

' 00 
I ...... SI:<I 

Fend ili n e (30mg/1J 

K', rich Tyrode solution 

(K~= 19 mM) 

Extra -Ca» (::;6mM ) 

Resti tuti on 

Guinea pig papillary muscle 

" 
Stimul a tion rate 30 min 
Tempera ture 30" C 

FIGURE 19-6 

FIGURES 19- 5 and 19-6. Parallel suppression of Ca2+ -de
pendent action potentials and contractile force of partially 
depolarized guinea pig papillary muscles in a K + -rich (19 
mM) Tyrode solution , containing 2 mM Ca2+ , by admin
istration of various Ca2 + antagonists, Registration tech
niques and other experimental arrangements as in figure 
19-4. 

sion development, and oxygen requirement of 
the beating heart are increased by the j3-adren
ergic catecholamines. Conversely, the Ca2 + an
tagonists decrease all these Ca2 + -dependent pa-

rameters . It is commonly known that the 
intensity of oxidative cardiac metabolism de
pends on the rate of ATP consumption. There
fore the Ca2 + antagonists (like simple Ca2+ 
withdrawal) always lower the oxygen require
ment to the same extent as they reduce the 
Ca2 + -dependent splitting of ATP and isomet
ric tension development (fig . 19-8). Needless 
to say, the relatively small doses of Ca2 + antag
onists administered in human therapy can pro
duce only a modest reduction of heart work 
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and oxygen demand . Nevertheless, adequate 
doses of Ca2 + antagonists can be successfully 
used for the treatment of patients with a hy
perkinetic heart function or suffering from cor
onary heart disease. Here, a certain dose-depen
dent restriction of cardiac activity may be 
helpful in reestablishing a suitable balance be
tween the reduced coronary oxygen supply and 
the actual cardiac oxygen requirement. In this 
respect, the Ca2 + -antagonistic compounds have 
a beneficial effect in patients with angina pec
toris similar to that of the adrenergic [3-recep
tor-blocking agents, although the mode of ac
tion is different: Ca2 + -antagonistic substances 
inhibit the transmembrane Ca2 + supply di
rectly by acting on thf' slow channels; [3-recep
tor-blocking agents, on the other hand, dimin
ish transmembrane Ca2 + influx indirectly by 
neutralizing the promoter effects of [3-adrener
gic catecholamines. Nevertheless, both Ca2 + 

antagonists and [3-blockers reduce the availabil
ity of Ca2 + to the contractile system so that, 
eventually, splitting of ATP, contractile energy 
expenditure, and cardiac oxygen requirement 
are lowered according to the same basic prin
ciple. 

A rather unique property of Ca2 + antago
nists is that they provide direct cardiopro-

FIGURE 19-7. Linear relationship between decrease of area 
of isometric mechanograms and reduction of area of Ca2+ -
mediated action potentials under the influence of various 
Ca2+ antagonists. The control data (= 100%) were ob
tained on partially depolarized guinea pig papillary mus
cles after 30-min incubation in K+ -rich (19 mM) Tyrode 
solution with 2 mM Ca2 + . Time of exposure to the Ca2 + 

antagonists was 20-40 min. 

tection against Ca2 + -induced functional and 
structural damage. In fact, as we demonstrated 
in 1968, heart muscle fibers undergo severe al
terations, finally resulting in necrosis, as soon 
as free Ca2 + ions penetrate excessively through 
the sarcolemma membrane into the myoplasm, 
so that the capacities of the ci+ -binding or 
extrusion processes become insufficient {5, 12, 
13, 26-30}. The crucial event in the develop
ment of such lesions is high-energy phosphate 
deficiency which results (a) from excessive 
activation of Ca2 + -dependent intracellular 
ATPases, and (b) from Ca2 + -induced impair
ment of the mitochondria that mainfests itself 
as swelling vacuolization, cristolysis, loss of 
respiratory control, and phosphorylation capac
ity. 

Table 19-2 shows the various pathogenic 
circumstances under which intracellular Ca 
overload proved to be the decisive etiologic fac-
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FIGURE 19- 8. Nifedipine. Linear reduction of isometric 
tension and additional consumption of oxygen due to me
chanical activity under the influence of increasing doses of 
the drug (0.01 mg, 0.02 mg, and 0.05 mg/l) in Tyrode 
solution containing 2.0 mM Ca2+ . With 0.05 mgtl, ten
sion development and extra consumption of oxygen were 
greatly depressed. This drug effect could be completely 
neutralized by increasing the extracellular Ca2+ concen
tration up to 16 mM in the presence of 0.05 mg/l nifedi
pine. Experiment on a rabbit papillary muscle (wet 
weight, 0.8 mg) . From Fleckenstein et al. [55] . 

tor in the production of myocardial fiber dam
age. Conversely in all these cases, ci+ -antag
onistic compounds were capable of totally 
protecting structural and functional integrity. 
By restricting transmembrane Ca2 + influx, the 
Ca2 + antagonists minimized the ATP and crea
tine phosphate losses, and consequently pre-

vented deleterious high-energy phosphate ex
haustion . As an example, figures 19-9 and 19-
10 show the tremendous increases in uptake of 
Ca and 45Ca into rat hearts after subcutaneous 
injection of cardiotoxic doses of isoproterenol, 
and the strong inhibitory actions of Ca2 + an
tagonists. Verapamil and other Ca2+ antago
nists prevented Ca2 + overload, high-energy 
phosphate breakdown, and structural damage. 
Chronic treatment of cardiomyopathic hamsters 
with Ca2 + antagonists also kept the myocardial 
Ca2 + content in the normal range and thereby 
provided complete cardioprotection {31}. In 
this context, it is to be remembered that the 
successful introduction of verapamil by Kalten
bach et al. [32} for the treatment of human 
hypertrophic obstructive cardiomyopathy was 
based on these experimental observations. 

Ca2 + overload is also responsible to a signif
icant extent for the impairment of the mito
chondria in anoxic or ischemic cardiac tissue. 
Accordingly, Ca2+ antagonists such as verapa
mil [33}, nifedipine {34} or diltiazem {35, 36} 
can even shield hypoxic and ischemic hearts 
from additional Ca2 + -induced myocardial fiber 
damage that would otherwise precipitate struc
tural disintegration. Obviously, Ca2 + antago
nists prolong the time of survival of ischemic 
hearts and mitigate the harmful influence of 
anoxia. Hence it is not surprising that, also in 
cardiac surgery, Ca2 + antagonists have recently 
been used as additives to cardioplegic solutions 
for better myocardial preservation (37}. 

Opposite Effects 0/ Calcium Antagonists and 
Calcium Promoters on Calcium-dependent 
Nomotopic and Ectopic Pacemaker Activity 
Ca2 + antagonists and l3-adrenergic catechol
amines also counteract each other on cardiac 

TABLE 19- 2. Key role of calcium overload in myocardial fiber necrotization 

Myocardial 
destruction 
due to 
Ca2+ overload 

I CD Overdoses of [3-adrenergic catecholamines j o Overdoses of vitamin D J or dihydrotachysterol (AT 10) 
3 Alimentary Mg or K deficiency ~ Genetic defects (hereditary cardiomyopathy of Syrian hamsters) 

a) Anoxic or ischemic myocardial fiber membrane damage 

Myocardial protection by 
calcium antagonists 
via prevention of 
Ca2 + overload 

Ca Antagonists may be overpowered by higher degrees of sarcolemma membrane leakage that permit excessive influx of Ca ("calcium paradox"; "skinned 
fibers"). 
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pacemakers, as schematically shown in figure 
19-1l. In fact, not only the initiation of myo
cardial contraction but also the fundamental 
process of sinus and atrioventricular node au
tomaticity as well as atrioventricular conduc
tion are necessarily linked with a transmem
brane influx of Ca2 + ions. Moreover, the Ca2 + 

transport systems that operate in the nodal cell 
membranes closely resemble the "slow mem
brane channels" of ordinary myo.-:ardial fibers. 
Accordingly, in both nodal cells and ordinary 
myocardial fibers, these channels respond to 
virtually the same activators and inhibirors of 
the inward CaH current [38-40}. Hence, 13-
adrenergic agents as well as dibutyryl cAMP, 
by promoting the transfer of Ca2 + through the 
slow channels, not only cause an increase in 
contractile force but also produce an analogous 
rise in heart rate and atrioventricular conduc
tion velocity. Conversely, most Ca2 + antago
nists exert negative inotropic, chronotropic, 
and dromotropic effects simultaneously [41, 
42}. The Ca2 + -antagonistic divalent Co2 + , 
NiH, and MnH ions act similarly in that they 
also suppress, by inhibiting CaH inflow across 
the slow membrane channels, contractility as 
well as pacemaker excitation. The same func
tional impairment results from simple Ca2 + 

FIGURE 19-9. Protection by verapamil of the right ven
tricular myocardium of rats against isoproterenol-induced 
Ca2+ overload during an observation period of 24 h. Ad
ministration of 30 mg/kg isoproterenol with and without 
verapamil (50 mg/kg) at separate subcutaneous injection 
sites. 

withdrawal. On the other hand, tetrodotoxin 
(TTX) , which is known ro block the fast Na + 
channels, does not inhibit sinus and atrioven
tricular node automaticity or atrioventricular 
conduction. Hence, there are two contrasting 
types of cardiac excitation that can be easily 
distinguished by their different sensitivities to 
drugs and by the typical shapes of their action 
potentials (fig. 19-12): 

l. The fast, obviously Na + -dependent, excit
atory events in atrial myocardium, His bun
dle, Purkinje fibers, and ventricular myo
cardium (upstroke velocity dV/dtmax : 

170-400 Vis; propagation rate: 60-200 
cm/s). This type of excitation is rather re
fractory to Ca2 + antagonists and Ca2 + pro
moters. 

2. The slow, obviously CaH -dependent, im
pulse generation and impulse conduction in 
the sinoatrial and atrioventricular nodes 
(upstroke velocity = dV/dtmax: 2-7 Vis; 
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FIGURE 19-10. Prevention of excessive isoproterenol-in
duced uptake of labeled Ca2+ into the right ventricular 
myocardium of rats by Ca2+ -antagonistic compounds. 
Log dose-response curves of isoproterenol-induced radio
calcium incorporation obtained with or without simulta
neous administration of D-600 (10 mg/kg), verapamil (17 
mg/kg), or prenylamine (250 mg/kg). All measurements 
were made 6 h after subcutaneous injection of the drugs. 
Experiment by Janke and Fleckenstein (see Fleckenstein 
(12). 

propagation rate: 2-6 cm/s). This type of 
excitation readily responds to drugs that in
fluence transmembrane Ca2 + conductivity. 

However, the situation changes if ectopic 
automaticity develops in altered atrial or ven
tricular myocardium simultaneously with a 
drop in membrane potential. In this case, the 
excitatory process turns from the regular Na + -

dependent form into the slow-channel-me
diated Ca2+ -dependent type which is character
istic of partially depolarized myocardium. Thus 
C 2 + . ("I: hI" f . a antagonIsts rourt c ass 0 antl-
dysrhythmic drugs according to Singh and 
Vaughan Williams [43}) will be able to extin
guish the uncontrolled firing of such Ca2+ -de
pendent, atrial or ventricular ectopic foci, and 
also block Ca2+ -dependent slow-channel-me-

10 30 100 mg/kg 

doses of isop roterenol 

diated reentry pathways. Figure 19-13 illus
trates the electrogenesis of ectopic automaticity 
in a low range of membrane potential (- 30 
to - 50 mV). In this low range, automatic 
impulses appear in two typical forms: (a) as 
spontaneous local subthreshold oscillations of 
membrane potential, and (b) as propagated 
pacemaker action potentials if the depolarizing 
phase of these local oscillations reaches the 
threshold. The diagram further indicates that 
the influx of Ca2 + ions is the primary step re
sponsible for spontaneous depolarization. This 
is true of both the depolarizing phase of the 
local oscillations and the Ca2 + -dependent up
stroke of the propagated pacemaker action po
tentials. Then, in a second step, following the 
intrusion of Ca2 +, a delayed outward K + cur
rent is elicited which drives the membrane po
tential back to the higher diastolic values . 
Needless to say, the Ca2 + antagonists, by in
hibiting this Ca2+ -K + exchange cycle, inter
rupt the fundamental process of ectopic auto
matICIty, whereas [3-adrenergic agents, by 
stimulating the inward Ca2 + current, promote 
spontaneous impulse discharge . With respect 
to these typical drug effects, nomotopic and ec
topic pacemaker cells behave, at least in prin-
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FIGURE 19-12. Comparison of transmembrane action potentials of electrically stimulated nonautomatic myocardial fibers 
from atrial or papillary muscles with those of spontaneously discharging sinoatrial (SA) or atrioventricular (A V) nodal 
cells. The characteristic feature of spontaneously active nodal cells is a slow diastolic depolarization that initiates a 
propagated pacemaker action potential as soon as the membrane potential is lowered to a critical level (threshold poten
tial). The vertical calibrations of each record represent the zero potential and a membrane potential of - 80 mY. The 
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FIGURE 19-13. Scheme of coupled CaH-K+ exchange 
underlying electrogenesis of ecropic subthreshold oscilla
tions (A) and propagated ectopic pacemaker action poten
tials (B) in a low range of membrane potentials (below 
- 50 mY). In both cases, A and B, the depolarizing slow
channel-mediated inward current is carried by CaH ions, 
while the subsequent repolarization is brought abour by 
efflux of an equivalent amount of K + (lK) which drives 
the membrane potential back ro diasrolic values. The 
greater influx of Ca2 +, in the case of a propagated ectopic 
pacemaker action potential, is apparently compensated for 
by an enhancement in that an overshooting repolarization 
is produced. 

ciple, very much alike. For instance, figure 19-
14 shows the inhibition of nomotopic sinoatrial 
and atrioventricular node automaticity by the 
Ca2 + antagonists verapamil and D-600. On the 
other hand, adrenaline resuscitates the sponta
neous impulse discharge in previously para
lyzed sinoatrial or atrioventricular nodes and 
restores atrioventricular conduction. Further
more, as is generally known, adrenaline and 
other I)-adrenergic agents also promote atrial 
and ventricular ectopic arrhythmias. 

In parallel with such physiologic and patho
physiologic investigations, the efficacy of cl + 

antagonists in the treatment of certain cardiac 
arrhythmias has also been established by many 

Act ion Potential 

clinical studies. Thus, Bender found in 1966 
that the damping effect of verapamil on the 
atrioventricular conduction can be practically 
used for the reduction of ventricular rate in 
cases of atrial fibrillation, and flutter [44}. 
Schamroth [45} and Krikler and his group 
[46-48} extended this work in demonstrating 
the outstanding potency of intravenously ad
ministered verapamil to interrupt reciprocating 
atrioventricular reentry tachycardias. Moreover 
ischemia-induced ventricular automaticity of 
vasospastic origin proved to be highly respon
sive to Ca2 + antagonists such as verapamil and 
even nifedipine. Also ventricular ectopic auto
maticity in connection with unstable angina or 
acute myocardial infarction is in numerous 
cases not refractory to this treatment. 

Vascular Effects of Calcium Antagonists: 
Relaxation of Coronary Smooth Muscle, 
Reduction of Systemic Arteriolar 
F low Resistance 
Although the present chapter concentrates pri
marily on the cardiac effects of Ca2+ antago
nists, the outstanding vasodilator potency of 
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FIGURE 19-14 . Inhibition by verapamil and D-600 of pacemaker function of isolated sinoatrial and atrioventricular nodes 
from rabbits. Verapamil and D 600 reduce both the steepness of slow diastolic depolarization, thereby producing a 
negative chronotropic effect, and the velocity of upstroke of propagated nodal action potentials . The height of the 
overshoot also decreases upon prolonged exposure to the drugs whereas there is a growing tendency to hyperpolarization 
during diastole. As shown in B, a nodal cell treated with the Ca2+ antagonist D 600, increasingly fails ro elicit 
propagated pacemaker action potentials. This is due (a) to a reduction in the amplitude of intrinsic oscillatory potential 
changes, and (b) to a shift of threshold potential toward zero. Thus, an increasing number of spontaneous local depolar
ization waves remain unanswered . Each record in experiment A, B, and C was taken by steady impalement of a single 
cell . Record A reproduced from Kohlhardt et al. (41). Record B from Tritthart ec al. (unpublished data) . Record C 
from Trirchart et al. (42). 

these agents is another highly important factor 
on which their antianginal action is based. As 
schematically illustrated in figure 19-15, both 
tonic and phasic contraction of arterial smooth 
muscle depend on the availability of free Ca 
ions. They are either supplied from extracellu
lar sources through potential-dependent or re
ceptor-operated Ca2 + channels, sensitive to 
electric, mechanical, or pharmacologic stimuli, 

or alternatively released from cellular storage 
sites by nonelectrical mechanisms. The Ca2 + 
antagonists block directly, and most effec
tively, potential- or receptor-dependent trans
membrane Ca2 + supply, but also impair trans
membrane replenishment of the cellular stores, 
an effect that appears often with some delay. 
But lastly, under the influence of Ca2+ antag
onists, every kind of contractile smooth muscle 
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FIGURE 19-15. Scheme of the dual source of activator 
Ca2 + for tonic and phasic vascular smooth muscle con
tractions, i.e., (a) potential- or receptor-dependent trans
membrane Ca2+ supply for tonic responses, and (b) release 
of Ca from cellular stores for phasic responses to vasocon
strictor agonists. Ca2+ antagonists inhibit directly and 
most effectively transmembrane Ca2+ influx, i.e., path
way (a). However, to a lesser extent, Ca antagonists also 
interfere with pathway (b), probably indirectly by impair
ing transmembrane replenishment of cellular Ca2 + stores. 
The exact anatomical location of these cellular Ca2 + stores 
is a pending problem (plasma membrane, inner surface of 
plasma membrane, SR structures I). 

activity can be damped on a dose-related man
ner [5, 7-1O}. 

Interestingly enough, the vasodilator actions 
of Caz+ antagonists manifest themselves most 
significantly on the coronary bed and the pe
ripheral resistance vessels of the systemic cir
culation. Thus, under the influence ofCaz+ an
tagonists, any restriction of the mechanical 
energy expenditure of the myocardium-even 
of slight degree-is always accompanied by a 

powerful decrease of coronary vascular tone and 
by a concomitant reduction in systemic flow re
sistance leading to a diminution of cardiac af
terload. For instance, coronary vasodilation by 
Caz + antagonists usually occurs in a dosage 
range which is only one-third to one-tenth of 
that required to produce negative inotropic ef
fects on the heart in situ. 

The decisive action of Caz + antagonists on 
coronary smooth muscle is excitation-contrac
tion uncoupling, which can be easily demon
strated in vitro on the model of a potassium
induced spasm. In figure 19-16 are shown the 
results of a comparative study [5, 6} on pig 
coronary strips with different Caz + antagonists . 
The ordinate indicates the percentages of exci
tation-contraction uncoupling obtained. The 
abscissa shows on a logarithmic scale the molar 
concentrations of the Ca2 + -antagonistic com
pounds applied. Obviously, all CaZ + antago
nists tested in this series are more potent than 
papaverine. In comparison with papaverine, ni-
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FIGURE 19-16. Relaxation (%) of K + -depolarized pig coronary strips by various Ca2+ antagonists . Comparison of the 
relaxing potencies of these drugs administered to K + -depolarized , fully contractured, pig coronary strips. In these 
experiments the time of exposure to the rich K + -rich (43 mM KCl) Tyrode solution was kept constant (40 min). Then 
the Ca2+ antagonists were added and the maximum relaxation, reached within 1 h , measured. In comparison with the 
coronary relaxing potency of papaverine, nifedipine is approximately 3000 times, gallopamil 300 times, and verapamil 
and diltiazem 50-100 times stronger. Each point represents the average relaxation calculated from at least 15 individual 
experiments for each concentration, SE not exceeding ± 2% . Ca2+ content always 1 mM; temperature, 35°C; pH, 7.4; 
oxygenation with a gas mixture of 97% O2 and 3% CO2 , Collection of experiments from Griin and Fleckenstein [II} 
and Fleckenstein {6}. 

fedipine is approximately 3000 times stronger, 
followed by D-600 (gallopamil), verapamil, 
and diltiazem. Thus the highly specific Ca2 + 
antagonists of group A proved to be the most 
effective coronary vasodilators as well. Further
more, it is to be noted that they exert this cor
onary vasodilator action at the right place, that 
is to say, on the great extramural coronary stem 
arteries (including collaterals and anastomoses). 
In fact more than 95% of the stenosing athero
sclerotic processes are located in this particular 
part of the coronary bed. Circulatory improve
ment is most evident in cases of Prinzmetal 
"variant" angina and other forms of coronary 
spasm that are frequently superimposed on ec
centric atheromatous lesions or may even occur 
without angiographic evidence of structural ob
stacles. 

However, the most important therapeutic 
prospects will possibly arise from the prophy
lactic efficacy of certain Ca2 + antagonists 
against arterial calcinosis. This effect has been 
studied extensively in our laboratory since 
1971 on rats treated with high doses of vitamin 
D or dihydrotachysterol, or on diabetic animals 
after administration of alloxan. Interestingly 
enough, the destruction of the arterial media 
produced by these experimental procedures re
sembles the special form of calcific human ar
teriosclerosis described by Monckeberg, or the 
spontaneous calcinosis of senescent arteries . 
Obviously, intracellular Ca2 + overload starts a 
pathogenic mechanism which is equally dele
terious for both myocardial fibers and vascular 
smooth muscle cells. On the other hand, pro
phylactic treatment with Ca2+ antagonists such 
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as verapmil and diltiazem may protect myocar
dial and vascular integrity (for more details, see 
the research reports [5, 49-53}). It is now up 
to clinical studies to clarify what practical con
sequences will possibly ensue from these exper
imental observations with respect to an even
tual long-term therapy with Ca2 + antagonists 
in coronary patients. 

Summary 
Ca2 + antagonists interfere with slow-channel
mediated transmembrane Ca2 + influx into ex
cited atrial and ventricular fibers. Thereby 
Ca2 + -dependent splitting of ATP, mechanical 
tension development, and oxygen requirement 
of the beating heart are restricted. Apart from 
lowering contractile energy expenditure, Ca2 + 
antagonists also reduce the inward Ca2 + cur
rent into sinoatrial and atrioventricular nodal 
cells. This slows spontaneous impulse discharge 
from nomotopic pacemakers as well as atrioven
tricular conduction velocity. Ectopic focal ac
tivity arising from altered myocardial fibers is 
also damped by most of these drugs. Thus 
C 2+· h . I a antagonlsts counteract t e stlmu atory 
cardiac effects of ~-adrenergic catecholamines 
in almost every respect. Moreover, Ca2 + antag
onists protect the heart against harmful intra
cellular Ca2 + overload, which has to be consid
ered the decisive etiologic factor in cardiac 
necrosis due to (a) sympathetic over-stimula
tion, (b) high doses of vitamin D or dihydro
tachysterol, (c) alimentary K + and Mg2 + defi
ciency, or (d) genetic defects as in car
diomyopathic Syrian hamsters. Even hypoxic 
and ischemic myocardial injury can be alle
viated or retarded by Ca 2 + antagonists since, 
also in this situation, early intracellular Ca2 + 
overload aggravates and precipitates structural 
decay. 

Ca2 + antagonists also reduce Ca2 + -depen
dent tone and abolish spastic contractility in 
vascular smooth muscle. In coronary patients, 
they relax the vasculature of the great extra
mural coronary trunks. However, they also di
late the resistance vessels in systemic circula
tion, thereby relieving the heart indirectly. 
Moreover, experimental evidence exists indicat-

ing that certain Ca2 + antagonists can protect 
the arterial walls against Ca2 + overload, thus 
interfering with one of the most important eti
ologic factors of arteriosclerotic vascular de
struction. 
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Introduction 
The conspicuous effects of ischemia on the elec
trocardiogram quickly caught the attention of 
clinicians who exploited them to diagnostic ad
vantage. These electrocardiographic changes 
called for an explanation, which meant a de
scription of the cellular electrophysiologic 
changes during ischemia that generated the 
electrocardiographic abnormalities. Although 
direct evidence bearing on the problem was 
scarce, constructs and schemas were plentiful. 
Textbooks of electrocardiography proudly dis
played resting and action potentials from isch
emic cells even before the technology for intra
cellular recording was well developed. The 
bases for these conceptions were the well
known depolarizing effect of injury on excitable 
cells and the idea that the duration of the ac
tion potential of ischemic cells was abbrevi
ated. Explanations were built on the perception 
that the basic changes produced by ischemia 
were few and simple: partial depolarization, ab
breviation of the action potential, or total loss 
of electrical activity because of cell death. Even 
after the development of intracellular record
ing, direct observations of cellular electrophy
siologic changes during ischemia have been dif
ficult and sparce. The true condition of 
ischemia occurs in the setting of the beating 
heart working under load and supplied with 
blood by the coronary circulation. Under these 
conditions intracellular recording is taxing, im-

N. Sp",,/akiJ i,d.), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
All rights reserved. Copyright © 1984. 
Martinus Nijhoff Publishing. Bruton/The Haguel 

DordrechtlLancaster. 

precise, and confined to the epicardial surface. 
Nonetheless, early recordings during acute 
ischemia confirmed the idea that ischemia 
caused a decrease in amplitude of the resting 
potential and abbreviation of the action poten
tial (1, 2}. 

Recently the study of the cellular electro
physiologic effects of ischemia has been boosted 
by the growing interest in the arrhythmias that 
are caused by ischemia-an interest intensified 
by a full appreciation in the past decade of the 
awesome magnitude of the problem of sudden 
arrhythmic death in the western world. Frus
trated by the unyielding difficulties in record
ing intracellular potentials in the beating 
heart, investigators have turned to oblique at
tacks on the problem. A common approach in 
recent years has been the isolation of tissues in 
vitro that had been ischemic in vivo. The ob
vious drawback of this approach is that the tis
sues are no longer ischemic at the time of study 
in vitro. Conclusions based on observations un
der these circumstances require the assumption 
that the cellular changes caused by ischemia in 
vivo persist for some time during superfusion 
in vitro even if the superfusate contains ade
quate oxygen and substrates. 

Another favored approach has been to simu
late ischemia in vitro by deprivation of oxygen 
and/or addition or alteration in concentrations 
of metabolites or ions to mimic changes 
thought to occur in ischemic regions in vitro. 
This approach suffers from the defects in 
knowledge of all the relevant changes occurring 
in ischemic regions in various stages and inten
sities of ischemia, and from the difficulty of 
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manipulating the intracellular environment to 
reproduce the changes occurring with ischemia. 
We do not have to dwell on the admonition 
that neither hypoxia nor metabolic inhibition 
is ischemia. Important effects of stagnant by
products on cellular electrophysiology are re
ceiving increasing scrutiny. This discussion 
will concentrate mainly on observations made 
from ischemic tissues in vivo and in vitro with 
selected references to studies of normal tissues 
superfused under simulated ischemic condi
tions, the most common of which has been 
simple hypoxia. 

The Resting Potentia! 
The earliest intracellular recordings of ischemic 
cells showed partial depolarization of subepicar
dial myocardial cells within a few minutes of 
coronary occlusion [1, 2}. Since these observa
tions were made, the blood flow to subepicar
dial layers has been measured and appears to be 
about 25% of normal in the center of the isch
emic region immediately after occlusion {3}. 
The partial depolarization of myocardial cells 
with ischemia was not startling, since it was 
known for a long time that hypoxia {4, 5 J and 
metabolic inhibition {6J caused loss of resting 
potential. Also numerous studies have indi
cated that the extracellular concentration of po
tassium rises rapidly in ischemic regions be
cause of leakage of potassium from the cell 
interior {7-lOJ. Recent evaluations with potas
sium-sensitive electrodes in vivo have quanti
fied the changes in extracellular potassium in 
the myocardium following coronary occlusion 
[11]. The rise in extracellular potassium is 
greatest and most rapid in the subendocardial 
layers and least in the subepicardial layers, but 
concentrations in the neighborhood of 8 mM/l 
are reached in the subepicardial layers within a 
few minutes. These changes in extracellular po
tassium could account for the changes in rest
ing potential in large part, if not entirely. The 
mechanism of the potassium loss from cells is 
not identified exactly. Studies of myocardial 
cells exposed to hypoxia in vitro indicate that a 
time-independent (background) potassium cur
rent is enhanced {12J. It was postulated that a 
rise in concentration of calcium in the cytosol 

may be the factor that augments the potassium 
current {13]' Also the rise in extracellular po
tassium would itself further enhance potassium 
permeability {14J. The time course of depres
sion of the sodium-potassium pump during 
acute ischemia is uncertain [15}. The pump, if 
electrogenic in vivo, would contribute outward 
currents and augment the resting potential. 
Observations that potassium leak precedes 
depression of the sodium-potassium pump in 
hypoxia {16J suggest that depression of the 
pump is not a major factor in the depolariza
tion that occurs very early in ischemia, 

When the ischemia lasts hours or longer the 
living cells in the ischemic zone are variably 
depolarized. During these later stages it is un
likely that elevated extracellular potassium is 
the major determinant of the depolarization. 
Numerous studies show that the depolarization 
persists under conditions of superfusion with 
normal extracellular concentrations of potas
sium {17-29J. With prolonged ischemia it is 
probable that there is diminution of intracel
lular concentration (and activity) of potassium, 
with reduction of the ratio Kin-}(.,ut> and atten
dant reduction of the potassium equilibrium 
potential. In addition, at later stages depres
sion of the sodium-potassium pump {15J 
might reduce any contribution made by elec
trogenic pumping to the resting potential. Re
cently it was suggested that electrogenic 
pumping may contribute not only directly but 
also indirectly by providing hyperpolarizing 
current necessary to maintain the "normal" 
current-voltage relationship as opposed to an
other possible relationship that is downward (in 
the direction of inward current) shifted and has 
a stable resting potential at a more positive 
level {24]. The implication was that the mem
brane is capable of both relationships, but the 
"normal" predominates under the influence of 
hyperpolarizing current from the activity of the 
sodium-potassium pump, resulting in a nor
mal resting potential. 

The resting potentials of cells from chroni
cally diseased human ventricle have been ob
served to be reduced (approximately 50 m V) 
and insensitive to changes in extracellular po
tassium concentration in the concentration 
range of 2-10 mM {24]. This finding sug-
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FIGURE 20-1. Relationship between transmembrane rest
ing potential (V) and extracellular potassium (K) concen
tration for ischemic cells (solid circles) and bordering cells 
in the normal zone (circles) of epicardial preparations iso
lated from canine hearts 1-7 days after occlusion of the 
left anterior descending coronary artery. Means and stan
dard deviations derived from ten separate studies of both 
ischemic and normal cells. 

gested to the investigators that there might be 
a decrease in potassium conductance in these 
cells; that the membrane did not function pri
marily as a potassium electrode. Ischemic sub
epicardial cells isolated from canine hearts sev
eral days after coronary occlusion differ 
somewhat from normal subepicardial cells in 
the same hearts with respect to the relationship 
between extracellular potassium and membrane 
potential, but the differences are small. The re
lationship between extracellular potassium and 
membrane potential are depicted in figure 20-
1. The downshift of the curve for the abnormal 
cells could be explained by decreased intracel
lular concentration of potassium. 

The possibility that other specific ionic con
ductances contributed importantly to the rest
ing potential of depolarized cells was investi
gated in human tissues by observing the effect 
of tetrodotoxin, a blocker of the fast channel, 
and methoxyverapamil, a blocker of the slow 
channel [24}. The failure of these agents to af
fect resting potential suggests that there was no 
significant resting inward current of sodium or 
calcium contributing a positive (depolarizing) 

component. However, observations of this type 
are sparse. There is a need for more information 
about the intracellular concentrations and com
parative permeabilities of the various important 
ions after prolonged ischemia and about the ef
fects of ischemia on steady-state current-volt
age relationships of the membrane . 

Cells of the specialized conducting system in 
ischemic regions are affected differently from 
adjacent myocardial cells. The Purkinje fibers 
in the region of supply of an occluded coronary 
artery are partially depolarized for several days 
after occlusion, but the superficial layers of 
Purkinje fibers survive and recover fully, unlike 
adjacent subendocardial myocardial cells which 
do not survive the first day of coronary occlu
sion in the dog [l7-21}. Purkinje tissue is 
more resistant to oxygen deprivation in vitro 
than is working myocardium [5}. There is a 
possibility that the lesser requirements of Pur
kinje cells may be met in part by diffusion 
from the blood in the left ventricular chamber. 
One group of investigators has observed partial 
depolarization of Purkinje fibers in tissues iso
lated 20 min after coronary occlusion [29}, a 
surprising finding in view of the comparative 
resistance of Purkinje fibers to hypoxia in vitro. 
There is uncertainty as to validity of these ob
servations in tissues isolated during the unsta
ble state of acute ischemia. It was speculated 
that a rise in extracellular potassium spilled 
from myocardial cells might be the operative 
factor in the depolarization. 

The reasons for the depolarization of Pur
kinje fibers in later stages of ischemia (one day 
or more), as for that of myocardial cells, is un
clear. The tendency of affected cells to recover 
toward normal amplitude of resting potential 
during several hours of superfusion, even with 
hypoxic solutions lacking foodstuffs, has sug
gested to some the action of a depressant 
agent(s) that is removed somewhat slowly 
(hours) during superfusion [l9}. The recovery 
of Purkinje cells during superfusion is shown 
in figure 20-2. Of the various substances 
whose concentrations are elevated either intra
cellularly or extracellularly during ischemia, 
special notice recently has been taken of certain 
lipid breakdown products, the lysophospho
glycerides [30-32}. Cells exposed in vitro to 
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these substances in concentrations estimated to 

occur in ischemic regions developed electro
physiologic abnormalities resembling those of 
ischemic cells. There has been considerable in
terest in the concept that lipid breakdown 
products may lodge in the sarcolemma and al
ter its properties f33}. While this idea has 
some evidential support the role of this mech
anism in electrophysiologic abnormalities in 
vivo remains to be defined precisely. 

The survival for some time of myocardial 
and Purkinje cells with heterogeneously abnor
mal properties bears on the controversy con
cerning the size, configuration, and location of 
a "border zone" surrounding myocardial infarc
tion {34}. It has been proposed that with isch
emia cells are either normally oxygenated or le
thally hypoxic; intermediate states constituting 
a substantial border zone do not exist {35}. In 
its simple form this hypothesis does not explain 
the prolonged survival of cells with abnormal 
function, a phenomenon definitively demon
strated in myocardium after ischemic injury. 
As a specific example, in the dog after coronary 
occlusion a canopy of myocardial cells just be
low the epicardium survives for some time and 
constitutes a border zone with abnormal cellu
lar electrophysiologic properties, overlying the 
infarct. Since the method of recording of intra
cellular potentials is safe from the criticism 
that the sample is an admixture of normal and 
dead tissue, the hypothesis must be modified 
to include the possibilities that intermediate 
states of cellular oxygenation can persist for 
long times, or that normally oxygenated cells 
can be affected for a long time by the by-prod
ucts of necrosis, or (the least plausible) that the 
cells can survive for a long time in a severely 
hypoxic state. Tissues exposed to uniform hy
poxia in vitro are affected heterogeneously so 
the heterogeneity must be independent in part 
of blood flow {36}. 

The Action Potential Upstroke: 
the Excitatory Current 

Pronounced depression of the upstrokes of ac
tion potentials occurs early in ischemia {2, 37-
40} and is a consistent feature of affected cells 
in later stages {17-28}. The depolarization of 
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FIGURE 20- 2. Recovery toward normal during superfu
sion of partially depolarized Purkinje fiber (lZ) isolated 
24 h after coronary occlusion in the dog. Action poten
tials of the Purkinje fiber in the ischemic zone were re
corded 10 min after isolation (A) along with a simulta
neous recording from a Purkinje cell in the normal zone 
(NZ). The cell was partially depolarized, and showed en
hanced diastolic depolarization and a ptolonged action po
tential. After 1 Y2 h of superfusion (B) the resting poten
tial had increased significantly in amplitude. During 
continued superfusion for 12 h (C-E) both resting poten
tial and the rate of diastolic depolarization were restored 
to normal. However, the prolonged action potential per
sisted (F) , The trace for the cell in the IZ was moved in 
F; the differences in resting potential are artifactual. Re
produced by permission of the American Heart Associa
tion ftom Lazzara et al. [l9J. 

cells would entail depression of upstroke veloc
ity and amplitude because of normal inactiva
tion of the fast channel, but it is clear that 
there is more depression than can be accounted 
for on this basis. The relationship between 
membrane potential and V max is downshifted in 
ischemic cells as illustrated in figures 20-3 and 
20-4. The downshifted curves imply direct 
depression of the excitatory current. There is a 
great variability in the position of the abnormal 
curve compared with the normal. Often the 
curves are shifted severely downward and left
ward, indicating that the excitatory current is 
not only severely depressed but is generated at 
levels of membrane potential where the normal 
fast channel is completely inactivated. This 
type of relationship (fig. 20-4) places suspicion 
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FIGURE 20-3. Relationship between maximal upstroke 
velocity (V m,,) and transmembrane potential (V) at the 
time of excitation for a cell in the normal zone (circles) 
and a cell in the ischemic zone (solid circles) of an epicar
dial preparation isolated two days after coronary occlusion 
in the dog. The transmembrane potential was altered by 
changing concentration of K + in the superfusate. The 
symbols on the abscissa indicate resting potentials at K + 

concentration of 24 mM/1. 
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FIGURE 2.0-4. Relationship between maximal upstroke 
velocity (V maX> and transmembrane potential (V) at the 
time of excitation of a cell in the normal zone (circles) 
and the ischemic zone (filled circles) of an epicardial prep
aration isolated 24 h after coronary occlusion in the dog. 
The transmembrane potential was altered by changing the 
concentration of K + in the superfusate. The symbols on 
the abscissa indicate resting potentials at K + concentra
tion of 24 mM/1. 

on the slow channel. However, observations af
ter blockade of the fast channel (tetrodotoxin) 
and the slow channel (methoxyverapamil) indi
cated that the fast channel can be altered with 
ischemia to generate depressed upstrokes at low 
levels of resting potential [27}. Apparently the 
voltage regulation of the "gates" is affected. 
The effect of tetrodotoxin on a greatly de
pressed upstroke from an ischemic subepicar
dial myocardial cell is shown in figure 20-5. 
In acutely ischemic porcine hearts where severe 
conduction depression and reentry occur in 
ischemic subepicardial layers, the excitatory 
current appears to be generated by depressed 
fast channels since lidocaine further depressed 
the responses [41}. Lidocaine also has pro
nounced effects on the tetrodoxtoxin-sensitive 
depressed responses of ischemic canine myocar
dium [42}. In human endocardial specimens 
taken from patients with ventricular aneu
rysms, however, depressed upstrokes sensitive 
to slow-channel blockers have been observed 
along with others sensitive to tetrodotoxin [24, 
26}. The ineffectiveness of slow-channel block
ers against ventricular tachycardia in ischemic 
heart disease and the effectiveness of agents 
that block the fast channel such as lidocaine 
and procainamide suggest that depressed rapid 
channels are most often involved in the gener
ation of reentrant tachyarrhythmias in man. 
In the isolated whole heart, perfusion of the 
left anterior descending coronary artery with 
solutions having low Po2 , no glucose, high 
K +, and low pH depressed the upstrokes of 
action potentials as severely as acute coronary 
occlusion [43}. This finding was contrary to 

previous observations in vitro by this group of 
investigators, who had found that ischemic 
blood depressed action potentials in vitro more 
than superfusate with low Po2 , no glucose, 
high K +, and low pH [44}. The investigators 
suggested that the differences in the two stud
ies might be due to the lack of contractile work 
and the higher oxygen tensions in vitro com
pared to the conditions in vivo. The available 
evidence indicates that the simple factors ma
nipulated in those experiments could account 
in large part, if not entirely, for the depression 
of responsiveness with acute ischemia. In later 
stages it is likely that other factors are at work. 
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The upstrokes are not only depressed, but 
also frequently irregular. An illustration of this 
phenomenon is shown in figure 20-6, which 
displays action potentials generated by isch
emic subepicardial cells. Such a phenomenon 
might derive from heterogeneity of fast chan
nels on a microscale-groups of channels in the 
vicinity of the microelectrode with different 
voltage dependence and kinetics. Also there 
might be influence of irregular wavefronts of 
activation on the upstroke, that is, asynchrony 
of input into the impaled cell. A hint of this 
mechanism can be extracted from the record
ings of figure 20-6. Differences between the 
action potentials in 6A and 6B were produced 
by alteration of the stimulus intensity (less in 
6B). It is likely that the stimulus current af
fected the activation wavefront rather than the 
cell itself since the cell was activated 15-20 ms 
after the stimulus. The greater stimulus inten
sity (fig. 20-6A) was followed by an irregular 
upstroke, but the lesser intensity stimulus re
sulted in a long-step potential preceding a 
more irregular upstroke. It has been shown 
that the sequence of activation in ischemic re
gions may be very irregular especially at rapid 
rates when refractoriness is encountered {45-
48}. The depressed and irregular upstrokes are 
reflected in part in the low-amplitude, poly
phasic electrograms recorded from ischemic 

CWash 

FIGURE 20-5. Influence of tetrodotoxin (TTX) on the se
verely depressed and irregular upstroke of an ischemic 
myocardial cell (Y) from an epicardial preparation isolated 
three days after coronary occlusion in the dog. Action po
tentials recorded from a cell bordering the ischemic zone 
(X) are also shown along with the upstroke velocity (mid
dle trace) of the border cell. TTX added to the superfusate 
greatly depressed the response of the cell in the ischemic 
~one while depressing modestly (approximately 25%) 
V max of the cell in the normal zone. 

myocardium {48-53J. Although there is little 
direct evidence bearing on cell-to-cell coupling 
and internal resistance in ischemia, there is a 
suspicion that partial uncoupling of cells oc
curs, accompanied by a rise in internal resis
tance. It is known that elevation of free cal
cium and sodium and fall in pH in the cytosol, 
expected alterations in ischemia, causes cell un
coupling by increasing nexal resistance {54-
56}. There is a rise in internal resistance in hy
poxic myocardium associated with a rise in 
resting tension {5 7}, findings that suggest cell 
uncoupling associated with increased concen
tration of cytosolic calcium. It is reasonable to 
presume that this uncoupling effect is hetero
geneous and contributes to slowing and dish
evelment of the sequence of activation and pos
sibly to the irregularities of the upstroke. The 
consequences of this effect are not simple . Par
tial uncoupling could actually enhance the 
probability of excitation, and increase the ve-



20. CELLULAR ELECTROPHYSIOLOGY AND ISCHEMIA 449 

A B 

FIGURE 20-6. Irregular ups croke of a myocardial cell in 
che ischemic zone of an epicardial preparacion isolaced cwo 
days afcer coronary occlusion in the dog. Scimulus inten
sicy in A was higher chan chac in B as shown by che 
differing amplitudes of che scimulus artifact. There was 
greacer irregularicy of che upstroke ac che lower scimulus 
intensicy (B). 

locity of the upstroke, given a depression of ex
citatory current [58}. With the reduced space 
constant, less of the debilitated current would 
be dissipated in flow along the sarcoplasm and 
more would be available to charge the mem
brane capacitor to the threshold potential. 

Repolarization and Refractoriness 
With acute ischemia there is consistently an 
abbreviation in the duration of the action po
tential, a hastening of repolarization mainly at
tributable to a shortened plateau [1, 2, 29, 
38-40}. Hypoxia causes similar effects as acute 
ischemia except that it requires a longer time 
with hypoxia in vitro [44, 59} to produce 
changes that occur within minutes of ischemia 
in vivo [1, 2, 37-40}. The alteration in mem
brane properties that condition the change in 
configuration of the action potential have been 
examined in hypoxia [12}. It appears that with 
early and mild hypoxia there is enhancement of 
a time-independent potassium current. This 
finding is consonant with previous observations 
of increase in potassium efflux with hypoxia 
[16}. This increase in potassium conductance 
could be related to an increase in cytosolic cal
cium. Other observations indicate that, with 
more severe hypoxia, depression of the slow in
ward current contributes to the loss of the pla
teau [60}. The demonstration of the control of 
cyclic AMP and the dependence on energy of 

the slow inward current makes plausible the in
ference that the current is reduced in later 
stages of ischemia when ATP levels are low 
[61, 62}. It is not certain that similar mecha
nisms occur with ischemia, but the similarity 
in the changes in repolarization, the observed 
increases in potassium eflux, and the rapid de
crease in contractile force with ischemia sug
gest that increase in potassium conductance 
and decrease in slow inward current may be op
erative factors. Whereas changes in repolariza
tion may be the first change with hypoxia in 
vitro, with ischemia partial depolarization of 
the membrane appears at about the same time 
[1, 2, 37-40}, probably because of the capture 
of leaked intracellular potassium in the extra
cellular space. The rise in extracellular potas
sium with ischemia in vivo would also be a fac
tor in action potential shortening and increased 
potassium conductance. 

In later stages of ischemia, the abnormalities 
of repolarization are varied. Repolarization has 
been observed to be abbreviated or prolonged 
[17-29}. In general the durations of repolari
zation of ischemic subepicardial myocardial 
cells studied 1-10 days after coronary occlu
sions are normal or slightly shortened, but 
greatly prolonged action potentials have been 
observed in deeper layers of ischemic myocar
dium [22} and in surviving subendocardial 
myocardial cells in the first few months after 
coronary occlusion in the cat [25}. Peripheral 
Purkinje cells isolated 1-5 days after coronary 
occlusion in the dog uniformly have prolonged 
action potentials [17-20}. The basis for the 
changes in later stages of ischemia are specula
tive at this time. Again, one may ruminate on 
the possible role of the products of ischemia. 
Prior elevation of lactate [63}, CO2 acidosis 
[64}, and lysophosphoglycerides [30} among 
other things have been shown to delay repolar
ization of cardiac cells. The ionic mechanisms 
that condition delay in repolarization in isch
emia are not known. 

The relationship of repolarization to cycle 
length, i.e., the rate dependence, can be ab
normal. Blunted or flat curves relating action 
potential duration to cycle length have been 
observed [22, 24} . The basis for the relative 
insensitivity of repolarization to changes in cy-
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cle length in certain ischemic cells is speculative 
for lack of direct evidence. Depression of the 
slow inward current in later stages of ischemia 
might mitigate rate-dependent changes in free 
calcium in tthe cytosol and the consequent 
modulation of repolarizing potassium currents. 

Ischemic subepicardial myocardial cells iso
lated in vitro frequently show an odd response 
to premature stimulation. There is often a 
range of coupling intervals for premature stim
ulation when there is anomalous prolongation 
of the plateau phase of the action potential. 
Along with the prolongation of the plateau 
there is an increase in amplitude of the action 
potential. This increase in the amplitude of the 
action potential is not accompanied by an in
crease in conduction velocity; rather the up
stroke velocity is reduced. These changes could 
be explained by an increase in slow current, 
but the reason for the increase during this in
terval of the cardiac cycle is unclear. An ex
ample of this anomalous behavior is shown in 
figure 20-7. 

Emphasis has been placed on the observation 
that the refractory periods of ischemic cells, es
pecially more depressed ischemic cells, com
monly exceed the durations of the action poten
tials, often substantially [21, 28}. The period 
of inexcitability (absolute refractory period) 
may occur throughout the action potential into 
diastole and a relatively long refractory period, 
marked by a greater requirement of excitatory 
current and a lesser response, may extend long 
into diastole. Moreover, it is commonplace for 
the relationship of postrepolarization refracto
riness and rate to be anomalously direct; the 
greater the heart rate, the greater the refractory 

100 msec 

FIGURE 20-7. Anomalous response to premature stimu
lation of the action potential plateau of an ischemic myo
cardial cell. On the left are shown the action potentials 
recorded ftom a myocardial cell from the ischemic zone 
(I) and the normal zone (N) in an epicardial preparation 
isolated five days after coronary occlusion in the dog. On 
the right are shown the response of the two cells prema
ture stimulation. The action potential of the cell in the 
ischemic zone has larger amplitude especially during the 
plateau phase, and the duration of the plateau is pro
longed with the premature beat as compared with the 
driven beat. The cell from the normal zone has the normal 
response of shortening of plateau and action potential du
ration. 

period. These features of postrepolarization re
fractoriness are shown in figure 20-8. 

The anomalous refractoriness of ischemic 
cells, like the refractoriness of normal cells, has 
a rate dependence with a temporal evolution: 
the adjustment to a new rate is not complete 
within a single cycle. The time required for a 
new equilibrium and the magnitude of change 
over time may be greater with anomalous re
fractoriness than with normal refractoriness. 
Moreover there is a cycle-length dependence of 
the response that is superimposed on the refrac
tory properties of a single cycle and that man
ifests also a temporal evolution to a new equi
librium state. In figure 20-8, at a cycle length 
of 3000 ms the refractory period of the isch
emic cell approximated 400 ms. When the 
basic cycle length was reduced to 1000 ms, the 
refractory period of single cycle prolonged to 
approximately 650 ms, and the basic response, 
though outside the refractory period, was fur
ther depressed. The time dependence and cy
cle-length dependence of the response are illus
trated in figures 20-9 and 20-10. When a 
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FIGURE 20-8. Anomalous refractory properties of ischemic myocardial cells. On the left are shown earliest responses of 
the ischemic cell at cycle length (el) 3000 ms (A) and 1000 ms (B). The absolute refractory period extends well into 
diastole and is longer at the shorter cycle length. Also shown are later responses that are nearly equivalent to the driven 
responses at the respective cycle lengths, marking the approximate ends of the relative refractory periods. The upstroke 
velocities of the driven and premature action potentials are represented by the vertical lines within the action potentials. 
The relative refractory periods of this are long in comparison with the relative refractory period associated with the 
terminal portion of repolarization in normal cells, and the durations of the relative refractory periods are longer at the 
shorter cycle length. Recordings were made from a cell in the ischemic zone of an epicardial preparation isolated three 
days after coronary occlusion in the dog. 

more rapid rate is abruptly imposed there is a 
deterioration over time in the responses, some
times culminating in quiescence. The introduc
tion of a long cycle produces a response to the 
subsequent stimulus (fig. 20-10). This behav
ior has been referred to as "fatigue" [21}. This 
temporal evolution commonly is not dependent 
on changes in resting potential, but sometimes 
higher heart rates may be accompanied by pro
gressive depolarization. This type of response is 
shown in figure 20-11. During short-term 
(minutes) changes in rate, loss of resting poten
tial is not seen nearly as often as simple depres
sion of response. Apparently there is an accu
mulation of a depressant factor or the depletion 
of an activator factor with time, these factors 
acting on the excitatory current. The greatly 
prolonged recovery times of excitatory current 
following an excitation apparently reflect delay 
in the recovery from inactivation of the de
pressed fast channel. The rate-related loss of 
resting potential could occur because of potas
sium accumulation in the extracellular space, 
but this seems unlikely in the superfused sub
epicardial preparation. Also rate-dependent de-

pletion of A TP could depress an electrogenic 
pump. 

It has been shown that the recovery from in
activation of the normal fast channel is delayed 
with partial depolarization [65} or with expo
sure to agents that depress the fast channel 
such as quinidine [66}. The recovery time ob
served with ischemic cells are too slow to be 
accounted for simply by partial depolarization. 
This observation implies a direct depressant ef
fect of some ischemia-related factor on the fast 
channel. As with the atrioventricular node im
pingement of postrepolarization refractoriness 
at a certain range of rates causes a repetitive 
sequence in which successive responses deterio
rate and conduct more slowly with each cycle, 
until a response is inadequate to propagate
the Wenckebach sequence, shown in figure 20-
12. 

The combination of heterogenous repolariza
tion and variable postrepolarization recovery 
times of the excitatory current conspires to 
greatly disperse the refractory periods in isch
emic regions. Moreover, a special feature of 
postrepolarization refractoriness is anomalously 
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FIGURE 20-9. Rate-dependent and time-dependent (fatigue) depression of response in ischemic myocardial cells. Action 
potentials at various driven cycle lengths (el) are shown in A-D with return ro the original driving cycle in E. B-1 
shows the response on immediate change form cycle length 630 ms to cycle length 400 ms whereas 
B-12 was recorded 20 s and B-3 40 s later. In B-3 there were alternating responses of greater and lesser magnitude. 
Immediately upon return ro cycle length 630 ms in E-l the response improved only slightly, but 15 slater (E-2) there 
was considerable improvement . The changes in responses occurred in the absence of appreciable changes in resting 
potential. Recordings were made from a cell in the ischemic zone of a epicardial preparation isolated five days after 
coronary occlusion in the dog. 

FIGURE 20-10. Resroration of excitation of a cell in the 
ischemic zone by the introduction of a pause. Action po
tentials were recorded from two cells in the ischemic zone 
of an epicardial preparation excised four days after coro
nary occlusion in the dog. Driving the preparation at a 
cycle length of 1 s resulted in quiescence of one cell after 
10-15 s of drive. The introduction of a 2-s pause (A) was 
not followed by a response in the quiescent cell, but the 
introduction of a 3-s pause (B) was followed by a single 
response indicated by the asterisk. The introduction of a 
pause of 8 s (C) resulted in four consecutive responses, 
followed again by quiescence. 
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FIGURE 20-11. Rate-dependent loss of resting potential and depression of responsiveness in an ischemic myocardial cell 
of an epicardial preparation isolated one day after coronary occlusion in the dog. Resting potentials (RP) and action 
potentials at various cycle lengths are shown in A and B. There is increasing depolarization of the cell as the pacing 
cycle length (eL) was changed from 1000 ms to 280 msec. Along with the depolarization there was a depression of 
amplitude and upstroke velocity of the action potential. 

long relative refractory periods, periods during 
which even more depressed responses are gen
erated with greater disarray of the activation 
sequence. The likelihood of reentry in this 
environment is greatly enhanced. Detailed 
maps of the sequences of activation at the forma
tion of reentrant excitation have documented 
the crucial role of the abnormal variability 
in refractory properties in producing the dis
ordered activation sequence that culminates in 
reentry. 
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Automaticity 
Diastolic depolarization of ischemic Purkinje fi
bers is more rapid and their automatic firing 
rate is increased {l8, 19J. This disorder does 
not occur in the early phases of ischemia, but 
is prominent in the first day after occlusion and 
subsides gradually over several days . This be
havior is illustrated in figure 20-2, which 
shows the devolution during superfusion of cer
tain abnormalities, including enhanced auto
maticity, in an ischemic Purkinje fiber. During 

FIGURE 20-12. Progressive beat-by-beat depression of the upstroke of the action potential of an ischemic myocardial cell 
(Y) from an epicardial preparation isolated one day after coronary occlusion in the dog. Also shown are action potentials 
recorded from a cell in the normal zone (X) and electrograms recorded from the ischemic zone (1) and normal zone (2) 
in the vicinity of the respective action potential recordings. 
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superfusion, even with solutions low in oxygen 
and glucose, the rate of diastolic depolarization 
diminishes toward normal. The enhanced rate 
is sensitive to beta-adrenergic stimulation, but 
not dependent on it; restoration to normal is 
not achieved by beta blockade {19, 67}. It is 
less affected by lidocaine [68} than diastolic de
polarization of normal Purkinje fibers and more 
affected by ethmozin [69}' These responses to 
the pharmacologic agents imply that the ionic 
currents that generate the diastolic depolariza
tion may differ for ischemic fibers from those 
for normal fibers, but little else can be said at 
this time. Again, the action of a washable 
agent is suspect. A number of agents could be 
implicated. For example, lysophosphoglycer
ides enhance the rate of diastolic depolarization 
of Purkinje fibers. 

Anomalous activity in the form of afterde
polarizations has been observed in Purkinje 
cells and deep myocardial cells within ischemic 
zones [22, 24, 70, 71}. Since afterdepolariza
tions have not been observed in subendocardial 
and subepicardial muscle cells, there is some 
question concerning the role of the dissection 
required to explore the deeper layers of myocar
dium in this phenomena. In view of the data 
supporting the conclusion that the phenome
non of delayed afterdepolarizations is depen
dent on oscillations of elevated concentrations 
of calcium in the cytosol [72}, the occurrence 
of delayed afterdepolarizations would not be 
startling. The extent of the participation of this 
phenomenon in ectopic tachyarrhythmias in 
vivo remains to be ascertained. The ionic basis 
for early afterdepolarizations has received less 
attention, so comment in relation to ischemia 
is unwarranted. 

Ectopy 
Excitation of normal myocardium that ongl
nates in ischemic regions by whatever mecha
nism constitutes a form of ectopy. There is im
posing evidence that reentrant excitation is the 
most common basis for ectopy. Reentry is a 
disorder of the sequence of activation that re
quires an ensemble of cells and a collusion of 
abnormal factors. The impulse must propagate 
continuously throughout the absolute refractory 

period of surrounding normal myocardium. 
Given the dimensions of the heart and the nor
mal durations of refractoriness, this require
ment entails abnormally slow conduction. It is 
characteristic of ischemic tissues that conduc
tion is slowed to varying degrees. Slowed con
duction is especially likely when excitation 
interrupts the anomalously long relative refrac
tory periods. Therefore this abnormality has 
special relevance to ectopy. Since all the mar
gins of the ischemic region are accessible to the 
original activation, for the impulse to avoid ex
tinguishment by collision within the ischemic 
region, there must be a means of selectively di
recting the impulse, i.e., unidirectional block. 
Directionally selective propagation has been 
demonstrated abundantly in ischemic regions, 
most commonly on the basis of refractoriness. 
The impulse traveling along one direction en
counters refractory tissues which recover in 
time for excitation by a delayed impulse arriv
ing tardily from a route of slowed conduction. 
Finally, to complete a circuit there must be 
"holes"-regions between the outgoing and in
coming limbs of the circuit which cannot be 
traversed so that the elements of the circuit re
tain their integrity, do not meld. This separa
tory region can be of abstract thickness, linear, 
as is proposed in the "leading circle" idea [73}, 
wherein a line of refractoriness is supposed to 
separate the limbs of the circuit. In ischemic 
regions, the holes may be scars, or inexcitable 
but living myocardium. Inexcitability and pro
longed quiescence of myocardium may be re
lated to its refractory properties as we have seen 
(figs. 20-9 and 20-10). Thus, a complex tem
poral and spatial interaction of slowed conduc
tion and heterogeneously abnormal refractory 
properties combines to form the elements of a 
reentry circuit. 

The induction of repetitive firing, presum
ably reentrant, in a small, subepicardial prep
aration containing ischemic cells is shown in 
figure 20-13. The premature stimulation im
pinges on regions with differing refractory 
properties, producing quiescence in one region, 
greatly diminished responses in another and 
full responses in others. Because this reentry 
circuit was not mapped, it cannot be stated 
that the quiescent region provided any essential 
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FIGURE 20- 13. Induction of repetitive firing (tachyarrhythmia) in an epicardial preparation containing normal and isch
emic (stippled) regions isolated four days after coronary occlusion in the dog. Action potentials are recorded from a cell 
at the border (Y) and in the normal zone and electrograms are recorded from the ischemic zone (1 and 2). At a premature 
coupling interval of 320 ms, all sites responded to the premature stimulation in a manner not much different from the 
driven responses. At a coupling interval of 300 ms, site 1 failed to respond and site Y responded with a diminutive 
action potential. Site X responded late with a full action potential which was followed by repetitive responses at sites 2, 
X and Y, the responses in Y all being diminutive. The tachycardia was accompanied by continuous block of propagation 
into site 1. 

component of the reentry circuit. Nonetheless, 
it is clear that quiescent regions, holes, can be 
created from the abnormal refractory properties 
of the tissue . The premature stimulation that 
induced the tachycardia produced far greater 
variation in the timing and magnitude of re
sponses of the various sites than the premature 
stimulation that did not lead to reentry. 

Even the intrinsic generation of excitatory 
current, the automatic processes, can be influ
enced strongly by interaction among cells with 
different properties. For example, it has been 
shown that depolarizing current flow may in
duce or enhance diastolic depolarization in par
tially depolarized cells {74-76}. Current flow 
between cells at different levels of transmem
brane potential could influence the automatic 
activity of a cell or cluster of cells. At sites of 
delayed conduction across an "excitatory gap", 
electrotonic interactions may occur between 
cells upstream that have repolarized and cells 

downstream that have been activated with de
lay-a phenomenon that has been called "re
flection" {77}. This mechanism could enhance 
afterdepolarizations or produce electrotonic 
changes in transmembrane potentials that 
mimic intrinsic afterdepolarizations. Akin to 
this concept is the idea expressed in the phrase 
"focal reexcitation" {78}, the excitation by flow 
of current between nearby cells at different lev
els of membrane potential because of differing 
rates of repolarization. There is little question 
that electronic currents during repolarization 
and diastole can be large around ischemic re
gions [45, 46}. They are the basis for the "in
jury currents" and "ST segment shifts" on the 
electrocardiogram, which are most prominent 
in acute ischemia. However, cell uncoupling 
would mitigate electrotonic current flow in 
later stages of ischemia. Excitation by electro
tonic currents during repolarization and dias
tole is facilitated by conditions that produce 
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steep gradations or interruptions of properties, 
such as a sucrose gap in vitro. Where there is 
smooth, continuous gradation between cells the 
effect of electrotonic interaction is to minimize 
potential differences and current flow £79}. A 
case has been made for focal reexcitation or re
flection in acute ischemia as a result of large 
"injury" currents and a narrow "inexcitable re
tion" between ischemic and normal tissues 
{80}. The extent to which heterogeneous prop
erties result in electrotonic current flows which 
in turn lead to anomalous excitation is still un
certain. However, the prevailing role of hetero
geneity in the production of reentrant excita
tion in ischemia regions is unquestionable. 

Ischemia is exceedingly complex, comprising 
multiple factors of depletion and of production 
in varied temporal sequences, as well as inter
actions between heterogeneously abnormal and 
normal tissues, and indirect effects of ventric
ular dysfunction, mechanical stretch, altered 
autonomic activity, etc. The study of ischemia 
has proceeded haltingly because of the inability 
to record intracellular potentials in the isch
emic condition in vivo. Nonetheless, under
standing is growing and interest is thriving. 
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Introduction 
In this chapter we describe the modulated receptor 
hypothesis for the action of certain antiar
rhythmic drugs. We briefly review the work 
that led to this hypothesis, present a detailed 
description of the mechanism, and apply it to 
a group of antiarrhythmic agents and the ar
rhythmias in which they are used. 

A large number of drugs-e.g., antimalari
als, local anesthetics, antiadrenergics, antichol
inergics, antihistaminics, and antiepileptics
have antiarrhythmic effects. The search for a 
mechanism of action for such a diverse group 
of chemicals has led to several hypotheses. 
These hypotheses have had utility primarily as 
methods of classifying the drugs; few, if any, 
have come to grips with the basic question: 
how do useful antiarrhythmic drugs suppress 
abnormal electrical activity without similarly 
suppressing normal electrogenesis? 

The application of electrophysiologic meth
ods for studying the membrane actions of drugs 
has made it possible to identify some of the 
properties that appear to be associated with 
suppression of abnormal electrical activity. 
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The first property to be clearly defined as an 
important correlate of antiarrhythmic action 
was local anesthesia [l}. This action, associated 
with blockade of sodium channels, is now rec
ognized as the major action of the most com
monly used antiarrhythmic agents, e.g., quin
idine, lidocaine, and their congeners. In nerve, 
impulse propagation is blocked in healthy as 
well as injured fibers at the relatively high con
centrations of local anesthetics used for infiltra
tion anesthesia. In the heart, depressed conduc
tion is suppressed but normal conduction is 
relatively less impaired-unless toxic doses are 
given. In other words, these drugs, at the con
centrations used for the treatment of arrhyth
mias, selectively suppress impaired conduction in 
the heart. This selectivity is probably most im
portant in abolishing reentry arrhythmias [2}. 

Two other effects of antiarrhythmic drugs 
can be at least partially ascribed to block of 
sodium channels. Blockade of sodium channels 
is important in the increase in refractoriness that 
is produced by some of these drugs. Block of 
sodium channels also plays a role in the 
suppression of abnormal pacemaker activity occur
ring at more negative diastolic potentials [3}. 

The calcium-channel-blocking agents were 
developed as vasodilators, but some members 
of this group also have antiarrhythmic effects 
[4}. These drugs relax normal vascular smooth 
muscle and cause moderate or little depression 
of the normal heart. Some of them, however, 
very markedly depress abnormal activity in 
myocardium, e.g., slow responses in ischemic 
and depolarized tissues [5}. There is some evi
dence indicating that the response of vascular 
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smooth muscle to the calcium-channel blockers 
is also modulated by the membrane potential 
{6}. Thus, some members of this class of drugs 
also seem to induce a selective blockade of the 
channels with which they interact. 

Selective depression of membranes with im
paired electrogenesis thus appears to be an 
effect common to at least two important 
subgroups of antiarrhythmic drugs. The mech
anism for such selective depression is, at the 
present time, best explained by the modulated 
receptor hypothesis {7, 8}. This hypothesis pos
tulates that the binding of a blocking drug to 
the receptor of a transmembrane channel is 
modulated by the state of the channel. 

Because channel blockade, by definition, re
sults in a decrease in ionic current through the 
channel, the voltage-clamp method is generally 
accepted as the most direct technique for defin
ing the action of a channel-blocking drug. The 
voltage-clamp technique is relatively straight
forward in some large cells (e.g., squid axon), 
but in cardiac muscle it has been limited by 
technical problems {9, lO}. These problems 
limit the speed with which large membrane 
currents can be controlled. This limitation ap
plies especially to the sodium current, which is 
responsible for the rapid upstroke (phase 0) of 
the normal action potential in atrial cells, His
Purkinje fibers, and ventricular myocardium. 
Therefore, most investigators have used the up
stroke velocity (dV/dt or V) of the action po
tential as an indirect measure of the sodium 
current. The maximum of V(V max or dV/dtmax) 

has been validated as a reasonable measure of 
the peak sodium current by modeling {II, 12} 
as well as by direct measurement in small car
diac preparations where the sodium current can 
be successfully clamped {I3-15}. (It should be 
stressed, however, that for V max to give a valid 
estimate of sodium conductance, several criteria 
must be satisfied: {a} axial current flow must be 
zero {I6}, {b} membrane potential at which 
V max occurs must remain constant between 
~omparisons, {c} latency between stimulus and 
V max must be kept constant {I2}, and {d} the 
nonsodium currents must contribute only neg
ligibly at the time ofVmax {ll}.) 

Measurement of the calcium current lsi is not 

so difficult because it is both slower and 
smaller than the sodium current. For the same 
reason, estimates of lsi from the upstroke veloc
ity of calcium-dependent action potentials are 
more hazardous; interference from sodium and 
potassium currents is much more likely. There
fore, most of the data relating to calcium-chan
nel blockers described below are from voltage
clamp studies. 

Background 
The modulated receptor hypothesis explains the 
selective action of antiarrhythmic drugs on the 
basis of the differences between membrane elec
trogenesis in normal and in abnormal tissue. 
Such differences may include disparities in rest
ing potential, in action potential shape and du
ration, and in recovery time between successive 
action potentials. Earlier work supporting these 
ideas is conveniently considered from the 
standpoint of the major variables involved: 
voltage and time. 

ANTIARRHYTHMIC DRUG ACTION IS 
VOLTAGE DEPENDENT 

In 1955 Weidman {I} showed that, in sheep 
Purkinje fibers, cocaine reduced V max of the ac
tion potential without significantly changing 
the resting potential. In addition, he made the 
important observation that hyperpolarization, 
even in the continued presence of the drug, re
stored V max. He interpreted these observations 
as indicating that cocaine inactivates the sys
tem responsible for carrying sodium through 
the membrane. Jensen and Katzung {I7} 
showed that therapeutic concentrations of 
phenytoin, which had little or no effect upon 
V max in low-potassium solution, markedly re
duced V max when the membrane was depolar
ized by elevating the concentration of extracel
lular potassium. The same effect was observed 
for lidocaine {I8} (also see fig. 2l-1). Hon
deghem et al. {2} and Hope et al. {I9} pro
posed that a major mechanism of action of 
some antiarrhythmic drugs is to selectively block 
sodium channels that are depolarized by hy
poxia or ischemia. This proposal has since been 
confirmed in several laboratories {20-24}. 
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FIGURE 21-1. Voltage dependence of V max reduction by 
procainamide (180 f1M). After a 20-s rest period, guinea 
pig papillary muscles were stimulated at 3.3 Hz. The 
resting membrane potential was altered by current injec
tion. Note that the reduction of V max is accentuated by 
depolarization (-70 mV) and that hyperpolarization 
(- 100 mV) attenuates the procainamide effect. 

ANTIARRHYTHMIC DRUG ACTION 
IS TIME DEPENDENT 

Johnson and McKinnon (25} and Heistracher 
(26} showed that repetitive activation enhances 
sodium-channel block by quinidine (also see 
fig. 21-2). From studies of local anesthetic ac
tion in nerves, Strichartz (27} and Courtney 
{28] proposed that each time the channels were 
used (activated and inactivated) a fraction of 
them became blocked. In studies of quinidine 
and lidocaine, Chen et al. [29} showed that, 
during the interval between action potentials, 
sodium channels recover from block. In addi
tion, they demonstrated that the rate of recov
ery is strongly voltage dependent; recovery is 
faster in well-polarized tissue than in partially 
depolarized tissue. We have found that upon 
clamping the membrane to - 140 mY, recov
ery from block in the presence of therapeutic 
concentrations of lidocaine or quinidine is com
plete in less than 200 ms [30]. 

ANTIARRHYTHMIC DRUG ACTION 
IS STATE DEPENDENT 

Hille [7} and Hondeghem and Katzung [8} 
proposed that the voltage- and time-dependent 
blockade of sodium channels caused by local 
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anesthetic and antiarrhythmic drugs could be 
accounted for by a model based on the three 
channel states (fig. 2l-3A) described by Hodg
kin and Huxley [3l}. At negative potentials 
the rested state is preferred; upon depolariza
tion the channels rapidly pass through the ac
tivated state into the inactivated state, where 
they remain until the membrane is repolarized. 

Data collected with protocols that measure 
the kinetics of block development as well as 
steady-state block suggest that a useful antiar
rhythmic drug has a different set of association 
and dissociation rate constants for each of the 
three states (resting, activated, and inacti
vated), i.e., the drug interacts with a receptor 
that is modulated by the state of the channel 
(fig. 21-3B) [30, 32}. Channels that have drug 
bound to their receptors do not conduct ionic 
current; in addition, they behave as if the re
lationship between voltage and inactivation is 
shifted toward more negative potentials. The 
reasons for these assumptions are as follows: 

Interaction of drug with the channel in the 
activated state is required to account for the 
fact that, for many drugs, the block becomes 
more marked as the frequency of channel open
ing is increased [27}. Since development of 
some block and recovery can occur at rest {28, 
29, 32}, the channels need not be open for 
some interactions to occur. However, since the 
rested-state receptor usually has a much lower 
affinity for the drug and much faster kinetics 
than the receptor in the inactivated state [8}, 
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it is necessary that these states have different 
rate constants. The voltage shift of the inacti
vation relation is suggested because blocked 
channels behave as if they are at a potential less 
negative than the measured membrane poten
tial [1, 28}. 

Quantitative aspects of the modulated recep
tor hypothesis have been formulated in a set of 
differential equations that describe the interac
tions of drugs with channels as a function of 
time and membrane voltage [8}. Several labo
ratories have tested the model and used it suc
cessfully to explain the effects of many antiar
rhythmic drugs under various experimental 
conditions [30, 32-63J. 

In our laboratory we utilize a laboratory 
computer to solve the set of equations. The 
method provides an estimate of the proportion 
of channels in each of the Hodgkin-Huxley 
states: resting, activated, and inactivated, and 
the fraction of channels in each state that is 
complexed with drug. The total number of 
channels available is normalized to 1. O. All of 
the V max estimates provided below are normal
ized in this way. 

Mechanisms 0/ State-Dependent Drug
Receptor Interactions 
The modulated receptor model can provide a 
dynamic "moving picture" of the changes in 
state of membrane channels-changes brought 
about by the physiologic effect of time and 
membrane voltage, as well as the pharmaco
logic binding of drug molecules to channel re
ceptors. To diagram these changes in static 
illustrations we have combined the basic 
Hodgkin-Huxley-drug-interaction diagram of 
figure 21-3B with a semiquantitative plot of 
the major fractions of the total pool of channels 
against time in figures 21-4 to 21-8. Each 
graph shows the results computed for one or 
more action potentials elicited after a rest of 20 
s, plotted with the total number of channels 
normalized to 1. 0 (ordinate), and the fraction 
of channels residing in each state designated by 
color. Throughout this series of figures rested 
channels are green, activated channels orange, 
and inactivated purple. The lightly colored 
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FIGURE 21-2. Time dependence of V m.x reduction by 
aprindine (14 f..LM). After a 20-s rest period, guinea pig 
papillary muscles were stimulated at 3.3, 1.0, or 0.5 Hz. 
Note that the depression of V m.x is more marked at faster 
stimulus rates (less time at negative potentials; and more 
activations and more time at depolarized potentials). 
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FIGURE 2\-3. Schematic representation of the modulated 
receptor. (AJ Drug-free. Sodium channels can exist in 
three states: rested (R; predominant at negative mem
brane potentials), activated (A; upon depolarization the 
channels open transiently) and inactivated (I; predominant 
at more positive potentials). The transitions between the 
three states have been described by Hodgkin and Huxley 
(HH) o I}. (B J In the presence of drug. Drug molecules (D) 
can associate (down arrow) or dissociate (up arrow) with 
the channels in all three states. Drug-associated channels 
(R'D, A· D, and I· D) behave as if they are at a less neg
ative transmembrane potential, i.e., their Hodgkin-Hux
ley parameters are shifted to more positive potentials 
(HH'). Drug-associated channels are also blocked, i.e., 
they do not conduct ionic current. 
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FIGURE 21-4. Computer simulations of channel states in 
the absence of drugs. The trace at the top shows· two ac
tion potentials, at a frequency of 3.3 Hz, elicited after a 
20-s rest period. The horizontal axis represents S 00 ms. 
The distribution and shifts of channels from one state 
to another during these action potentials is shown 
in the panel below (AJ. The pool diagram at the top of 
A (R - A ~ I) shows the rapid shift of channels from 
the rested, through the activated, to the inactivated state 
at the time of the first upstroke. The thickness of the 
arrow connecting R to I indicates the relative rate of con
version from one state to the other. The somewhat slower 
recovery of channels is indicated during repolarization of 
the first action potential (I ~ R). 

The color graph diagrams these conversions quantita
tively. In this figure and figures 2I-S to 21-8, light 
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green represents channels in the rested, drug-free state, 
and light purple represents channels in the inactivated 
drug-free state. The sum of all the channel states is unity. 
As indicated in A, during the SOO-ms duration of the 
sequence, the conversion of channels from the rested state 
to the inactivated state is so rapid that the activated state 
can be detected only by greatly expanding the time scale . 
In B, the horizontal axis represents 2.4 ms during the 
upstroke of the first action potential of A. Orange repre
sents the fraction of channels in the open or activated 
state. The maximum normalized sodium conductance 
achieved during the upstroke of each of the two action 
potentials is 0 .82, indicated below the upstroke in A. 
This value is less than unity, even in the absence of block
ing drug, because a few channels inactivated before the 
rest of the channels open. 
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FIGURE 21-5. Channel states in the presence of an acti
vated-state blocker (A), inactivated-state blocker (B), or 
rested -state blocker (C). Simulated action potentials (top 
trace) and drug-free channels (light colors) are as defined 
in figure 21-4. Rested drug-associated channels (R·D) are 
represented in dark green. Dark purple represents the in
activated blocked channels (I. D). Activated blocked chan
nels (A· D) are not resolved in the time resolution of the 
figure. Kinetic parameters for these hypothetical drugs 
were taken from table 21-1 (see text). In A, block devel
ops exclusively during activation, i.e., at the time of the 
upstroke of the action potential (A ~ A· D). Throughout 
the plateau and diastolic phase the channels unblock 
(I. D ~ I). Depending upon the unblocking rate and the 
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time that elapses before the next action potentials, some 
block may persist to attentuate the V max of the next up
stroke. In B, no block is associated with activation; in
stead it develops throughout the plateau of the action po
tential. Unblocking occurs only during diastole. The 
combination of more block development and less recovery 
time in B results in a substantial reduction of V max from 
0.76 to 0.49. In C, most of the rested channels are 
blocked (dark green), i.e., very few are available to be
come activated; hence the very low V max (0.07). Channels 
only unblock during the plateau, i.e., when they are in
activated. Thus, the channels are either blocked or inac
tivated, and can never conduct the sodium current. 
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FIGURE 21-6. Effects of the omission of a voltage shift 
(A), hyperpolarization (B), and depolarization (C) upon 
the channel states. Except for the indicated changes in 
voltage parameters, the conditions are identical to those 
in figure 21-5B. In A, lack of voltage shift provides for 
recovery from the I· D block during repolarization through 
two routes: the slow I'D ~ I transition and the faster 
I'D ~ R·D transition. Since the latter is so much faster, 
most of the I· D channels quickly unblock to R via R· D, 
and the I· D to I path becomes relatively unimportant. In 
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B, the same result is obtained in the presence of a voltage 
shift, by hyperpolarization of the cell membrane ro 
- 115 mV resting potential. In C, the cell membrane is 
slightly depolarized. Depolarization accentuates the ef
fectiveness of the voltage shift, i.e., further closes the fast 
I'D ~ R'D route; and also promotes the I state, which 
in turn leads to block (cf., fig. 21-5B). Comparison of B 
and C clearly illustrates how an antiarrhythmic dtug can 
selectively block depolarized tissue. 
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FIGURE 21-7. Effect of inactivated-state blocker at 1 Hz. 
All parameters in this figure are identical to those of fig
ure 21-5B, except that heart rate was slowed from 3.3 
Hz to 1 Hz and the horizontal axis represents 1. 2 5 s. 
Thus, during the plateau of the first action potential the 
same amount of block develops as in figure 2l-5B. Upon 

A+I 
State 
Block 
3Hz 

FIGURE 21-8. Cumulative block with a drug of high af
finity for both the activated and inactivated states. Top 
trace shows a train of action potentials at 3.3 Hz (hori
zontal axis = 1.8 s). Note that block develops with each 
activation as well as during each inactivated (plateau) pe-
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repolarization, unblocking occurs at exactly the same rate, 
but because of the slower heart rate, unblocking occurs 
for a longer time and hence recovery from block is more 
complete. As a result the upstroke of the second action 
potential is 0.67 as compared to 0.49 in figure 21-5B. 

1·0 

I 

ciod. Since only the rested-state channel has a low affinity 
for the drug, recovery only proceeds when the membrane 
potential is negative, i.e., approaching or at the resting 
potential. 
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areas represent drug-free channels and the 
darker colors represent blocked channels. 

Figure 21-4 illustrates the behavior of the 
model in the absence of drugs: Hodgkin-Hux
ley kinetics apply. When the cell membrane is 
maintained at a normal resting potential (e.g., 
- 85 m V), all channels are in the rested state 
(light green in fig. 21-4). Upon depolarization 
the channels become activated but the activated 
state is so brief (less than 2 ms) that it cannot 
be resolved in figure 21-4A. This is indicated 
in the first subpicture above the graph by a 
heavy arrow from R (rested) via A (activated) 
to I (inactivated). Only when the time scale is 
greatly expanded can the transient activated 
state be visualized (orange in fig. 21-4B). Al
though the activated state is very brief, it is the 
time during which current flows. This current 
is proportional to the magnitude of the acti
vated state; drugs that have a high affinity for 
the activated state can cause development of 
substantial block during this time. Activated 
channels quickly become inactivated (light pur
ple in fig. 21-4A and B) for the duration of 
the plateau. Upon repolarization, the channels 
recover rather promptly (purple to green, I ~ 
A transition in fig. 21-4A). 

CONSEQUENCES OF STATE
DEPENDENT AFFINITY 

To illustrate the significance of varying affini
ties for the three channel states, we first con
sider a set of three hypothetical drugs, each 

with a high affinity (small dissociation con
stant, ~ = 10- 6 M) for one channel state, 
and low affinity (large ~ = 10 - 3 M) for the 
other two states (table 21-1). The rate con
stants k and 1 were chosen to provide the Kd 
required for each state and a time constant in 
the range found for real drugs. To obtain a re
alistic degree of channel blockade, binding of 
the drugs is assumed to shift the inactivation 
curve 25 mV in the hyperpolarizing direction. 
This means that channels in which drug is 
bound to the receptor behave as though the 
membrane potential is 25 mV less negative 
than the measured potential. The effect of the 
voltage shift is discussed below. 

Effects of a Hypothetical Drug with Highest Affin
ity for Channel Receptors in the Activated 
State. As shown in figure 21-5A, a long rest 
period permits accumulation of nearly all the 
channels in the unblocked rested state (light
green area) since neither the receptors in inac
tivated channels nor those in the rested chan
nels have sufficient affinity for the drug. At the 
time of the action potential upstroke (channel 
activation) affinity increases 1000-fold and 
about 30% of the channel receptors bind drug. 
This shift from A to A' D (indicated in the first 
subpicture above fig. 21-5A) is not seen in the 
graph because it occurs too quickly, but the 
result-an abrupt increase in blocked-inacti
vated channels (I' D, dark purple in the graph) 
follows immediately. The predicted V max for 

TABLE 21-1. Kinetic parameters for the hypothetical drugs discussed in the text and displayed in Figs 4 - 8. Kate 
constants were selected to provide high (1 uM) or low (1 mM) affinities and realistic time constants for each drug. 
Time constants are calculated as: lI(k.dose + I); dissociation constants (Kd) are calculated from Kd = Uk.dose (8). 

State 

Rested 
Activated 
Inactivated 

Rate constants 

high affinity 
(~= 1O- 6M) 

k assoc. (ms- 1 M- 1) I dissoc. ms 

104 10-2 

1. 5 X 105 0.15 
4x 102 4 X 10-4 

-I 

low affinity 
(Kd = 1O- 3M) 

I dissoc. 
k assoc. (ms- I M- I ) (ms- I ) 

102 10- 1 

1.5 X 103 1.5 
4 4 X 10- 3 

Time constant 

(ms) 

For drug 
concentrations 
10- 5 M 

-10 
- 0.6 
- 230 

Example: A hypothetical drug with highest affinity for the activated channel would be simulated using the high-affinity rate constants for the activated 
state (1. 5 X 10' and 0.15) and the low-affinity constants fur the rested and inactivated states (lO', 10-'; 4, 4 X 10-', respectively). 
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the first action potential (0.77) is slightly less 
than control (0.82, fig. 21-4) because a few 
channels enter the I' D pool during rest, and 
because some channels block during the first 
part of the upstroke before V max has been 
achieved. During the ensuing plateau phase, 
channels equilibrate between the I and I· D 
pools (second subpicture above fig. 21-5A); 
since drug affinity for the inactivated channel 
is low, there is a slow exponential decrement of 
the I' D pool in favor of the I pool. At the end 
of the first plateau there is a rapid shift of 
drug-free inactivated channels (I pool, light 
purple) to the recovered state (R pool, light 
green) as the membrane potential returns to the 
resting level. However, the blocked channels 
(I'D pool, shown in dark purple) do not re
cover since the voltage shift associated with 
binding of drug makes them behave as though 
they were 25 mV more positive, i.e., -60 mV 
rather than - 85 mY. At the time of the sec
ond action potential, 30% of the remaining 
unblocked channels become trapped in the I' D 
state. In a train of action potentials, this pro
cess would be repeated with each action poten
tial until a steady-state level of blockade, In 

this case V max = 0.70, was reached. 

Effects of a Hypothetical Drug with Highest Affin
ity for the Channel Receptor in the Inactivated 
State. As shown by the pool diagrams in the 
upper part of figure 21-5B, and by the slow 
increase in the I' D pool (dark purple) in the 
graph, most of the binding of this drug to re
ceptor occurs during the plateau of the action 
potential, not during the upstroke. Repolari
zation at the end of the plateau reverses this 
process: the inactivated unblocked channels 
(light purple) are rapidly shifted to the rested 
state (light green). However, the inactivated 
blocked channels (dark purple) "see" a mem
brane potential of only - 60 m V (because of 
the voltage shift) and therefore do not undergo 
removal of inactivation to the R'D state. In
stead, they unblock slowly with the time-con
stant characteristic of I ~ I' D kinetics. As a 
result, the V max of the second action potential 
(0.49) is markedly reduced compared to the 
first action potential (0.76). The computed 
steady-state V max for a long train of action po-

tentials under these conditions is 0.33. Note 
that recovery from blockade by this drug occurs 
only during the diastolic interval. Therefore, 
the steady-state block caused by a drug with 
high affinity for the inactivated state will be 
dependent on the ratio of the action potential 
duration to the diastolic interval. In contrast, 
block caused by the drug with a high affinity 
only when the channel is activated (fig. 21-5A) 
decrements during both the plateau and the 
diastole; thus net steady-state block will be in
fluenced by rate, but not by action potential 
duration. 

Effects of a Drug with Highest Affinity for the 
Channel Receptor in the Rested State. As indi
cated in figure 21-5C, a drug with these char
acteristics would cause a large fraction of the 
channels to bind drug in the rested state (dark 
green). Because of the voltage shift, however, 
many of these move to the inactivated blocked 
(I. D) state-thus the preponderance of dark 
green and dark purple in the graph. Conse
quently, V max of the first action potential is 
maximally reduced after a long rest period. In 
the example shown, V max of the second action 
potential is unchanged. It is theoretically pos
sible to reduce the degree of blockade by very 
rapid stimulation (to minimize the diastolic in
terval) with this type of drug. Thus a drug 
with a high affinity for channels in the rested 
state would be a cardiac poison, depressing 
normal, rested cells, rather than selectively de
pressing abnormal cells. Such drugs will be 
considered no further in this chapter. 

VOLTAGE-DEPENDENCE OF 
CHANNEL BLOCKADE 

The comparisons below are made using the in
activated-channel-blocking drug introduced in 
figure 21-5B. However, similar comparisons 
could be made for the activated-channel-block
ing drug. 

Significance of Drug-induced Shift of Inactiva
tion. The hypothetical drugs described thus 
far (fig. 21-5) incorporate a voltage-shift effect. 
The importance of this shift can be appreciated 
by comparing figure 21-6A with figure 21-
5B. The hypothetical drug modeled in figure 
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21-6A is identical to that of figure 21-5B ex
cept that it lacks a voltage shift. As a result, 
channels bind drug while they are inactivated 
and accumulate in the I· D pool as before. 
However, in contrast to the drug of figure 21-
5 B, the channels in figure 21-6A can leave the 
I· D pool during diastole by two routes: the rel
atively fast Hodgkin-Huxley recovery from in
activation (I· D ~ R· D) as well as the slower 
unbinding of drug (I·D ~ I). Since R·D ~ R 
also occurs relatively fast, recovery from block 
is completed rather quickly. Therefore, in the 
absence of a voltage shift, even a short diastolic 
interval is sufficient to allow all the channels to 
unblock and no accumulation of block occurs; 
the V max of the second action potential is iden
tical to that of the first. 

Significance of Resting Membrane Potential. It 
can be easily shown that even for a drug that 
induces a significant inactivation voltage shift, 
e.g., the 25-mV shift of figure 21-5B, suffi
cient hyperpolarization, say from - 85 to 
-115 mV (fig. 21-6B), will overcome the 25-
m V voltage shift, causing the I· D channels to 
recover (I· D ~ R· D) and then quickly unblock 
(R·D ~ R). Conversely, a moderately de
pressed resting potential, e.g., -75 mY, 
markedly potentiates cumulative blockade by 
causing more trapping in the I· D state. This 
effect is shown in figure 21-6C for the same 
hypothetical inactivated-channel-blocking drug 
of figure 21-5B. Note that the Vmax of the first 
action potential is much more inhibited in the 
depolarized preparation, and that repetitive ac
tivation leads to even more block. The pre
dicted steady-state V max for the depolarized cell 
of figure 21-6C is 0.13 compared to 0.33 for 
the cell of figure 2 1-5 B . 

TIME-DEPENDENT ASPECTS OF MODULATED 
RECEPTOR BLOCKADE 

It has already been shown in figure 21-5A and 
B that the increment of blockade with succes
sive action potentials is limited by the degree 
of recovery that occurs between periods of max
imum drug-receptor affinity. Therefore, steady
state block at slow heart rates (other factors 
being constant) will be less than that achieved 
at fast heart rates. Figure 21-7 shows the first 

two action potentials of a train at 1 Hz using 
the same hypothetical inactivated-state-block
ing drug displayed in figure 21-5B at 3.3 Hz. 
The steady-state V max predicted at 1 Hz is 0.66 
compared to the 0.33 V max predicted for 3.3 
Hz. The same analysis applied to the effects of 
drugs on early extrasystoles shows that such de
polarizations manifest greater depression of 
V max than the preceding regular action poten
tial for both activated-state and inactivated
state-blocking drugs. The earlier the extrasys
tole, the less time for recovery and thus the 
more the inward current is reduced. 

With continuous stimulation at a constant 
rate, V max approaches a steady-state value 
slowly or rapidly, depending on the time con
stants of its interactions. This point has been 
discussed in some detail in a previous publica
tion (30}. As shown in figure 21-8, a hypo
thetical drug with high affinity for the channel 
receptor in both the activated and inactivated 
states, and with the time constants indicated in 
table 21-1, will approach steady-state within 
5-8 cycles. 

EFFECTS OF ACTION POTENTIAL 
CONFIGURATION ON MODULATED 
RECEPTOR BLOCKADE 

Some antiarrhythmic drugs depress V max in 
atrial as well as Purkinje fibers and ventricular 
cells (e.g., quinidine) while others have much 
less effect on atrial cells (e.g., lidocaine) (64J. 
The modulated receptor hypothesis provides a 
mechanistic explanation for these observations 
based on the relatively short action potential 
plateau exhibited by atrial cells as compared to 
Purkinje and ventricular fibers. 

Referring to figure 21-5A, it is apparent 
that a 50% change in action potential duration 
would have only a moderate effect on the 
depression of V max of the second action poten
tial of the train shown (as long as the rate is 
not changed) since recovery from block occurs 
at about the same rate during the plateau as 
during the diastolic interval. Therefore, a drug 
with high affinity only for the activated state 
will have the same effect regardless of action 
potential duration, i.e., the same effect on 
atrial as on Purkinje or ventricular cells. 

In contrast, a drug with high affinity for the 
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TABLE 21-2. Relation of action potential duration to depression 
of steady-state V max caused by pure activated channel and inactivated channel blocking drugs 

V max for action potential duration of 

Drug" 20 50 100 150 200 300 ms b 

Activated-channel Blocker 0.71 0.71 0.70 0.70 0.69 0.58 
Inactivated-channel Blocker 0.64 0.56 0.45 0.35 0.26 0.08 

aKinetic parameters taken from table 21-1. Action potential frequency 3.3 Hz. Drug-free normalized Vmax for all action potential durations was 0.82. 
b Action potential duration measured at 100% repolarization. 

inactivated channel (fig. 21-5B) would have 
much greater effect on a cell with a long pla
teau than on one with a short plateau since 
block continues to develop during the plateau 
period and diminishes only during diastole. 

The predicted steady-state blockade caused 
by the two hypothetical agents (activated- and 
inactivated-channel blockers) as a function of 
action potential duration is given in table 21-
2. Note that, for the range of durations given, 
the decrement in V max produced by the acti
vated-channel-blocking drug (from 0.71 to 
0.58) is much less than the decrement pro
duced by the blocker of inactivated channels 
(from 0.64 to 0.08). Since the plateau of atrial 
action potentials is typically 50 ms or less, 
while that of Purkinje fibers is 200 ms or 
more, it is apparent that a drug with high af
finity only for inactivated channels would have 
a much greater effect in Purkinje tissue. 

The Actions 0/ Real Antiarrhythmic Drugs 
To be clinically useful, an inward-channel
blocking drug must have significant affinity for 
the activated or for the inactivated channel (or 
for both), but not for the rested channel. 

A meaningful classification of channel-block
ing antiarrhythmic drugs should therefore be 
based on some measure of their affinities, e.g., 
dissociation constants, for each of the three 
channel states. To obtain such data requires ex
perimental techniques that permit independent 
control of duration and membrane potential 
during each state. Obviously, the voltage
clamp technique is best for achieving such con
trol. Because of the difficulty of voltage clamp
ing cardiac tissue, only limited data for a few 

drugs are available: quinidine {30, 56, 57, 
62}, lidocaine {30, 32, 56, 57, 63, 65}, pro
cainamide {56, 65}, amiodarone {66}, and 
aprindine {65}. Similarly, the data for the cal
cium-channel blockers are still incomplete and 
limited to verapamil and its analogue D-600 
{38, 67, 68}, diltiazem {68, 69} and nifedipine 
{70, 71}. Consequently the description below 
is necessarily tentative. 

MODULATED RECEPTOR MECHANISM OF 
ACTION OF SODIUM-CHANNEL
BLOCKING DRUGS 

Of the sodium-channel-blocking drugs that we 
have studied, amiodarone appears to have the 
purest affinity for the inactivated state. This is 
shown by the following results: application of 
a fast pulse train of brief voltage clamps to the 
plateau level results in little or no block (fig. 
21-9A). In contrast, a single long-plateau 
clamp pulse causes block to develop in an ex
ponential fashion (fig. 21-9B). Application of 
clamps to different plateau voltages from - 20 
to + 40 m V indicates no voltage dependence 
in this range for the development of block by 
amiodarone {66}. 

Similar studies have been carried out for li
docaine and a number of its analogues {65}. 
Bean et al. {32} studied lidocaine, utilizing the 
full voltage-clamp technique in rabbit Purkinje 
fibers. Both of these studies have obtained con
vincing evidence for predominantly inacti
vated-state blockade by lidocaine. Aprindine 
and a series of its analogues also show a marked 
affinity for the inactivated state {72}. However, 
both lidocaine and aprindine appear to have a 
higher affinity for the activated-channel recep
tor than does amiodarone. Quinidine also ap-
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FIGURE 21-9. Time-dependent inactivated-channel block 
by amiodarone (8.8 X 10 - 5 M) is illuscrated. A, recorded 
during superfusion with amiodarone, shows current (up
per trace), V max (middle trace), and intracellular potential 
(lower crace) during a 600-ms (left) and a 6600-ms (right) 
conditioning plateau. clamp co + 28 mV, followed by a 
test stimulus. The V max of the test stimulus was mildly 
depressed after the short conditioning clamp, and severely 
depressed by the long clamp. A plot of V max in this ex
periment, normalized co the control value, against dura
tion of the plateau clamp before and after amiodarone ad
ministration is shown in B. 

pears to have some affinity for the inactivated 
state, but not enough to account for all the 
block that develops during a pulse train [30, 
62}. It is tempting to speculate that the "ex
tra" block that develops with each action po
tential represents block of the activated state. 
Thus most of the currently used clinical agents 
have mixed effects on activated and inactivated 
channels. Figure 21-8 shows the effect of a 
drug with high affinity for both the activated 
and inactivated states. 

MODULATED RECEPTOR MECHANISM OF 
ACTION OF ORGANIC CALCIUM-CHANNEL
BLOCKING DRUGS 

Ehara and Kaufmann [67} showed that verapa
mil has a strongly use-dependent blocking ef-
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fect on the slow inward (calcium) current and 
that recovery from block is potential depen
dent. McDonald et al. [38} showed that D-600 
has a similar pattern of use-dependent onset of 
slow-channel blockade and voltage-dependent 
recovery from blockade. Results from this lab
oratory show that diltiazem also produces a 
use-dependent blockade (fig. 21-10); further
more, the affinity for inactivated channels is 
much higher than for open (activated) channels 
[68}. 

Nifedipine, a very potent calcium-channel
blocking drug with little antiarrhythmic use
fulness [73}, appears to produce much less use
dependent blockade [71}, suggesting that it 
may have significant affinity for the rested 
channel. These observations are further sup
ported by comparison of the negative inotropic 
effects of verapamil and nifedipine. Verapamil 
has a markedly use-dependent negative ino
tropic action, manifested by reversal of the 
usual positive force-frequency relationship [74}. 
Furthermore, this effect is voltage dependent 
[7S}. In contrast, nifedipine has a powerful 
negative inotropic effect that is relatively inde
pendent of stimulus frequency [76}. Unfortu-
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nately, little voltage-clamp information is 
available regarding the kinetics of nifedipine 
action on the slow inward current. 

Clinical Correlations 
While it is not yet possible to predict exactly 
which drugs will be the most effective in a 
given patient's cardiac arrhythmia, it is now 
possible to predict whether new drugs will be 
useful in atrial arrhythmias, and to explain why 
some established agents are more useful for cer
tain types of arrhythmias than for others. 

ATRIAL TACHYCARDIA 

The action potential of ordinary atrial muscle 
cells is characterized by a short plateau which 
shortens even more in tachycardia. Therefore, 
inactivated-channel blockers will cause rela
tively less sodium-channel block in atrial tis
sue. If the inactivated-channel blocker also has 
relatively fast recovery kinetics during diastole 
(e.g., lidocaine and phenytoin) the drug will 
have a low efficacy against atrial tachycardia. 
If, on the other hand, diastolic recovery is 
slowed by depolarization (e.g., digitalis toxic
ity) the blocked inactivated channels will ac
cumulate and the drug may be expected to be 
more effective. This provides an explanation for 
the clinical observation that lidocaine is not 
very effective for atrial arrhythmias except 
those caused by digitalis toxicity {64}. It is 
important to note that amiodarone, which ap
pears to act almost exclusively upon inacti
vated channels, is nevertheless more effective 
than lidocaine in atrial arrhythmias {77}. 
There are several possible explanations for 
this. Amiodarone has a slower diastolic recov
ery from block. Moreover, amiodarone length
ens the action potential duration, thus poten
tiating its inactivated-state block. Finally, 
amiodarone has additional effects, including 
calcium-entry blockade and antiadrenergic ac
tivity. 

Quinidine is more effective as the number of 
action potentials per unit time is increased {30} 
while action potential duration is of relatively 
less importance in determining the fraction of 
channels blocked. Quinidine has a relatively 
slow time constant of recovery from block dur-
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FIGURE 21-10. Effect of diltiazem, 4.4 /LM on slow in
ward current (Im) in voltage-clamped ferret papillary 
muscle. The drug had been present for 30 min. The nu
meral 1 indicates the first pulse of a train of clamps at 2 
Hz after a rest period of several minutes, "SS" denotes the 
twentieth clamp. Traces for the first 20 clamp pulses are 
superimposed. Note that the current rapidly diminished 
toward a steady-state level with successive pulses. 

ing diastole so block accumulates, especially at 
fast rates; hence the drug's effectiveness against 
atrial tachycardias. 

A V NODAL ARRHYTHMIAS 

Numerous conditions exist in which slow con
duction through the atrioventricular (A V) node 
contributes to reentry arrhythmias. Since the 
major inward current in the A V node is a cal
cium current {78}, it is not surprising that cal
cium-entry blockers can be quite effective 
against these arrhythmias. Like most of the so
dium-channel blockers, these drugs have a high 
affinity for depolarized (i.e., inactivated) chan
nels. Recovery from block proceeds slowly in 
depolarized cells and faster in cells with more 
negative resting potentials {38}. Therefore, in 
reciprocating rhythms involving an accessory 
pathway, these drugs will usually block the 
calcium-dependent pathway, especially if it is 
depolarized. Thus, the node is more likely to 
be blocked than the accessory bundle. 

VENTRICULAR ARRHYTHMIAS 

Ventricular and Purkinje fibers have long ac
tion potentials, hence inactivation block IS 

much more important in these cells than 10 

atrial tissue. Another important feature of 
healthy ventricular and nonpacemaker Purkinje 
cells is their fairly negative diastolic potential 
( - 85 to - 90 m V). Thus, although lidocaine 
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blocks a large fraction of the sodium channels 
during each plateau phase, the fast diastolic re
covery (at - 90 m V) ensures that most chan
nels are unblocked by the time of the next nor
mal action potential. There are, however, two 
exceptions: (a) V max of early extrasystoles occur
ring before the drug-receptor complexes have 
dissociated are strongly suppressed, and (b) in 
tissues depolarized by disease, diastolic recov
ery from block proceeds much more slowly or 
not at all (compare figs. 21-5B and 21-6C). 
Hence, in depolarized tissue and especially for 
early extrasystoles, channels will be signifi
cantly blocked by a concentration of lidocaine 
that has no remarkable effect on conduction of 
the normal sinus impulse through healthy tis
sue. 

Drugs that act on channels only when they 
are in the activated state are not assisted by the 
long plateau duration of Purkinje and ventric
ular cells. Only when a tachycardia develops 
will they succeed in blocking a substantial frac
tion of the sodium channels. It is then not sur
prising that lidocaine-like drugs appear more 
effective than quinidine (79} in suppressing 
premature depolarizations, while quinidine may 
be more effective in suppressing regular ven
tricular tachycardias {80}. 

OTHER CLINICAL APPLICATIONS 

As indicated in an earlier publication DO}, the 
combination of two antiarrhythmic drugs with 
different kinetic parameters may be consider
ably more effective than either drug alone, in
dependent of dosage. In a clinical test of this 
prediction, Breithardt {81} showed that pa
tients who were resistant to both disopyramide 
alone and mexiletine alone were successfully 
managed with a combination of these two dis
similar drugs. 

Another predictable drug interaction results 
from the state-dependent model. If drug A 
lengthens the action potential duration and if 
drug B is an inactivated-state blocker, then at 
any given rate A will lengthen the effective 
time for inactivated-state block to develop and 
shorten the time for recovery from it. For ex
ample, amiodarone lengthens the action poten
tial duration and therefore will enhance its own 
effect (see above), as well as that of any other 

inactivated-state blocker, e.g., lidocaine. Con
versely, drugs that shorten action potential du
ration (e.g., acetylcholine in the atria) would 
be expected to reduce the effect of an inacti
vated-state blocker. Similarly, if a drug were 
found that safely and reliably reduced Purkinje 
or ventricular action potential duration, then 
such a drug might be useful in reversing con
duction block induced by an overdose of an in
activated-state blocker. 

At this stage in the development of the 
modulated receptor hypothesis, more extensive 
application to clinical drug selection would be 
premature. More information is needed on the 
cellular physiology of the cardiac tissue respon
sible for the abnormal rhythm. Especially val
uable would be information on the resting po
tential in vivo. Unfortunately, this variable is 
most difficult to measure in patients. 

Conclusion 
We have discussed the modulated receptor hy
pothesis of sodium- and calcium-channel block
ade and applied it to various types of drugs 
used in the treatment of arrhythmias. The 
model provides a mechanism by which useful 
antiarrhythmic drugs can selectively suppress 
abnormal electrical activity. A better under
standing of the voltage- and time-dependent 
actions of antiarrhythmic drugs will allow a 
more rational selection of a drug for a particu
lar arrhythmia, as well as the development of 
new drugs with optimized voltage-time char
acteristics. Our discussion has been limited to 
inward-current blockers. Other factors, like au
tomaticity suppression, changes of action po
tential duration and refractoriness, and auto
nomic properties of antiarrhythmic drugs can 
also contribute in important ways to the con
trol of certain arrhythmias. 
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22. CALCIUM AND THE INJURED 

CARDIAC MYOCYTE 

Winifred G. Nayler 

and M.J. Daly 

Introduction 
Injured cardiac myocytes accumulate Ca2 +. It 
does not seem to matter whether the injury is 
due to reperfusion after prolonged periods of 
normothermic ischemia {l, 2}, sustained hy
poxia [3}, a naturally occurring cardiomyopa
thy, or the reintroduction of Ca2 + after only a 
few minutes of Ca2+ -free perfusion [4-6} , the 
end result is the same-that is, the cells be
come overloaded with Ca2 +. The primary aim 
of this chapter is to establish why the injured 
myocytes accumulate Ca2 +, and then to define 
the route by which this Ca2+ enters. Finally we 
will consider the consequences of the resultant 
Ca2 + overloading. 

Calcium Gain during 
Postischemic Reper/usion 

THE AMOUNT OF Ca2+ INVOLVED 

Shen and Jennings {1} were the first to describe 
a gain in tissue Ca2 + associated with post
ischemic reperfusion. Before considering how 
or why this happens, it is possibly worth 
spending a few moments considering how 
much Ca2 + is involved and why it is so impor
tant. The data summarized in figure 22-1 go 
some way toward accomplishing this, because 
they show the magnitude of the gain in Ca2 + 
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that is involved and the linear relationship 
which exists between it and the recovery of ac
tive tension-generating capacity upon reperfu
sion. These particular data were obtained dur
ing a series of experiments {71 in which 
isolated, retrogradely perfused rabbit hearts 
were being made totally ischemic for 60 min at 
temperatures ranging between 25° and 37° and 
then reperfused at 37°e. After 15 min of re
perfusion the hearts were dissolved in concen
trated nitric acid and assayed for Ca2 + by 
atomic absorption spectrophotometry {8}. All 
the time the hearts were being perfused, and 
while they were globally ischemic or being re
perfused, tension development was monitored 
{3}. Now, as this figure 22-1 shows, when the 
percentage recovery of developed tension that 
occurred upon reperfusion was plotted as a 
function of the gain in tissue Ca2 + a straight 
line was obtained, with those hearts which had 
accumulated the least Ca2 + exhibiting the best 
recovery. Some idea of the relevance of a gain 
in Ca2+ of between 2 and 10 j.Lmol/g dry 
weight (fig. 22-1) can be obtained by recalling 
that the cytosol of cardiac myocytes usually 
contains only submicromolar concentrations of 
ionized calcium. Even the total amount of 
Ca2+ which is present in normal heart muscle, 
including that which is stored in the various 
intracellular compartments (the mitochondria 
and the sarcoplasmic reticulum), is only about 
2.0-2.5 j.Lmol/g dry weight. Hence, as Shen 
and Jennings {l} pointed out over a decade 
ago, reperfusion after a relatively short period 
of ischemia can result in as much as fivefold 
increase in the calcium content of the tissue. 

477 
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Confirmation of the fact that there is a 
straight-line relationship between the percent
age recovery of active tension-generating capac
ity during post ischemic reperfusion and the 
accompanying gain in tissue ci + has come 
from some recently published data relating to 
the effects of ischemia and postischemic reper
fusion on the Ca2+ content of rabbit interven
tricular septum preparations £9J. Likewise, on 
searching through the literature it is not diffi
cult to find evidence to support the conclusion 
that, upon reperfusion, mammalian hearts 
which have been allowed to become ischemic 
accumulate Ca2 +. Thus, for example, Peng et 
al. £ lOJ reported a fourfold increase in the 
Ca2 + content of pig hearts which had been 
made ischemic (by occluding the left anterior 
descending coronary artery) for 2 h and then 
reperfused. Other data are summarized in table 
22-1. 

THE RELEVANCE OF THE DURATION AND 
INTENSITY OF THE ISCHEMIC INSULT 

The data listed in table 22-1 relate only to the 
effect of reperfusion after a fairly prolonged pe
riod of total ischemia. In their earlier experi
ments Shen and jennings (1, Il} noted that 
reperfusion after a relatively short episode of 
ischemia is not necessarily accompanied by a 
gain in Ca2+. What happens, then, if there is 
only a partial reduction in coronary flow-as 
may happen, for example, during coronary ar
tery spasm or following the formation and sub
sequent removal of a thrombus? Table 22-2 
helps to answer this question, because it shows 
that in rabbit hearts, for example, restoring 
full flow after 60 or more minutes of reperfu
sion at one-fifth of the normal flow rate does 
not necessarily result in a complete recovery of 
the active tension-generating capacity of the 

Gain in tissue Ca 2+ 

(Jl moles/ gm dry weight) 

FIGURE 22-1. Relationship between the gain in tissue 
Ca2+ during postischemic reperfusion and the recovery of 
active tension-generating capacity. Hearts were made 
ischemic for 60 min before being reperfused for 15 min 
at 15°C. Percentage recovery of developed tension refers 
to the percentage recovery relative to the tension devel
oped immediately before the hearts were made globally 
ischaemic. Each result is the mean ::t SE of at least six 
estimations. 

hearts. Moreover this table also shows that such 
a restoration of flow may still be accompanied 
by a raised tissue ci +. Apart from confirming 
that ischemic heart muscle gains Ca2 + upon re
perfusion, and that there is a positive correla
tion between a failure to regenerate the active 
tension-generating capacity of the myocardium 
and the gain in tissue Ca2+, table 22-2 con
tains at least one other point of interest-the 
magnitude of the gain in Ca2 + and loss of con-

TABLE 22-1. Reperfusion-induced gain in myocardial Ca2+ content 

Preparation 

Dog posterior papillary muscle 
Rabbit interventricular septum 
Rabbit left ventricle 

Gain in Ca2 + is expressed as J.Lmollg dry weight tissue. 

Minutes of 
ischemia 

40 
60 
60 

reperfusion 

20 
30 
15 

Gain in Ca2+ (j.Lmol/g) Ref 

3.8 1 
6.7±0.7 9 
6.3::tO.2 8 
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TABLE 22-2. Recovery of developed tension and gain in tissue Ca2+ 
during reperfusion after 30, 60, or 90 min of graded ischemia at 37°C 

Duration of ischemia (min) 30 60 90 

Moderate low flow (3 mllmin) 
% Recovery 100 72 55 
Gain in Ca2+ 0.6 ± 0.2 0.9 ± 0.3 1.1 ± 0.2 

Severe low flow (1 mllmin) 
% Recovery 80 39 22 
Gain in Ca2+ 2.6 ± 0.3 5.4 ± 0.9 9.8 ± 0.6 

Global ischemia (zero flow) 
% Recovery 36 18 0 
Gain in Ca2+ 4.6 ± 0.4 8.2 ± 0.3 9.6 ± 2.1 

The percentage recovery developed tension refers to tension recovered after 30 min of reperfusion expressed as a percentage of the tension developed 
immediately before reducing the coronary flow rate from the control level of 15 mllmin to 3, I, or 0 mllmin as indicated. Ca2 + is measured as J.l.ffiol/g 
dry weight. The experiments were performed at 37°C, using adult New Zealand White male rabbits. 

tractility is roughly proportional to (a) the du
ration of the ischemic episode, and (b) the sever
ity of the reduction in coronary flow. 

KINETIC CONSIDERATIONS 

Some idea of the rapidity with which the isch-
. d' I C 2+ emIc myocar mm accumu ates a upon re-

perfusion was provided by Shen and Jennings 
(II}. Using an ischemic period of 40 min they 
followed the rate of 45Ca2 + uptake when coro
nary flow was reintroduced, and found that 
asymptote had been reached within about 10 
min. These earlier findings have subsequently 
been confirmed by others (9}. We can safely 
conclude, therefore, that the uptake of Ca2 + is 
a rapid process. Nevertheless it does not appear 
to be instantaneous-or could it be that some 
cells have been more damaged than others by 
the ischemic episode, and that upon reperfu
sion the most damaged cells accumulate Ca2 + 
instantaneously, while the less damaged cells 

TABLE 22-3. Effect of the duration of the ischemic 
episode on the reperfusion-induced gain in Ca2+ 

Perfusion 

30-min ischemia 
60-min ischemia 

Gain in Ca2+ 
after 30-min reperfusion 
(fl-mol/g dry wt) 

4.0±0.2 
6.7 ±0.7 

These data relace to studies on rabbit interventricular septa [9]. The prep
arations were made ischemic at 2Soe for the indicated times and then 
reperfused for 30 min. 

accumulate the Ca2 + more slowly, or perhaps 
at a later time? 

SPECIFICITI OF THE REPERFUSION-INDUCED 
GAIN IN Ca2+ 

As discussed by Shine et al. (I2}, theoretically 
there is no reason why the net accumulation of 
cellular Ca2 + that occurs during postischemic 
reperfusion need depend solely on a defect in 
Ca2 + influx. Maybe it could involve a decrease 
in Ca2+ efflux from the cell. This does not 
seem to be the case, however, because Ca2 + ef
flux remains relatively undisturbed at a time 
when Ca2 + influx is progressing rapidly, as if 
out of control (2}. The amount of Ca2 + that is 
accumulated depends, to some extent, upon 
the duration of the preceding ischemic episode. 
Thus table 22-3 shows, for example, that rab
bit interventricular septa that are reperfused af
ter 30 min of ischemia at 28°C gain 4.0 ± 0.2 
f.Lmol Ca2+ /g dry wt, whereas similar prepara
tions that have been reperfused after 60 min of 
ischemia gain 6.7 ± 0.7 f.Lmol/ g dry weight 
(9}. There appears to be no specificity for Ca2 + 
in this uptake process. Thus studies in which 
either l33Ba or 85Sr have been added to the per
fusion buffer instead of 45Ca (1] or 47 Ca (9} 
have shown (I2} that both of these isotopes are 
accumulated during post ischemic reperfusion. 
In the case of mBa, reperfusion after only 15 
min of ischemia at 37°C does not cause an en
hanced uptake of l33Ba; reperfusion after 30 
min of ischemia causes the rate of mBa uptake 
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140mMNa 

0.9mMMg2+ 

to increase by 33% [l2}, while after 60 min 
of ischemia the rate of 133Ba uptake is more 
than doubled. If 85Sr is used as the marker a 
less dramatic effect is obtained (l2}, with no 
increase in uptake after up to 45 min of isch
emia, but an enhanced rate of uptake when 
the duration of the ischemia episode is ex
tended to 60-70 min. This lack of specificity 
extends beyond the divalent cations. Thus 
marked changes occur in the tissue content of 
other electrolytes. Tissue Na + rises, and K + 
falls; there is also a gain in tissue H 20, and 
loss of Mg2+ {l}. Looking at the distribution 
of these ions in normal mammalian heart mus
cle (fig. 22-2) it could be imagined that re
perfusion after a prolonged period of ischemia 
has simply allowed the various ions to flow 
down their electrochemical gradient. Could 
this be why we do not see an enhanced rate of 
ci + efflux? Is it simply because there is an 
inward driving force for Ca2 + across what may 
now be a nonselectively permeable membrane? 
Before considering this possibility in greater 
detail we need to establish what happens to 
the Ca2 + that accumulates under these condi
tions. 

+.+ - 140 mM CI-

Ca·~ T,.~,..-- 2.0 mM Ca2+ 

FIGURE 22-2. Schematic representation of the differential 
distribution of ions across the plasmalemma of cardiac 
myocytes. 

LOCALIZATION OF THE ACCUMULATED Ca2 + 

The Ca2 + that is accumulated upon reperfusion 
is located intracellularily-and in particular 
within the mitochondria where it accumulates 
to form dense, rosette-shaped bodies [8, II}. 
The significance of these intramitochondrial 
ci + deposits should not be overlooked or un
derestimated. Thus, as figure 22-3 shows, if 
the percentage increase in the Ca2+ content of 
mitochondria harvested from ischemic-reper
fused hearts is plotted against the percentage 
recovery of the active tension-generating capac
ity of the hearts from which the mitochondria 
were harvested we again find a linear relation
ship. Clearly the hearts which recover best are 
those in which the mitochondria have accumu
lated the least Ca2+. Perhaps this is not al
together surprising, because, as table 22-4 
shows, mitochondria that are exposed to exces
sive amounts of Ca2+ show an impaired ATP
producing activity, even when the mitochon
dria are incubated in a well-oxygenated, sub
strate and precursor-enriched environment. 
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FIGURE 22-3. Relationship between the Ca2 + content of 
mitochondria harvested ftom hearts that had been made 
globally ischemic at 37°C and then reperfused, and the 
recovery of active tension generation. Each point refers to 
a single experiment. 

One way of slowing down the rate at which 
cardiac mitochondria accumulate Ca2 + is to re
duce the temperature. Thus (fig. 22-4), de-

. fC 2 +. h pending upon the concentratIOn 0 a In t e 
incubation medium, cooling the temperature of 
the reaction mixture from 37°C to 25°C may 
actually halve the rate at which the mitochon
dria accumulate Ca2 + . We will return to this 
point later in this chapter, when we are dis
cussing ways of protecting the myocardium 
against reperfusion-induced damage. 

ISCHEMIC-INDUCED CHANGES IN CYTOSOLIC 
Ca2+ WITHOUT A NET GAIN IN Ca2+ 

So far we have concentrated our attention on 
the gain in Ca2 + that occurs during post-

TABLE 22-4. Effect of Ca2+ on the ATP
producing activity of cardiac mitochondria 

% Reduction in A TP 
fLM Ca2+ production 

5 0 
12.5 58±4 
30 68±6 
50 72± 10 

Each result is the mean ± SE of six separate experiments, using mito
chondria harvested from the freshly exercised hearts of six rabbits. The 
Ca2+ concentration is the free-ionized level of Ca2 +. obtained by buffering 
with EGTA. The mitochondria were incubated at 25°C in the presence of 
the indicated amounts of Ca2 + for 10 min before being assayed [8] for 
their ATP-producing activity. 

ischemic reperfusion. Obviously there can be 
no net gain during periods of total ischemia 
apart from any Ca2 + which is taken upon from 
the extracellular space. If we assume that the 
extracellular fluid contains about 2.5 J.tmolll 
Ca2+ this would only account for an uptake of 
about 0.35 J.tmol Ca2+ Ig wet tissue weight . 
There may, however, be a redistribution of the 

2+ I' C 2+ .. tissue Ca ,so that cytoso IC a may flse In 

the absence of a net gain. There are several rea
sons for believing that this may occur. First, as 
the tissue stores of adenosine triphosphate 
(ATP) and creatine phosphate (CP) fall, the 
ionic pumps which normally operate to main
tain intracellular ionic homeostasis will fail, 
due to substrate depletion. Some of these 
pumps are shown schematically in figure 22-5. 
They include: 

d 2+ . d 1. The plasmalemmal-locate ,Ca -activate 
ATPase which functions to pump ci + out 
of the cell, against the prevailing concentra
tion gradient [13}. If this pump fails we 

2. 

can expect any Ca2 + which has entered the 
cell, irrespective of its route of entry, to be 
trapped there unless it can leave in ex
change for Na + [14, 15}. 
The Ca2+ -activated ATPase of the sarco
plasmic reticulum. Since the function of 
this pump is to drive Ca2 + into the sarco-
plasmic reticulum [16}, its failure, whether 
it be due to energy depletion or some other 
cause, must result in a raised cytosolic 
Ca2 + 
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3. The plasmalemmal-located Na + ,K+ -acti
vated ouabain-sensitive ATPase. Since this 
pumps Na + out of and K + into the cells 
against their respective concentration gra
dients, its failure must result in a loss of 
tissue K + and a gain in Na +. Such ionic 
movements are known to occur when the 
myocardium is made ischemic (I}. At first 
sight the raised tissue Na + might be 
thought to be insignificant, but when it is 
recalled that a raised cytosolic Na + may in
directly trigger a raised cytosolic ci + be
cause: (a) Na + displaces Ca2 + from mito
chondria (171, and (b) Ca 2 + from the 
extracellular space may enter in exchange 
for Na + via the Na + _Ca2 + exchange reac
tion (14, 15}, its probable importance be
gins to emerge. 

Ca2+ GAIN AND ATP DEPLETION 

Within seconds of the onset of severe ischemia 
the myocardial reserves of energy-rich phos
phates (adenosine triphosphate and creatine 
phosphate) begin to fall. After about 1 min the 
creatine phosphate reserves may have fallen by 
as much as 80% (18}; within 15 min about 
65% of the tissue ATP and about 55% of the 
total adenine nucleotides have disappeared 
(19}. After about 40 min of ischemia the high
energy phosphate reserves have been virtually 
depleted (18} and the tissue has become irre
versibly injured to such an extent that it fails 
to recover upon reperfusion (19, 20}. Accord
ing to Reimer et al. (2I}, so long as the tissue 
levels of A TP remain above 5 jJ.moll g dry 
weight, the subsequent readmission of O2 does 
not prompt the development of cellular abnor
malities. Conversely, if the tissue levels of ATP 
have fallen to around 2 jJ.mol/g dry weight, 
reoxygenation or reperfusion precipitates overt 
membrane damage. Probably the depletion of 
the energy-rich stores and the overloading of 
the system with ci + are linked, but the de
pletion of the energy-rich phosphate reserves 
precedes any net gain in Ca2 +. Thus, as Jennings 
and his colleagues (1, 20, 21} have shown, re
perfusion after relatively short periods of isch
emia is not associated with a net gain in tissue 
Ca2+, despite the depletion ATP and CP re
serves. After longer periods of ischemia (>40 
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FIGURE 22-4. Effect of temperature on the rate of Ca2 + 
accumulation by isolated mammalian cardiac mitochon
dria. 

FIGURE 22-5. Schematic representation of the various 
Ca2 +-sensitive pumps in a cardiac myocyte: S.R., sarco
plasmic reticulum. 



22. CALCIUM AND THE INJURED CARDIAC MYOCYTE 483 

Hypoxia 

I 
I 

Ischaemia 

I ? Release of 
endogenous -----, 
catecholamines + 

Depletion of tissue 
ATP 

.--------- 1 ~ 
Inhibition of Redistribution of Inhibition of 
sarcolemmal intracellular ea2+ Na+ /K+ pump 

Ca2+ - ATPase ~ 

Gain in tissue 
Na+ 

~ 

Activation of 
slow channels 

~ 
Ca2+ influx 

Na+ /Ca2+ exchange 

~ 
Raised cytosolic 

Ca2+ 

1 
Activation of ea2+_ 
sensitive proteases + 
phospholipases 

~ 
Membrane defects 

Loss of 
.---------~ 

adenine nucleotides 
(adenosine, inosine) 

FIGURE 22-6. Possible sequence of evenrs rriggered by a 
prolonged period of hypoxia or ischemia. 

min), however, reperfusion is most definitely 
accompanied by a gain in tissue Ca2 + , unless 
certain protective procedures have been in
voked. In the absence of those protective pro
cedures we can imagine there being a sequence 
of events that occur, similar to those described 
in figure 22-6. Thus, early during the hypoxic 
or ischemic episode, and at a time when the 
tissue reserves of ATP and CP are already dras
tically reduced, cytosolic Ca2+ may rise with-

out any, or only a minor, rise in total tissue 
C 2+ Th' . d I' C 2+ . I a IS raise cytoso lC a may lOVO ve 
an ATP-depletion-induced inhibition of the 
Ca2+ ATPase in the sarcoplasmic reticulum, 
inhibition of the sarcolemmal Ca2 + ATPase, 
and inhibition of the Na + -K + pump. Inhibi
tion of this later pump must be responsible for 
the early rise in tissue Na + that occurs under 
these conditions [I} and this in turn may facil
itate an entry of Ca2 + in exchange for some of 
the Na +. The raised Na + may also promote a 
release of Ca2+ from the mitochondria [l7}. 
All of these events will trigger a raised cyto-
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solic Ca2 +, and once this happens a secondary 
phase of the response may be switched on. The 
second phase probably involves the activation 
of Ca2 + -sensitive proteases and phospholipases 
[22, 23}, leading possibly to irreversible 
changes in the structure and integrity of the 
sarcolemmal complex. Once this stage has been 
reached we can expect there to be a massive and 
rapid influx of Ca2 +, similar to that described 
originally by Shen and Jennings [l}, and a loss 
of intracellular constituents-including the ad
enine bases that are the precursors for A TP pro
duction [24}. 

In summary, therefore, the overloading of 
the ischemic myocardium with Ca2+ is a com
plex phenomenon triggered by an early deple
tion of the energy-rich phosphate reserves. Ini
tially cytosolic Ca2 + may rise without any 
accompanying rise in total tissue Ca2 +. Some 
of the Ca2 + which appears in the cytosol may 
have entered in exchange for Na +, some may 
have been displaced from the mitochondria, 
and some may have been released from the sar
coplasmic reticulum in response to the rapidly 
accumulating H+ [25}. This Ca2+ will tend to 
remain in the cytosol, because of the substrate
depletion-induced failure of the various ATP
ases which are responsible for maintaining a 
low cytosolic Ca2 +. Once the cytosolic Ca2 + 
reaches a critical level we can expect to see an 
almost explosive disruption of the sarcolemma 
and other lipid-protein membranes, due to the 
activation of the endogenous Ca2 + -sensitive 
phospholipases and proteases. When this stage 
has been reached there is nothing to stop the 
extracellular Ca2 + from entering the cell. 
Hence upon reperfusion with Ca2 + -containing 
solutions we can anticipate that there will be 
an exacerbation of the ischemic-induced dam
age. 

POSTISCHEMIC REPERFUSION AND THE 
FUNCTIONING OF THE SUBCELLULAR SYSTEMS 

The Sarcolemma. Comparatively little is 
known about the direct effects of ischemia and 
postischemic reperfusion on the biochemical 
functioning of the sarcolemma. Its passive 
permeability to Ca2+ remains unchanged for 
periods of up to 1 h of ischaemia [26}. After 3 

h or more, however, its passive permeability 
toward Ca2 + is increased [26}-at least in some 
species. 

In marked contrast to the prolonged period 
of ischemia that is needed to alter the passive 
permeability of the membrane toward cl + is 
a relatively early decline, within 10-20 min, 
in the activity of the Na + ,K+ -ATPase enzyme 
[26}. This decline in the activity of the 
Na + , K + -ATPase is not accompanied by, and 
therefore presumably is not dependent upon, a 
change in the phospholipid composition of the 
plasmalemma. Presumably, therefore, it is de
pendent either upon some as yet unrecognized 
defect in the sarcolemma or alternatively the 
appearance of an inhibitory substance which 
survives the techniques used for isolating sar
colemmal vesicles. No matter what it is due to, 
this early decline in the functioning of the 
Na + ,K+ -ATPase, when coupled to the decline 
in activity that may be due to substrate deple
tion, fits in well with the observation that early 
during the ischemic episode tissue Na + rises 
and K+ falls. 

The Na + ,K+ -ATPase is not the only plas
malemmal-located enzyme that is affected by 
an ischemic episode. Thus recently Bersohn et 
al. [26} described an early decline in adenylate 
cyclase activity. At about the same time the 
Na + _Ca2 + exchange mechanism slows [26}. 
Hence there are at least three systems: Na + -
cl+ exchange, the adenylate cyclase enzyme, 
and the Na +, K + -ATPase enzyme whose func
tions are slowed early during an ischemic epi
sode, at a time when the passive permeability 
of the sarcolemma to Ca2 + is unchanged. 

The Myofibrils. These appear to be remarkably 
resistant to the effects of ischemia [27}, but it 
is possible that as yet unrecognized changes do 
occur. 

The Sarcoplasmic Reticulum. Quite apart from a 
possible inhibitory effect of ATP depletion on 
the Ca2 + -accumulating activity of the sarco
plasmic reticulum, ischemia and postischemic 
reperfusion directly affect its functioning, slow
ing its rate of Ca2 + retrieval [28}. Once again, 
however, this effect appears only after pro
longed periods of ischemia. 
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FIGURE 22-7. Tissue levels of ATP in rabbit heart muscle 
to which Ca2 + was added back after 5 min of Ca2 + -free 
perfusion at 37°C. Note that the decline in the tissue 
stores of ATP occurs at the time of Ca2+ repletion. Re
produced with permission from Am] Patho!. 

The Mitochondria. There are numerous studies 
now which show that the ATP-generating ac
tivity of cardiac mitochondria declines in re
sponse to an ischemic episode {3, 1O}, and that 
the decline is exaggerated during reperfusion . 
This decline is paralleled by a rapid rise in 
their Ca2 + content {2, 8, 1O}. These two 
events are probably interdependent because 
maintenance of normal homeostasis with re
spect to ci + is dependent upon a supply of 
A TP, but mitochondria that are exposed to 
ci + -enriched environment rephosphorylate 
ADP (adenosine diphosphate) slowly {8}. 

At the moment we are not sure why the var
ious organelles display these changes in re
sponse to ischemia and post ischemic reperfu
sion, but it is tempting to assume that they all 
reflect a basic and fundamental change in the 
organization of phospholipid- and proteolipid
containing membranes that occurs because of 
an early loss of ionic homeostasis and an accom
panying rise in cytosolic Ca2+ . 

Before describing the possible routes of Ca2 + 
entry into injured cardiac myocytes we should 
consider the gain in Ca2 + which occurs un
der other conditions-including that of the 
Ca2+ paradox and during posthypoxic reoxy
genation. 

Calcium Entry during the 
Calcium Paradox 

DEFINITION 

When isolated mammalian hearts are perfused 
with Ca2 + -free buffers, mechanical {6}, but not 
electrical {29}, activity ceases abruptly. In 
adult, but not in neonatal {30}, hearts the 
readmission of Ca2 + a few minutes later trig
gers a sequence of events which has become 
known as the calcium paradox {6}. This is char
acterized by a rapid and massive influx of Ca2 + 
{4, 5}, depletion of the energy-rich phosphate 
reserves {3I}, impaired functioning of the sar
coplasmic reticulum {32}, and the extrusion of 
intracellular components, including creatine 
kinase and myoglobin, into the extracellular 
space. Although the occurrence of the Ca2 + 
paradox is well documented, its pathophysiol
ogy remains obscure. A major and as yet unre
solved problem relates to the route of Ca2 + en
try that is involved {3 3}. Some investigators 
have proposed that the slow channels provide 
the major route of Ca2 + entry {33}; others 
maintain that Ca2 + transport through the slow 
channels need not be involved {5} . 

FACTORS AFFECTING THE MAGNITUDE OF 
THE GAIN IN Ca2+ DURING THE PARADOX 

To reiterate for a moment, a Ca2 + paradox 
is an irreversible phenomenon that is induced 
by reintroducing Ca2+ after a relatively brief 
period of Ca2 + -free perfusion. At the outset it 
must be realized that the conditions which 
have already been described, and which are as
sociated with the massive influx of Ca2+ that 
occurs upon postischemic reperfusion, are quite 
different from those of the paradox. In the case 
of the reperfused ischemic heart a decline in the 
energy-rich phosphate reserves of the myocar
dium precedes the gain in Ca2 +, whereas during 
the paradox the tissue stores of ATP and CP 
are well maintained, or even elevated, until 
Ca2+ repletion begins {2}. Hence in the para
dox the high-energy phosphate reserves are de
pleted after, and as a result of, the gain in tis
sue Ca2+ (fig . 22-7) whereas in the reperfused 
ischemic heart depletion of the energy-rich 
phosphate reserves precedes and may indirectly 
trigger the enhanced influx of Ca2+ . 
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TABLE 22-5. Myocardial Ca2+ 
and Na + during the Ca2+ paradox 

Duration of Ca2+ -
free perfusion 
(min) 

o (control hearts) 
1 
5 

10 

Tissue Ca2+ and Na + 

(ILmoVg dry wt) 
Ca2 + Na+ 

3.7±0.13 
4.0±0.22 

17.6±0.94 
19.3±0.55 

44.5 ±2.21 
45.7±4.37 

132.9±7.22 
129.9±5.22 

These results are from experiments in which isolated rat hearts were used 
[4). Except during the period of ea2+ -free perfusion, the perfusion buffer 
contained 1.25 mM Ca2+. The experiments were performed at 37°e. 

Some idea of the magnitude of the paradox
induced gain in tissue Ca2 + is shown by the 
data summarized in table 22-5. Clearly it ex
ceeds that encountered when ischemic hearts 
are reperfused (compare tables 22-3 and 22-5). 

The gain in Ca2+ that occurs during the 
Ca2+ -repletion phase of the Ca2 + paradox is ac
companied (table 22-5) by a massive gain in 
Na+ (table 22-5) and a loss ofK+ (4}. Hence 
it must not be assumed that the Ca2 + paradox 
is associated with a highly specific change in 
the selective ionic permeability of the mem
branes that surround the muscle cells. Instead 
the various ions may simply flow along their 
respective ionic gradients. It is pertinent to 
ask, however, whether measurements of cat
ionic contents that are made after 5 or 10 min 
of Ca2 + repletion provide data which are per
tinent to the changes which occur during the 
first few seconds of Ca2 + repletion? We will 
return to this question shortly. 

The factors that affect the amount of Ca2+ 
that is gained under these conditions include 
the duration of the Ca2+ -free perfusion (ta-

ble 22-5), the temperature at which the Ca2+ -
free perfusion buffer is maintained (34}, the 
Na + content of the perfusion buffer (4}, and 
the presence of other divalent cations, includ
ing Co2+ and Mn2+ (35}. Neither Ml+ (4} 
nor the presence of verapamil (5} appears to 

affect the amount of Ca2+ overloading that 
occurs under these conditions. However (table 
22-6), the Ca2 + content of the Ca2 + -repletion 
buffer has a profound effect on the gain in 
C 2+ h C 2+ I' . h a t at occurs upon a rep etlon, WIt a 
larger and an earlier gain in Ca2 + occurring 
when Ca2 + -enriched Ca2 + -repletion buffers are 
used. 

There is widespread agreement that the pres
ence of >O.05/mmol Ca2+ /1 in the Ca2+ -free 
perfusion buffer is sufficient to protect against 
the occurrence of the paradox. Perfusion with 
buffers containing less than this amount of 
Ca2 + ensures that it will occur, unless protec
tive measures have been introduced. Before 
considering how and why this massive over
loading with Ca2 + occurs it may be useful to 
summarize the factors which have been shown 
to attenuate the paradox. Unfortunately, in 
many experiments, protein or enzyme release 
has been used as a marker for the occurrence of 
the paradox, and since the gain in tissue Ca2+ 
does not necessarily parallel enzyme (or protein) 
release we cannot be certain that the attenua
tion of the paradox which has been described 
has always been associated with an attenuation 
of the gain in Ca2 +. Factors which appear to 
attenuate the paradox include less than 1 min 
of Ca2 + -free perfusion (4}, replacing some of 
the Na + in the Ca2 + -repletion perfusion buffer 
with Li + (4}, acidosis (36}, hypothermia (34}, 
and adding Co2+ and Mn2+ -provided that 

TABLE 22-6. Effect of Ca2+ content of the Ca2+ -repletion buffer 
on tissue Ca2+ gain during the Ca2+ paradox (ILmoVg dry weight) 

o 

2.7 ± 0.27 

2.5 ± 0.11 

2 
Duration of Ca2 + -free perfusion (min) 

5 

0.1 mM Ca2+ -repletion buffer 
5.1 ± 0.55 7.0 ± 0.63 

2.5 mM Ca2+ -repletion buffer 
17.2 ± 1.18 22.7 ± 0.34 

10 

7.3 ± 1.23 

23.2 ± 1.09 

These data were obtained from experiments with isolated rat hearts (4) perfused at 37°e. Data from the 0 min of Ca2+ -free perfusion provide the control 
data. 
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Ca2+_ paradox: Mitochondrial Ca2+ 
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FIGURE 22-8. Ca2 + content of mitochondria isolated 
ftom hearts which had been perfused with Ca2 + -free so
lutions for 5 min and then reperfused with Ca2+ -contain
ing solutions. The mitochondria were isolated in an 
EDTA-free medium [8J to ensure that they retained their 
endogenous Ca2+. *P< O.OOl; each point is mean 
± SEM of six experiments . Reproduced with permission 
from the Am) Pathol. 

Ca2 +- paradox : ATP production . 
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FIGURE 22-9. As for figute 22-8 except that the mito
chondria was assayed for their ATP-producing activity. 
* P<O.OOl; each point is the mean ± SEM of six exper
iments . Reproduced with permission from the Am} Pa
thol. 

they are added prior to the period of Ca2 + -free 
perfusion [35}. Factors which cause an exacer
bation of the paradox include increasing the 
duration of the period of Ca2 + -free perfusion 
and raising the CaB content of the CaB -re
pletion buffer. 

LOCALIZATION OF THE ACCUMULATED Ca2+ 

Having established that the Ca2 + paradox re
sults in cardiac myocytes becoming overloaded 
with CaB it is again pertinent to ask where 
this CaB accumulates within the cell. So far 
as we can ascertain the Ca2 + is again avidly 
accumulated by the mitochondria, so that (fig. 
22-8) they become overloaded with Ca2 + -
just as we have described for the reperfused 
ischemic heart. As mitochondrial CaB rises, 
their capacity to produce ATP declines (fig. 
22-9). We are left, therefore, with a metabolic 
situation which closely resembles that de
scribed for the reperfused ischemic heart. The 
difference between these two conditions lies in 
the fact that (a) in the paradox, but not during 
postischemic reperfusion, the decline in the tis
sue reserves of A TP is directly attributable to 
the massive influx of Ca2 +; (b) in the para
dox, but not during postischemic reperfusion, 
the massive influx of Ca2 + occurs despite the 
presence of a normal tissue concentration of 
ATP and CP; and (c) in the paradox, but not 
necessarily during postischemic reperfusion, 
the ultrastructure of the cell surface is dis
torted before the massive influx in Ca2 + 

occurs. 

ALTERATIONS IN THE MORPHOLOGY 
OF THE CELL SURFACE CAUSED BY Ca2+ 
REPLETION AFTER BRIEF PERIODS 
OF Ca2+ -FREE PERFUSION 

The surface of cardiac muscle cells has a com
plex ultrastructure. Beyond the enzymatically 
active plasmalemma there is an electron-dense, 
carbohydrate-rich layer known as the glycocal
yx, or basement coat [37}. This glycocalyx (or 
basement coat) can be divided into an inner 
surface coat and an outer external lamina {38}. 
The plasmalemma, the surface coat, and the 
external lamina are normally continuous and 
together they provide the outer boundary to 
the cell. However, upon perfusion with Ca2 + _ 
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deficient solutions the components of the gly
cocalyx separate. The surface coat remains at
tached to the plasmalemma whereas fluid-filled 
spaces appear inbetween the surface coat and 
the external lamina [38}. When this happens 
the reintroduction of Ca2 + -containing solutions 
causes irreversible damage, accompanied by a 
massive influx of Ca2+ [4, 6}. Some investiga
tors believe that this disorganization of the cell 
surface renders the underlying plasmalemma 
freely permeable to Ca2 + [38}. Others believe 
that the route of ci + entry may be far more 
complex [39}. Nor should it be forgotten that 
a derangement of the glycocalyx is not the only 
change that occurs in the morphology of the 
cell surface. For instance, the intercalated 
discs, which are normally closely adherent, be
come widely separated [40}. The question nat
urally arises, therefore, as to whether some of 
the Ca2 + that enters upon Ca2 + repletion en
ters via these altered and distorted intercalated 
discs? 

THE CONSEQUENCES OF Ca2+ OVERLOADING 
ASSOCIATED WITH THE PARADOX 
Having established that ci + overloading does 
occur under these conditions it may be useful 
to consider the consequences of it. These in
clude disruption of mitochondrial function (fig. 
22-9); activation of the Ca2+ -sensitive pro
teases, phospholipases, and ATPases; inhibi
tion of the Na + ,K+ -ATPase enzyme (which is 
inhibited by concentrations of Ca2 + of about 
0.1 mmo1l1); and activation of the myofibrillar 
apparatus, causing the development of sus
tained contracture and excessive ATP utiliza
tion. Possibly the rapid development of this 
sustained contracture may be responsible, in 
part at least, for further disruption of the cell 
membrane and intercalated disc ultrastructure, 
leading in turn to an exacerbation of the ci + -
overload phenomenon. The end result is an 
ATP-depleted, supercontracted tissue, which 
has become damaged to such an extent that it 
expels substantial amounts of its intracellular 
constituents into the extracellular space. As 
might have been expected, even the Ca2 +_ 

accumulating activity of the sarcoplasmic re
ticulum [32} is depressed under these condi
tions. 

Calcium Gain during 
Posthypoxic Reoxygenation 

TIME COURSE OF THE GAIN IN Ca2 + 

Earlier in this chapter we described the gain in 
tissue Ca2 + that occurs during the reperfusion 
of ischemic heart muscle. It may be logical to 
ask whether a similar gain in Ca2 + occurs when 
heart muscle becomes hypoxic and is reoxygen
ated. 

Recent studies have shown that heart muscle 
does accumulate Ca2+ after prolonged periods 
of substrate-free hypoxia [41}. This gain in 
Ca2+ is small, however, when compared with 
the gain that occurs when hypoxic heart muscle 
is reoxygenated. It occurs without a concomi
tant change in the rate of Ca2+ efflux [41}. It 
occurs immediately at the time of reoxygena
tion and therefore may even precede the onset 
of contracture. The amount of Ca2 + that enters 
during this process is about 6-8 ..... mol Ca2+ Ig 
dry weight and therefore is approximately the 
same as that encountered during postischemic 
reperfusion. 

CONSEQUENCES OF THE GAIN IN Ca2+ 

These closely resemble those already described 
for the reperfused ischemic heart. They include 
loss of membrane integrity, the development of 
sustained contracture, mitochondrial Ca2 + 
overload, and cell death. 

Why should the enhanced influx occur only 
upon reoxygenation? There is no easy answer to 
this question, but one possibility is that it is 
associated with the resumption of ATP produc
tion by the mitochondria. Once ATP becomes 
available, the myofibrils will shorten, and in so 
doing they may mechanically disrupt a mem
brane already damaged or made fragile by the 
preceding period of hypoxia (fig. 22-6). 

The Route of Ca2 + Entry 
We are faced now with the problem of decid
ing how Ca2+ enters the damaged myocytes. In 
normal myocytes, and under normal condi
tions, there are at least four different routes 
available for the entry of Ca2 +. These are: (a) 
in exchange for Na + [l4}, (b) by passive dif-
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fusion, (c) in exchange for K+, and (d) through 
the voltage-activated slow channels [42}. 

The question naturally arises, therefore, as to 
whether the excessive entry of Ca2 + that occurs 
during the cl + paradox, during post ischemic 
reperfusion, and during reoxygenation involves 
one or more of these routes, or whether some 
abnormal route of entry is involved. At first 
sight it may seem puzzling that the answer to 
such a fundamental question is not readily 
available. There may be two reasons for this: 
first, many of the substances which have been 
introduced to block one of these routes of entry 
- for example, inhibitors of the slow channels 
[33}-have many other actions [43}, apart 
from their well-documented effects on slow
channel transport. For example, these sub
stances also exert an energy-sparing effect {8} 
so that it is impossible to determine whether 
an efficacious effect which they may exert in 
limiting the entry of Ca2 + under any of these 
conditions is due to a direct inhibitory effect 
on the slow channels, whether it is due to a 
better-maintained supply of energy, as adeno
sine triphosphate, for the maintenance of intra
cellular homeostasis with respect to Ca2+ , or to 
some other and possibly as yet unrecognized ac
tion. The same difficulty applies when hypo
thermia [34} or acidosis [36} has been used, 
because both of these interventions alter several 
parameters of cell function, including that of 
slow-channel activity, Na + _Ca2 + exchange, 
and energy production. 

DURING POSTISCHEMIC REPERFUSION 
The gain in tissue Ca2 + that occurs during 
post ischemic reperfusion probably represents 
the end-result of a chain of events triggered 
initially by the failure of the cell to produce 
sufficient A TP to maintain a low cytosolic 
Ca2+. The sequence of events may resemble 
that shown in figure 22-6, with some Ca2 + 
entering early in exchange for Na +; some may 
enter through slow channels activated by the 
released catecholamines and some may enter by 
passive diffusion. Later, however (fig. 22-6), 

.. . C 2+ d we can expect a masSIve Increase In a , ue 
to the entry of Ca2 + through a plasmalemma 
that has been damaged. Under these conditions 
Ca2+ entry need not depend upon an enhanced 

entry through the slow channels - a conclu
sion which is supported by the observation [9} 
that the late addition of slow-channel-blocking 
substances does not prevent Ca2 + gain during 
post ischemic reperfusion. Conversely the pro
phylactic use of these substances reduces or pre
vents the gain in Ca2 +, presumably because 
their energy-sparing effect [8} ensures that suf
ficient A TP remains available to maintain in
tracellular homeostasis. Once an excessive entry 
of Ca2 + has been triggered we can expect a fur
ther change to occur, due to the mechanical 
disruption of the plasmalemma associated with 
the rapid onset of contracture. In conclusion, 
therefore, during post ischemic reperfusion 
there may be at least three stages of cl + over
loading: (a) an early rise in cytosolic Ca2+ due 
to an altered distribution of tissue Ca2 + and an 
uptake of Ca2+ in exchange for Na +; (b) a sec
ond stage which probably involves the entry of 
Ca2 + through a membrane which has become 
leaky, or developed holes [I8}; and (c) finally, 
as contracture develops, there may be mechan
ical disruption of the cell surface, including the 
intercalated discs. 

Ca2+ GAIN DURING THE PARADOX 

Here the situation may be even more complex. 
Perfusion of the myocardium with Ca2+ -defi
cient solutions is known to cause the compo
nents of the glycocalyx - which provides the 
outermost surface of the cell membrane com
plex - to separate. This glycocalyx can be sep
arated into an inner and outer layer, and upon 
perfusion with a Ca2 + -free buffer these two lay
ers separate. Thus the inner coat (or surface 
coat) remains attached to the plasmalemma and 
separated from the outer coat (the external lam
ina) by fluid-filled spaces. Some investigators 
[38} believe that this disorganization of the cell 
surface renders the underlying plasmalemma 
freely permeable to Ca2 + 

A derangement of the glycocalyx is not the 
only change that occurs in the morphology of 
the cell surface. The intercalated discs, instead 
of being closely adherent, become widely sepa
rated [40}. Whatever causes this disruption of 
the intercalated discs may, at the same time, 
render them freely permeable to Ca2+ . 

In the case of the paradox there is an addi-
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tional problem, which is that the gain in Ca2 + 
may not be the primary event. Thus recent ex
periments have shown that perfusion with 
Ca2 + -free buffers that contain a chelating agent 
alters the functioning of the slow channels, 
rendering them permeable to N a + [44}. This 
could facilitate a small increase in cytosolic 
Na + which may in turn be of sufficient mag
nitude to trigger the Ca2 + -Na + exchange 
mechanism, producing a gain in tissue Ca2 +. 

There is, therefore, no need to assume that an 
excessive entry of Ca2 + through the slow chan
nels provides a major [39} or only route of 
Ca2 + entry during the paradox. Nor is there 
any reason to conclude that this gain in Ca2 + 

depends upon an earlier depletion of the en
ergy-rich phosphate reserves. Clearly the etiol
ogy of the gain in Ca2 + which occurs under 
these conditions is complex. 

Ca2 + ENTRY DURING 
POSTHYPOXIC REOXYGENATION 

To explain the massive increase in Ca2 + uptake 
that occurs during posthypoxic reoxygenation 
it is difficult to escape the conclusion that some 
entry involves diffusion across a membrane 
which has been mechanically disrupted {45}. 
Others argue, however, that the enhanced en
try reflects the development of a specific change 
in the selective permeability of the sarcolemma 
{41}. Irrespective of whether this is true, the 
fact that when added at the time of reoxygen
at ion the Ca2 + antagonists do not prevent the 
gain in Ca2 +, whereas they do so when added 
early and prior to the period of hypoxia {46}, 
argues against the entry of Ca2 + depending 
solely upon an enhanced slow-channel trans
port. 

Consequences of Ca2 + Overloading and 
Protective Procedures 
From the foregoing discussion it has become 
clear that there may be multiple routes for the 
entry of ci+ into injured cardiac myocytes. In 
addition we could be faced with the existence 
of a raised cytosolic Ca2 + without a net gain 
- due to an internal redistribution of Ca2 + 

Whatever its cause, the consequences of a mas
sive influx of Ca2 + are the same: (a) ATP wast-

age due to the excessive activation of Ca2 + -sen
sitive ATPases; (b) tissue destruction due to 
excessive phospholipase and protease activation, 
and possibly due to the stresses imposed by the 
sudden development of contracture; (c) loss of 
mitochondrial function due to the avidity with 
which cardiac mitochondria accumulate Ca2+ 
and the attendant loss of oxidative phosphoryl
ating activity {8}; and (d) depletion of the ad
enine nucleotide bases, due to their displace
ment from the tissue into the extracellular 
spaces. 

When combined, these factors are sufficient 
to precipitate cell death and tissue necrosis. 
How, then, do the various protective proce
dures work? The most likely explanation as far 
as the myocytes are concerned is that their early 
addition and, in the case of hypothermia, im
plementation ensure that sufficient A TP re
mains available to ensure the maintenance of 
intracellular homeostasis with respect, not only 
to Ca2 +, but also to Na +. 
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23. CELL COUPLING AND HEALING

OVER IN CARDIAC MUSCLE 

Walmor C. De Mello 

Introduction 
As in many other tissues the internal milieu of 
cardiac fibers is separated from the extracellular 
fluid by an insulating surface layer character
ized by a high electrical resistance. 

When the surface cell membrane is injured 
an electrical potential difference appears be
tween damaged and nondamaged cells (injury 
potential). In 1877, Engelmann demonstrated 
that when the cardiac muscle is injured the in
jury potential soon vanishes (see fig. 23-1). An 
explanation for this interesting phenomenon 
(healing-over) is that the cells located near dam
age are depolarized and consequently the flow 
of injury current is interrupted. This is not the 
case, however, because the injury potential can 
be reestablished by damaging the cells located 
near the previous lesion {l}. 

In many types of cells the injury of the sur
face cell membrane is immediately followed by 
an extrusion of protoplasm through the dam
aged area. This "healing process", which avoids 
the loss of intracellular material, is based on 
the formation of a new membrane at the in
jured area and has been described in protozoa, 
marine eggs, and skeletal muscle {2]. 

If a skeletal muscle fiber is immersed in a 
Ca-free Ringer solution and ulteriorly lesioned 
film formation does not occur and disintegra
tion inevitably follows, the formation of a new 
membrane at the site of damage is dependent 
on Ca {2}. The establishment of this membrane 
has been ascribed to a chemical reaction (sur-
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face precipitation reaction) involving a sub
stance, "ovothrombin", formed from some pre
cursor in the cell in the presence of ci + {2}. 

Is myocardial healing-over due to the estab
lishment of a new membrane at the site of 
damage? To answer this question we must en
quire if the sur/ace precipitation reaction provides 
a good electrical sealing. It is known that heal
ing-over as described in cardiac muscle does 
not exist in skeletal muscle where the injury 
currents spread along the muscle fiber, render
ing it wholly depolarized {3}' In isolated sar
torius muscle fibers, small lesions produced by 
punching the cell membrane with a microelec
trode depolarize the fiber irreversibly (see fig. 
23-2) {4}. 

So, under normal conditions the establish
ment of a plug at the area of cell damage is not 
enough to provide an electrical sealing. Of 
some interest in this context is that in skeletal 
muscle fibers immersed in isotonic Ca solution, 
the depolarization of the muscle fibers elicited 
by small lesions is completely reversed in a few 
seconds {4}. Some observations suggest that 
membrane lipids are involved in this process. 
So, calcium is known to induce coalescence of 
phospholipid films {5} and phospholipase C 
impairs the sealing process in high-Ca solution 
{4}. 

As the formation of a new membrane at the 
damage area does not represent an effective 
ionic barrier under normal conditions, it seems 
reasonable to conclude that the healing-over of 
cardiac muscle is not explained by a surface 
precipitation reaction. The other plausible al
ternative is that a high-resistance barrier is es
tablished between damaged and nondamaged 
cells. 

493 
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In frog ventricular muscle the depolarization 
caused by lesion is quickly reversed regardless 
of the size of the preparation. This finding led 
Rothschuh [3} to postulate the hypothesis that 
cardiac muscle is composed of small functional 
units-Mikroelementen separated by polarized 
ionic barriers. 

Ulterior studies by Weidmann [6} demon
strated that in cardiac Purkinje fibers the core 
resistivity is quite low (105 Ocm) and the 
space constant high (1. 9 mm) compared with 
the length of a single cell (about 125 /-Lm). 
This certainly rules out the possibility that car
diac cells are separated by preestablished ionic 
barriers. 

Evidence is, indeed, available that cardiac 
cells are electrically coupled [6-9}. When one
half of a bundle of ventricular fibers is exposed 
to radioactive K and the other half is continu
ously washed with nonradioactive Tyrode, a 
steady state with respect to tissue 42K is 
reached in about 6 h [10}. At the end of this 
time an appreciable amount of 42K is found in 
the half of the bundle not exposed to radioac
tive potassium. The exponential decay of radio
activity along the muscle has a length constant 
of 1. 55 mm, which clearly indicates that the 
longitudinal movement of 42K is not hindered 
by the intercellular junctions [1O}. The quan
titative analysis of these results led to the con
clusion that the permeability of the intercellu
lar junctions is about 5000 times greater than 
that of the nonjunctional membrane. 

The intercellular channels are also permeable 
to different molecules. Cell-to-cell diffusion of 
Procion Yellow (mol wt 697) [11}, tetraethyl
ammonium (mol wt 130) [12}, 14cAMP (mol 
wt 328) [13}, and fluorescein (mol wt 330) 
[14, 15} has been reported in cardiac tissues. 

Recently, a new compound, Lucifer Yellow 
(mol wt 473) was introduced by Stewart [16} 
as a fluorescent probe and proved extremely 
valuable in studies of cell-to-cell communica
tion. Lucifer Yellow is sui generis- it does not 
diffuse through the nonjunctional membrane, 
but crosses the gap junctions in several tissues 
[16, 17]. Studies carried out in our laboratory 
showed that the dye diffuses longitudinally 
along dog trabeculae after its introduction into 
the cell with cut-end method [11}. As is shown 
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FIGURE 23-1. Healing-over of toad ventricular mUSCle 
immersed in normal Ringer solution (b). Curve (a) shows 
the influence of Ca-free solution on the healing-over pro
cess. From De Mello et al. [1S}. 
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FIGURE 23-2. Lack of sealing in frog skeletal muscle fi
bers immersed in normal Ringer solution. Irreversible 
drop of resting potential (A) and input resistance (B) pro
duced by puncture of the cell membrane with a micropi
pette (about 4 11m in diameter). Each curve is the average 
from 25 fibers . Vertical dotted line indicates moment of 
lesion. Vertical line at each point indicates SE of the 
mean. From De Mello {4}. 
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FIGURE 23-3. Longitudinal diffusion of Lucifer Yellow 
along dog trabeculae immersed in normal Tyrode solu
tion. Diffusion period, 90 min. The vertical dotted line 
separates the loaded (left) from the unloaded area (right). 
Average from 20 muscles. Vertical line at each point, SD 
of the mean. From De Mello and Castillo, unpublished. 

in figure 23-3, the dye can be detected by 
spectrofluorometric methods 4 mm away from 
the rubber partition I Y2 h after its introduction 
into the cell. 

The question of whether the longitudinal 
movement of the dye is due to intracellular dif
fusion can be answered by performing washout 
studies. Figure 23-4 shows that the washout 
curve for Lucifer Yellow consists of a first rapid 

48 
component (t 1/2 = I-min) which represents 

the loss of Lucifer Yellow from the extracellular 
space and a second slow component which cor
relates to the outward movement of the dye 
through the surface cell membrane. The second 
component has an extremely long half-life (t 1/2 

= 2 X 103 min), supporting the view that the 
permeability of the surface cell membrane to 
Lucifer Yellow is, indeed, negligible. The 
meaning of these results is that the dye diffuses 
longitudinally along cardiac fibers through the 
intercellular channels. 

Since cardiac cells are connected through 
low-resistance channels it might be reasonable 
to think that following damage the junctional 
conductance can be markedly reduced suppress
ing the flow of injury currents from damaged 
to nondamaged cells {I8}. On the other hand, 
it is known that Ca ions are essential for the 
healing-over process {I8-20}. These findings 
led to the hypothesis that the junctional con
ductance in heart might be modulated by 
variations in free [Ca2+ 1 [20}. In order to 
check this idea, I injected Ca iontophoretically 
inside a cardiac cell and searched for possible 
changes in cell-to-cell coupling. The results 
show that the electrical coupling of the heart 
cells is gradually reduced and cell decoupling 
is finally achieved in about 600 s [9, 20} (see 
fig. 23-5). Concurrently with fall in intercel
lular communication the input resistance (V of 
10) of the injected cell increases appreciably (see 
fig. 23-5). Both effects of Ca are completely 
reversible. Rose and Loewenstein (21}, using 
aequorine, demonstrated that the injection of 
Ca ions into salivary gland cells of Chironomus 
produces a quick decline of the electrical cou
pling when the light emission is seen to spread 
all the way to the intercellular junctions. 

These findings are indicative that healing
over can be ascribed to a marked increase in 
electrical resistance of the intercellular junc
tions located between normal and damaged 
cells and due to a rise in free Ca. 

The mechanism by which Ca ions change the 
junctional conductance is not known. Two hy
potheses seem worth consideration: (a) Ca ions 
bind to negative polar groups of gap junction 
phospholipids and abolish the permeability of 
the hydrophilic channels. Phospholipids and 
proteins are normal constituents of gap junc-
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tions (22}. (b) Ca activates enzyme reactions 
which lead to closure of the intercellular chan
nels through a conformational change in gap 
junction proteins. As the intracellular injection 
of LaH causes a quick suppression of cell-to
cell coupling [23} it seems reasonable to think 
that the binding of the cation to negative sites 
at the gap junctions might, indeed, alter the 
channel permeability. 

Influence of Na-Ca Exchange on 
Cell-fo-Cell Couj7ling 
In cardiac muscle, like in nerve fibers, the ex
trusion of Ca ions is dependent upon the en
ergy provided by the Na concentration gradient 
across the nonjunctional membrane [24, 25}. 
The Na-K pump produces a sodium electro
chemical gradient across the nonjunctional 
membrane which is used to energize the Ca ex
trusion from the cell. The Na-Ca exchange can 
be reversed if the intracellular Na concentration 

20 30 40 50 60 

FIGURE 23-4. Loss of Lucifer Yellow from a dog trabe
cula. The washout curve shows a first rapid component 
(I,n, 148 min) and an extremely slow second component 
(t',n, 2 X 103 min). Temperature, 3rc. From De Mello 
and Castillo, unpublished. 

is increased with consequent increase in Ca in
flux [26}. 

As a rise in [Na +}i reverses the Na-Ca ex
change the obvious question is-can the in
jection of Na ions into the cell impair the cell
to-cell coupling? The answer is yes. When Na 
is injected iontophoretically into a cardiac cell 
the intracellular longitudinal resistance is in
creased and cell decoupling is produced [27, 
28} (see fig. 23-6). The suppression of the 
electrical coupling elicited by high [Na + 1 is 
dependent on the extracellular Ca concentra
tion. So, when [Ca2 +}o is low, the effect of Na 
injection on cell-to-cell communication is neg
ligible [28}, supporting the view that the abol
ishment of the electrical coupling is accom
plished by the activation of the Na-Ca 
exchange and ulterior rise in free [Ca2+}i' 
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FIGURE 23-5 . Effect of intracellular Ca injection on the 
electrical coupling of cardiac Purkinje cells. (Left) Typical 
effect of Ca injection on coupling coefficient (ViV,) and 
input resistance (R,) (average from six experiments). 
(Right) (a) and (b) show V I and V 2 controls; (c) and (d) 
recorded after 410 s of Ca injection showing cell decou
piing. From De Mello, unpublished. 

The Cost 0/ Cel/-to-Cel/ Communication 
Since the enhancement of [Na +1 impairs or 
even abolishes the electrical coupling of cardiac 
cells, it seems logical that the inhibition of the 
Na-K pump can also change intercellular com
munication . Indeed, when cardiac fibers are ex
posed to certain concentrations of ouabain, the 
intracellular longitudinal resistance increases 
appreciably and finally cell decoupling is pro
duced [28, 29} . The effect of the glycoside on 
cell-to-cell coupling is greatly due to the in
crease in free [Ca2+}j. So, in fibers exposed to 
ouabain, the time required for cell decoupling 
was dependent upon the extracellular Ca con
centration [29}. 

In cardiac Purkinje partially depolarized by 
recent dissection the activation of the Na-K 
pump with norepinephrine increases the resting 
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potential and the electrical coupling of the 
heart cells [30}. 

The conclusion drawn from these observa
tions is that the Na extrusion exerts a remark
able influence on the transference of electrical 
and chemical signals between cells. The 
changes in junctional permeability brought 
about by alterations of [Na +}j are due to the 
rise or fall in free [Ca2+1 which are related to 

the rate of Na-Ca exchange. 
Rapidity of sodium transport across the non

junctional membrane is also essential for the 
maintenance of conduction velocity. 

It is known that the conduction velocity (6) 
is proportional to: 6 IX 1I~, where a is the 
fiber diameter and rj the intracellular longitu
dinal resistance . Contrary to previous ideas, the 
intracellular longitudinal resistance is now con
sidered a variable parameter which depends 
among other things on the free [Ca2 +}j [9, 31}. 
Therefore, an increase in rj reduces the conduc
tion velocity in cardiac fibers . 

The maintenance of a high junctional perme
ability, however, is not free. The cell must 
spend energy on the extrusion of Na ions and 
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in deeping the free {Ca2+ 1 low. ATP is sup
plied from metabolism solely by oxidative 
phosphorylation in mitochondria and by gly
colisis. Metabolic inhibition decreases the rates 
of active ion transports by reducing the rate of 
ATP production. 2-4 Dinitrophenol, for in
stance, an uncoupler of oxidative phosphoryla
tion, increases the intracellular longitudinal re
sistance in cardiac fibers, and abolishes the 
electrical coupling and the cell-to-cell diffusion 
of fluorescein {15). These effects of dinitrophe
nol are related to the elevation of free {Ca2+l 
(l5}. Indeed, when EDTA is injected into the 
heart cells exposed to dinitrophenol , the elec
trical coupling is partly recovered . Although 
the evidence available from these studies is that 
the modulation of junctional permeability is a 
smooth process it is not clear whether the num
ber of active channels varies with the changes 
in free {Ca2+l or whether all the channels are 
simultaneously involved. 

Is the} unctional Permeability 
Influenced by Intracellular PH? 
In 1977, Turin and Warner (32) demonstrated 
that the exposure of embryonic cells of Xeno
pus to 100% CO2 not only reduces the pHi but 
also depolarizes the cells and abolishes the cell
to-cell coupling. 

More recently it has been shown that the in
tracellular injection of H + ions into cardiac 
cells increases the intracellular longitudinal 
resistance and causes cell decoupling {33, 34}. 
In sheep Purkinje fibers exposed to 100% CO2 
a similar increase in ri has been reported 
(35). 

The question remains as to whether the ef
fect of low pHi on the electrical coupling is due 
to a rise in free {Ca2+)i' In Chironomus salivary 
gland cells {36} or in barnacle muscle [37} the 
changes in pHi caused by high PC02 are seen 
concurrently with an increase in free {Ca2+ l . 
The exposure of sheep Purkinje fibers to high 
PC02 reduces pHi but the free (Ca2 +l also falls 
(38) . Myocardial healing-over, a phenomenon 
related to a drastic increase in junctional resis
tance (20), can be accomplished in the absence 
of Ca if the pHo is reduced to 5 (De Mello, 
unpublished). 

a 
~ 

'" u 
c: 

'" II> 
',fi 

~ 
:; 
Q. 

.s 

Na' InJectron 

on 
.8 ••• . .... . . 

. 4 

0 
0 

10 

5 ... : ..... . 
0 o 

. . • . . . . . . 

200 
sec. 

... ... 

200 
sec. 

. 
• . . . A . . 

• • . . . . .. 
.00 

........... . 
B 

FIGURE 23-6. Typical effect of intracellular Na injection 
on the electrical coupling (V 21V 1) (A) and input resistance 
(B) of a canine Purkinie fiber. Modified from De Mello 
(28}. 

The evidence reviewed above suggests that 
H ions have a direct effect on junctional resis
tance in cardiac fibers . In embryonic cells of 
Fundulus! acidification of the cytosol causes cell 
decoupling - an effect due to a direct inter
action of protons with gap-junction molecules 
(39). 

As the buffer capacity of heart cells is quite 
high (40) it is not clear whether pHi plays a 
role in the control of junctional resistance un
der physiologic conditions. During myocardial 
ischemia, however, when the pHi and pHo are 
reduced it is easy to visualize that H ions con
tribute to the healing-over process, avoiding 
the spread of injury currents and the flow of 
metabolites between injured and normal cells 
(31). 

Cyclic AMP and Cell-to-Cell Coupling 
Ca and cyclic nucleotides are intimately related 
in the process of modulation of cell function 
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induced by hormones [41}. Evidence is avail
able that in some systems Ca plays the impor
tant role of second messenger. The intracellular 
free [Ca2 + 1 seems to regulate the concentration 
of cyclic AMP. So, Ca, an activator of guany
late cyclase [41}, reduces the intracellular con
centration of cyclic AMP in part due to the 
inactivation of adenylate cyclase [42}. 

These findings lead to an important question 
- are cyclic nucleotides involved in the regu
lation of junctional permeability? In salivary 
glands of Drosophila, cyclic AMP enhances the 
coupling between cells [43}. 

Recently, studies have been performed on rat 
ventricular fibers exposed to theophylline (0.4 
mM), an inhibitor of phosphodiesterase. The 
results show an increase in the spread of elec
trotonic activity and in conduction velocity 
[44}. As the time constant of the cell mem
brane is not altered by the drug it seems pos
sible to conclude that the increase in space 
constant (59%) is not related to change in re
sistance of the nonjunctional membrane. Cal
culations of the intracellular longitudinal resis
tance (r) on the basis of conduction velocity (0) 
and the time constant of the foot of the action 

potential (,- foot = -2-
1_) indicated that ri o riCm 

is reduced [44}. 

Assuming that theophylline is not changing 
myoplasmic resistivity the results presented 
above indicate that the drug enhances cell-to
cell coupling by reducing the junctional resis
tance. 

The effect of theophylline on the electrical 
coupling is probably related to the increase in 
concentration of cyclic AMP. Indeed, when the 
cardiac fibers are exposed to dB-cyclic AMP (5 
X 10 - 5 M) the conduction velocity is en
hanced and ri is decreased (Estape and De 
Mello, unpublished). It is known that cyclic 
AMP activates a protein kinase which in the 
presence of ATP leads to the phosphorylation 
of different proteins [45}. Therefore, the phos
phorylation of gap junction proteins might 
cause conformational changes which increase 
the diameter of the intercellular channels. 

The possible interactions between Ca and 
cyclic nucleotides in the regulation of junc-

tional permeability seems to represent a novel 
aspect in the study of cell-to-cell communica
tion. 

Namm et al. [46} found, for instance, that 
augmented supplies of Ca ions to perfused rat 
hearts produced a decrease in their content of 
cAMP. Conversely, increased concentrations of 
this nucleotide have been reported in papillary 
muscles exposed to Ca-free solution (47}. 

As a substantial rise in concentration of 
cyclic AMP lead to an increase in permeability 
of the nonjunctional membrane to Ca (48, 49} 
it seems reasonable to assume that the effect of 
cyclic AMP on cell-to-cell coupling depends on 
the concentration of the nucleotide. Small in
crements in concentration of cyclic AMP might 
decrease ri through a phosphorylation of gap 
junction proteins while a marked increase in 
concentration of the nucleotide might impair 
cell communication because the free (Ca2+}i is 
increased. Supporting this view is the finding 
that theophylline at low concentration (0.4 
mM) enhances cell-to-cell coupling (44} while 
at high concentration (4 mM) impairs the elec
trical coupling of heart cells (50}. 

Physiologic and Pathologic Implications 
0/ Cell-to-Cell Communication 
The organization of cardiac muscle is based on 
isolated functional units connected through 
low-resistance intercellular channels. This mor
phologic arrangement enables the electrical im
pulse to travel without delay throughout the 
cardiac fibers, allowing the heart cells to beat 
synchronously. Contrary to skeletal muscle in 
which the intracellular longitudinal resistance 
is provided by the myoplasm only, in heart the 
junctional resistance represents an important 
regulatory factor of the spread of the electrical 
impulse. When the junctional conductance is 
increased, as for example when the concentra
tion of cyclic AMP is enhanced, the spread of 
electrical activity is greatly augmented. On the 
other hand, when the free (Ca2 +1 is elevated 
or the intracellular pH is reduced the conduct
ance of the intercellular channels declines, im
pairing the impulse conduction. Consequently, 
slow conduction is produced which facilitates 
the generation of cardiac arrhythmias. The 
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finding that the junctional resistance is highly 
dependent on metabolic energy, which is nec
essary to pump Na out of the cell and maintain 
a low free [Ca2+ L indicates that parameters 
such as conduction velocity are also dependent 
upon cell metabolism and ATP synthesis. 
Changes in cardiac rhythm elicited by digitalis 
toxicity or myocardial ischemia are in part due 
to the rise in free [Ca2+l or the fall in pHi. In 
both situations the electrical coupling is greatly 
impaired or abolished in part due to membrane 
depolarization, but also because the intracellu
lar resistance is markedly enhanced [3}. 

In the atrioventricular node the size and 
number of gap junctions is smaller than in the 
atrium or ventricle [51, 52} and the intracel
lular longitudinal resistance is normally high 
[53}. This explains, in part, the delay of im
pulse conduction typical of this cardiac area. 
Here, more than in atrial or ventricular muscle 
the impulse conduction is extremely vulnerable 
to further enhancement of intracellular resis
tance. The so-called "fatigue" phenomenon of 
the atrioventricular node is known to be fre
quency dependent. A reasonable explanation 
for this phenomenon is the increase in intracel
lular resistance produced by stimulation at 
high rate and probably related to the increment 
in free [Ca2+ l . As the number of hydrophilic 
channels connecting the node cells is small and 
the generation of action potentiah is dependent 
upon a slow current carried by Ca and Na [54}, 
it is expected that in the atrioventricular node 
the impulse propagation is highly dependent 
on frequency of stimulation. 

Evidence has been provided, indeed, that in 
myocardial fibers the intracellular longitudinal 
resistance is increased by stimulation at high 
rate [55}. 

Thanks to the compartmentalized structure 
of cardiac muscle "death of a cell does not nec
essarily mean the death of adjacent cells". The 
lesion of the surface cell membrane enhances 
the free [Ca2+ l , markedly suppressing cell 
communication and the flow of injury current 
which would depolarize large masses of nor
mal cardiac cells. The healing-over process 
represents, indeed, an important mechanism 
of preservation of heart function during in
jury. 
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24. EFFECTS OF CARDIOTOXINS ON 

MEMBRANE IONIC CHANNELS 

M. Lazdunski 

and J. F. Renaud 

Introduction 

Various ionic currents and conductance changes 
underlie the normal electrogenesis and auto
macity of the heart. A number of drugs and 
therapeutic agents act on the membranes of 
myocardial cells in a more or less specific man
ner on sodium, calcium, and potassium chan
nels. 

One of the most remarkable developments 
in neurobiology in the last decade has been 
the increasing interest in the large number of 
neurotoxins synthesized by microorganisms, 
plants, snakes, scorpions, spiders, and marine 
organisms. Each toxin is valuable because of its 
extreme specificity of action and high affinity 
for its receptor, allowing it to be used for the 
fine pharmacologic analysis of important phys
iologic functions. Many neurotoxins are also 
cardiotoxins. 

In this chapter, we review natural substances 
that are toxic to cardiac cells through their in
teraction with the plasma membrane {I}. Tox
ins that specifically act on nerve terminals to 
alter the storage and release of neurotransmit
ters, like a-Iatrotoxin, botulinium toxin, teta
nus toxin, l3-bungarotoxin, and crototoxin, are 
excluded from this discussion [2}. 

It turns out that most of the interesting car
diotoxins are specifically active on the fast so
dium channel of cardiac cells. 
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Toxins that Are Specific for the Fast 
Sodium Channel 

TETRODOTOXIN AND SAXITOXIN 

Tetrodotoxin (TTX) (fig. 24-1) is a hetero
cyclic guanidine found in the puffer fish and in 
some species of newt, octopus, frog, and goby. 
TTX provokes a reversible inhibition of the fast 
Na + current in myelinated nerve, skeletal 
muscle, and a number of other excitable cells 
{3}. The concentration dependence of TTX in
hibition is hyperbolic with a half-maximum ef
fect between 1 and 5 oM in different nerve 
preparations {4, 5}. 

Saxitoxin (STX) like TTX is a heterocyclic 
guanidine with two guanidine groups per mol
ecule instead of one for TTX (fig. 24-1). It is 
produced by Gonyaulax dinoflagellates and is 
found to be concentrated in shellfish that feed 
on these organisms. The mechanism of action 
of TTX and STX on the Na + channel is the 
same and both are specific for this channel {3, 
6}. The inhibitory effect of saxitoxin on the fast 
Na + current is also reversible; the dose-re
sponse curve is hyperbolic with a half-maxi
mum inhibition at 1-5 nM {6}. 

Quantitative biochemical studies of the 
binding of TTX and STX to their common re
ceptor site were made possible by the availabil
ity of tritiated TTX, labeled by the Wilzbach 
method, and of tritiated STX {6} and more re
cently of new and highly radioactive derivatives 
which have been synthesized by chemical mod
ification of TTX {n. Photoactivated TTX de
rivatives which can irreversibly block the Na + 
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channel upon irradiation have also synthesized 
(8}. It has been proposed that TTX and STX 
bind to the selectivity filter of the Na + channel 
(6, 9}. This model of interaction assumes that 
guanidinium moieties of TTX and STX enter 
the sodium channel like the free guanidinium 
cation itself, and that the bulky part of the tox
ins occludes the mouth of the channel, like a 
cork, blocking the passage of Na + ions. Hy
droxyl groups on the toxin molecule would be 
involved in the formation of hydrogen bonds 
with the Na + -channel protein in order to sta
bilize the toxin-channel interaction. However, 
recent chemical modification of the Na + chan
nel does not seem to fully support this mecha
nism of association. TTX binding is irrevers
ibly blocked by treatment of nerve membranes 
with carboxyl-modifying reagents (10-12}, 
suggesting the presence of an essential carbox
ylate at the toxin receptor site. If TTX binds 
to the selectivity filter which normally recog
nizes N a +, such a chemical modification 
should also abolish the Na + channel conduct
ance. Instead, Na + channels that have been 
made TTX insensitive by chemical modifica
tions are still active in the generation of action 
potentials with the same kinetics of activation 
and inactivation, with the same ionic selectiv
ity and with only a slightly reduced unit con
ductance (13, 14}. The TTX receptor has been 
solubilized and partially purified from the elec
tric organ of Electrophorus electricus, from the 
brain and muscle of rat (15-17J. The best data 
{I5} indicate that the binding site is situated 
on a 250,000- to 270,000-dalton polypeptide, 
in agreement with independent results ob
tained from irradiation inactivation experi
ments [18, 19}. 

The most characteristic aspect of TTX action 
on the mammalian heart is the marked insen
sitivity of cardiac muscle to TTX. A substan
tial reduction in the rate of rise of action poten
tials in ventricular trabeculae and Purkinje 
fibers does not occur until a TTX concentration 
of about 1 f-LM is reached [20, 21}. In a pre
liminary series of experiments designed to de
termine whether the reported difference in sen
sitivity to TTX reflects basic differences in the 
TTX receptor of cardiac muscle, as compared 
to nerve and skeletal muscle, voltage depen-

OH 

C~OH 

TETRODOTOXIN (nx) 

SAXITOXIN (STX) 

FIGURE 24-l. The strucrure of tetrodotoxin and saxi
tOxin. 

dence of TTX block of the Na + channel in rat 
papillary muscle was found (22}. In these ex
periments, the TTX sensitivity of the Na + 
channel was markedly increased when the 
membrane potential was more positive. Such 
an action of TTX would indeed be characteris
tic for the cardiac membrane since it has never 
been seen for Na + channels in nerve cells. 
These conclusions have been criticized, how
ever, on the basis that they relate to upstroke 
velocity measurements that are not a good mea
sure of the true variations of the Na + conduct
ance. In a more recent series of experiments 
several groups have found no voltage depen
dence for steady-state TTX block of excitatory 
and background Na + channels when measuring 
INa under voltage clamp [21, 23, 24}. TTX 
block of Na + channels in voltage-clamped dog 
and rabbit Purkinje fibers is well described by 
a 1: 1 binding reaction with a voltage-indepen
dent dissociation constant of 1 f-LM (21, 23, 
24}. This dissociation constant is about 3 or-
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FIGURE 24-2. Interaction of TTX with the Na + channel 
of rat heart ventricle. Scarchard plot of the specific 
['H}en-TTX binding (e) and displacement of specific 
['H}en-TTX binding in rat heart homogenates by TTX 
(A) give a dissociation constant of the ['H}en-TTX receptor 
complex (KD) and half-displacement of TTX (Ko") of 1 nM and 
4 nM, respectively. The inhibition by TTX of the rate of "Na 
uptake (0) gives a half-maximum effect of TTX action (Ko.,) of 
1 fJ.M. 

ders of magnitude higher than normally found 
for TTX-receptor interactions in nerve mem
branes {6}. 

In fact, the affinity of TTX for its cardiac 
receptor seems to be very dependent on the an
imal species. The dissociation constant of the 
TTX-receptor complex measured with voltage
clamped frog atrial fibers is 3.4 nM and is not 
voltage dependent {25}. This value is close to 

those found in nerve and skeletal muscle. Dif
ferent families of TTX receptors corresponding 
to different classes of Na + channels have also 
been postulated for Purkinje fibers in the dog 
heart {26}. 

The problem of the low sensitivity to TTX 
has now been studied using rat cardiac cells in 
culture and two biochemical approaches, one 
involving utilization of a tritiated TTX deriv
ative in which tritiated ethylenediamine is 
grafted to TTX (CH}en-TTX) {27}, the other 

involving 22Na + flux experiments which will 
be explained in more detail later in this chap
ter . Direct-binding experiments with CH}en
TTX measure all kinds ofNa + channels, i.e., 
both functional and nonfunctional species. 
22Na + flux studies measure only functional 
Na + channels {28, 29}. CH}en-TTX-binding 
experiments reveal a family of high-affinity 
binding sites with a dissociation constant (Ko) 
near 1 nM, whereas 22Na + flux studies reveal a 
family of low-affinity binding sites with a Ko 
near 1 ,....M, i.e., about threefold higher than 
the Ko for the high-affinity binding site (fig. 
24-2). 

The electrophysiology of these rat cardiac 
cells in culture also indicates the presence of a 
Na + channel with a low sensitivity for TTX 
{30}, confirming the results of 22Na + flux 
studies. 

The conclusion from these studies is that 
high-affinity and low-affinity binding sites co
exist in mammalian cardiac cells although only 
Na + channels with a low affinity for TTX seem 
to be electrically expressed. The same situation 
has been encountered with rat skeletal muscle 
in culture where the two families of TTX-bind
ing sites coexist with the same affinities as 
those found for rat cardiac cells {31}. Here 
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again only the low-affinity binding site (Ko = 
1 f.1M) is expressed electrically. In the case of 
the mammalian muscle, the physiologic expres
sion of one or other of the classes is dependent 
upon innervation. Na + channels with a high 
affinity for TTX are physiologically expressed 
when the muscle is innervated; the preparation 
is then TTX sensitive, whereas Na + channels 
with low-affinity binding sites for TTX become 
electrically expressed after denervation, the 
preparation then becoming resistant to TTX 
[32J. 

Saturable high-affinity binding of eHJen
TTX was identified in rat, rabbit, guinea pig, 
and embryonic chick heart membranes, i.e., in 
preparations displaying either sensitivity (chick 
heart cells) or resistance (rat, rabbit, guinea 
pig) to TTX [27}. The saturation isotherm 
showed a single population of TTX receptors 
with a Ko of 0.5-1.0 nM, independent of the 
regional distribution of the receptors. TTX and 
STX specifically displaced eHJen-TTX bind
ing with Ko values of 4.0 nM and 3.4 nM, 
respectively (fig. 24-2). eHJen-TTX binding 
is inhibited at acidic pH and half-inhibition is 
observed at pH 6.2. This pH value was as
cribed to the pK of an essential ionizable group 
on the cardiac Na + channel and is close to val
ues that have been found for nerve membranes 
[33J. This essential ionizable group is probably 
the carboxylate which can be modified by car
bodiimides or trialkyloxonium salts in other 
preparations that are sensitive to TTX [10, 12, 
13J. Monovalent cations selectively displaced 
eHJen-TTX binding, indicating that the toxin 
binds to a specific ion coordination site. The 
displacement of eHJen-TTX binding by mon
ovalent cations occurs in the sequence of effi
cacy: guanidinium > Tl + > NH4 + > Li + > 
Na + > K + > Rb + > Cs +. The interesting 
feature of inorganic monovalent cation binding 
to the Na + channel is a positive cooperative
ness that suggests that there are multiple and 
coupled monovalent ion binding sites at the 
mouth of the Na + channel. Divalent cations 
also displaced eH}en-TTX binding in the se
quence Mg2 + (Ko; = 1. 3 mM) > cl + (Ko 
= 3.2 mM). Since cations like Na+, K+, or 
Ca2 + prevent TTX association to the TTX re
ceptor, Ko values measured in a Ringer solu-
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FIGURE 24-3. Structure of lipid-soluble molecules of vera
rridine, batrachotoxin, aconitine, and grayanotoxin I. 

tion are six times higher than in a choline me
dium [27]. 

These biochemical studies indicate that the 
interaction of TTX with high-affinity binding 
sites in cardiac cells has properties similar to 
those found for nerve and muscle membranes 
[6J. 

CEVERATRUM ALKALOIDS, BATRACHOTOXIN, 
ACONITINE, AND GRAYANOTOXINS 

These compounds (fig. 24-3) represent a series 
of lipid-soluble molecules which have dramatic 
effects on cardiac and other excitable cells [1 J. 

Veratridine and other veratrum alkaloids are 
steroid alkaloids that occur in liliaceous plants 
belonging to the genera Veratrum, Zygadenus, 
Stenanthium, and Schoenocaulon [34J. 

Batrachotoxin (BTX) is a steroidal alkaloid 
extracted from the skin of a Colombian frog 
Phyllobates aurataenia. It is one of the most 
toxic substances known and its lethal effect on 
mammals appears to be mainly due to its car-
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diac arryhthmogenic action. Work on this 
toxin has also been reviewed in detail {35}. 

Aconitine is the main alkaloid of the plant 
Aconitum napellus. Its structure is not closely re
lated to that of veratridine and BTX. 

Grayanotoxins (GTXs) are toxic diterpenoids 
found in various species of Rhododendron, Kal
mia, and Leucothoe (Eriacaceae). 

Veratridine, BTX, and aconitine depolarize 
the nerve or muscle membrane by causing the 
voltage-sensitive Na + channels to become per
sistently active at the resting membrane poten
tial [36-38}. The hyperexcitability and depo
larization of excitable cells induced by these 
toxins is caused by two effects: (a) a shift of the 
voltage dependence of activation of sodium 
channels toward more negative potentials, and 
(b) a block of the inactivation process of these 
channels. In addition, these three toxic com
pounds not only alter the gating mechanism of 
the voltage-sensitive Na + channel, they also 
change its ion selectivity and increase its 
permeability for larger cations [39, 40}. 

These three types of toxins may bind prefer
entially to an open state of the Na + channel 
since repetitive stimulation to activate Na + 
channels facilitates their action [36, 38, 41}. 
Depolarization of excitable cells by veratridine, 
BTX, and aconitine is blocked by TTX [3, 42, 
43}. 

GTXs, although they are very different in 
structure from the veratrum alkaloids [44, 45}, 
aconitine and BTX, seem to have essential
ly the same type of mechanism of action 
(and maybe of receptor) on Na + channels 
[3, 33}. 

Two different types of techniques have been 
used to analyze the fine mechanism of action of 
these neurotoxic compounds. The first is the 
voltage-clamp technique which provides infor
mation on the kinetics and the voltage depen
dency of the activation and inactivation steps as 
well as on the ion-transport properties of the 
open form of the channel. The second approach 
uses fluxes of radioactive monovalent cations 
[46}. Veratridine, BTX, and GTXs all increase 
h . . . I f 22N + . bl t e lOltta rate 0 a entry lOto neuro as-

toma or skeletal muscle cells [31}. This stim
ulation is due to the chemical activation of 
Na + channels by these toxins and is inhibited 

by TTX. BTX is by far the most powerful of 
this class of toxins. 

Considerable literature has been devoted to 
the cardiac action of cerveratrum alkaloids, 
BTX, aconitine, and GTXs. A very critical 
analysis of all the available results has recently 
been published [42}. 

Voltage-clamp experiments with veratrine 
using frog atrial fibers and with aconitine using 
sheep Purkinje fibers [47-49} have shown that 
these lipid-soluble molecules have an action on 
cardiac fast Na + channels similar to that found 
in nerve or skeletal muscle cells. Both toxic 
preparations blocked the inactivation mecha
nism of the Na + channel. (Veratrine is a mix
ture of toxic alkaloids containing the pure com
pound veratridine. It is always preferable to use 
veratridine. ) 

Ceveratrum alkaloids, aconitine, and BTX at 
low concentrations prolong the repolarization 
phase of the action potential in different cardiac 
preparations; their effect is both dose depen
dent and frequency dependent and inhibited by 
TTX [42}. This effect is seen at concentrations 
in the nanomolar range for BTX [50-52} or in 
the micromolar range for other compounds 
[42, 49, 53}. At higher concentrations, all 
these lipid-soluble toxins depolarize the cardiac 
cell membrane. Again toxin-induced depolari
zation is blocked by TTX. 

M 22N + fl . . oreover, a ux expenments uSlOg 
chick embryonic cardiac cells in culture [54} 
have shown that veratridine maximally in
creases the initial rate of 22Na + influx in these 
cells by a factor of about 5 at a concentration 
of 0.1 mM (fig. 24-4). Dose-response curves 
indicate a half-maximum effect at 22 IJ.M. Ver
atridine stimulation of the rate of Na + influx 
is inhibited by TTX (Ko.5{ITX] = 6.6 nM at 
22 IJ.M veratridine). 

GTXs also activate Na + channels in cardiac 
preparations [55, 56} in the same way that 
they activate the Na + channel in nerve cells. 
The effect of GTX I has even been observed on 
the sinoatrial node although this cell type is 
characterized by a TTX-resistant electrical ac
tivity [57}. This is one example where the 
presence of Na + channels can be demonstrated 
by using toxins which specifically affect the 
gating mechanism of the channel. 
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Veratridine and other ceveratrum alkaloids, 
BTX, and GTXs all produce a concentration
dependent and reversible positive inotropic ef
fect [42}. Aconitine is the only compound for 
which no inotropic effect has been reported. 
Detailed comparisons of the concentration-ef
fect relationships have been made for a large 
number of ceveratrum ester alkaloids [42} and 
for a series of structurally related GTXs {58}. 
It has been shown that the maximum increase 
in force of contraction is nearly the same for the 
different ceveratrum alkaloids {42}, but there 
are large differences in the concentration range 
at which the different compounds are active on 
cardiac contraction with half-maximum effects 
between 10 nM and 100 J.LM. Ceveratrum al
kaloids like germi tetrine, protoveratrines, or 
germitrine produce a positive inotropic effect at 
concentrations more than 1 order of magnitude 
lower than those necessary to obtain the same 
action with veratridine. These differences be
tween the ceveratrum alkaloids are not yet ex
plained since 22Na + flux studies, with neuro
blastoma cells, do not demonstrate important 
differences in affinity for the Na + channel 
among all these compounds {59}. 

FIGURE 24-4. Activation by veracridine of the initial rate 
of 22Na + (-.-) and 45Ca2+ uptake (-0-) by embryonic 
cardiac cells in culture [54}. 

At least two calcium-entry systems are in
volved in the coupling between excitation and 
contraction in the heart: the slow Ca2+ channel 
and the Na + _Ca2+ exchange system [60, 61}. 
The positive inotropic effect of veratridine (and 
related compounds), BTX, and GTXs is the 
indirect result of their action on the Na + chan
nel. By triggering a persistent activation of the 
Na + channel, these toxins increase the intra
cellular Na + concentration, which provokes an 
influx of Ca2 + through the Na + _Ca2 + ex
change system. The inotropic effect due to the 
lipid-soluble toxins is of course blocked by 
TTX {42}. The implication of the Na + _Ca2 + 
exchange system in the mechanism of the ino
tropic effect produced by the lipid-soluble tox
ins has been demonstrated directly both by 
voltage-clamp studies on frog atrial trabeculae 
[48} and by 22Na + and 45Ci+ flux studies 
with embryonic ventricular cardiac cells in cul
ture [54}. When veratridine stimulates 22Na + 

influx by a factor of 5, it increases the initial 
rate of 45Ca2+ entry by a factor of 25 (fig. 24-
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FIGURE 24-5. The effect of extracellular Na + concentra
tion upon 22Na + (---.-e) and 45Ca2+ (o---D) uptake stim
ulated by veratridine on cultured chick embryonic heart 
cells. Na + replacement by Li + fails to stimulate Ca2 + 

uptake (f:s..-6) (54]. 

4). As expected for an indirect effect of veratri
dine on the Na + _Ca2 + exchange system, vera
tridine-stimulated Ca2 + influx is inhibited by 
TTX, is Na dependent, and Na + cannot be 
replaced by Li + (fig. 24-5). 

Unlike TTX, STX, or the polypeptide tox
ins which will now be described, veratridine 
and BTX do not appear to be specific for the 
fast Na + channel. It has been recently shown 
that these lipid-soluble toxins block slow Ca2 + 

channels in neuroblastoma cells in exactly the 
same concentration range in which they acti
vate Na + channel [62} . It would be of interest 
to analyze their effect on the slow Ca2+ channel 
of cardiac cells. 

SCORPION AND SEA ANEMONE TOXINS 

Toxins from both North American and North 
African scorpions have been purified and se
quenced [63} (fig. 24-6). These toxic mole
cules are all single-chain polypeptides exten
sively cross-linked by disulfide bonds; they are 
miniproteins with a molecular weight of about 
7000. Scorpion venom contains a mixture of 
multiple toxins, some being more specific to 

mammals, others to insects or to crustaceans. 
A lysine residue (E-amino side-chain) has been 
identified as one of the essential aminoacids at 
the active site of these toxins [64}. Voltage
clamp experiments on various nerve prepara
tions with the pure toxins from Androetonus aus
tralis, Leiurus quinquestriatus , and Buthus Eupus 
[65-67} have shown that their main effect is to 
slow down considerably the inactivation of the 
Na + channel. These toxins have no effect on 
the activation of the channel. Whole venoms 
seem to have essentially the same properties as 
the pure toxins [3}. 

Anemone toxins (ATXs) active on different 
animal species have been isolated from a variety 
of sea anemone species [68}, some which have 
been sequenced [69-72} (fig. 24-6) . They are 
single-chain basic polypeptides of 2500 to 
about 5000 molecular weight, cross-linked 
with disulfide bridges. An arginine residue 
(guanidine group) has been identified as the es
sential amino acid at the active site of these 
toxins (73}. ATX and scorpion toxins (ScTXs) 
have no obvious sequence homology (fig. 24-
6). Similarly to ScTXs, ATXs specifically slow 
down the inactivation of Na + channels in nerve 
membranes without altering the activation step 
[74, 75}. This effect is inhibited by TTX. 
Both ScTXs and A TXs enhance the action of 
veratridine or BTX, aconitine, and GTXs on 
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the Na + permeability of neuroblastoma cells 
[33, 59, 76}. However, the scorpion toxins do 
not have the same mechanism of action, i.e., 
the venom of the American scorpion Centru
roides sculpturatus has no effect on the inactiva
tion of the Na + channel, but it shifts the volt
age dependence of activation to more negative 
membrane potentials [77}. 

ScTXs and A TXs can be radiolabeled and 
their receptor subunit of the Na + channel of 
nerve preparations has been biochemically iden
tified [63, 78, 79}. They both provide a tool 
to analyze the biochemical properties of the in-

FIGURE 24-6. The structure of toxin II from scorpion 
venom AndroctonUJ australis Hector and roxin V (ATX) 
from the sea anemone Anemonia sulcata . 

activation gate . The main properties of binding 
studies with 125I-labeled toxins are the follow
ing: (a) Both toxins bind to sites at the external 
face of the Na + channel that are different but 
interdependent; the stoichiometry of binding is 
higher for 125I_labeled ATXs [79}' (b) The 
binding of ScTXs to their specific sites is volt
age dependent and does not occur on a depolar
ized membrane [63, 66, 78, 80} whereas the 
binding of A TXs can be found on both polar-
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ized and depolarized synaptosomes [79}' (c) 
There are about two ATX-binding sites per 
TTX binding site. 

Chemical modification of the carboxylates in 
ATX hardly alters the binding activity of the 
toxin, but completely suppresses both its tox
icity and of course its effects on the Na + chan
nel. In other words the chemically modified 
toxin is an antagonist of the native toxin [73}. 

Scorpion toxin II from Androctonus australis 
Hector dramatically prolongs the repolarization 
phase of the cardiac action potential. This pro
longation is inhibited by TTX and is not seen 
in low-Na + solutions [81}. Pure anemone tox
ins from Anemonia sulcata and from Anthopleura 
xanthogrammica display the same type of effect 
on a variety of cardiac preparations [82-84}. 
The most probable conclusion from these re
sults is that these two classes of polypeptide 
toxins slow down the inactivation of the cardiac 
Na + channel and may even induce an incom
plete inactivation. In other words, their action 
on the cardiac cells is the same as their action 
on nerve Na + channels. This has been con
firmed (a) by voltage-clamp studies of the effect 
of ATX on chick embryonic cardiac aggregates 
[43}, and (b) by binding experiments of 1251_ 
labeled toxin II from the Androctonus scorpion 
to chick heart cells [85}. 

Both types of polypeptide toxins produce a 
positive inotropic effect on a variety of cardiac 
preparations and at very low toxin concentra
tions [82, 84, 86, 87}. 

Among a large number of polypeptide toxins 
extracted either from different scorpion venoms 
or from different sea anemones, the most po
tent for their positive inotropic effect are toxin 
V from Anemonia sulcata (fig. 24-6) and toxin 
II from Anthopleura xanthogrammica at concen
trations between 1 and 5 oM [87}. Their half
maximal activity for the Na + channel of mam
malian cardiac cells is observed at concentra
tions of the order of 1 nM. It is interesting to 
remark that mammalian cardiac cells that are 
TTX resistant are highly sensitive to ATXs, 
whereas nerve cells or chick cardiac cells that 
are TTX sensitive are more resistant to ATXs. 
The difference between the affinities of ATXs 
for Na + channels in sensitive or resistant cells 
is about lOO-fold. An important part of the 

work devoted to the analysis of the mechanism 
of action of ATXs on the heart has been carried 
out with chick embryonic cardiac cells in cul
ture using (a) electrophysiologic measurements 
with the simultaneous recording of contraction, 
and (b) measurements of 22Na + and 45Ca2+ 
flux. Results obtained with ATXs [83} indi
cate: (a) The toxin induces action potentials of 
long duration, a slowing of the beating rate, 
and a simultaneous increase in amplitude and 
duration of cardiac contractions. (b) The toxin 
maximally increases the rate of 22Na + and of 
45Ca2 + entry in ventricular cells by a factor of 
about 1. 5 and of 12, respectively. This effect 
is blocked by TTX, is dependent upon the ex
ternal Na + concentration, and is not seen when 
Li + replaces N a +; (c) A TX and veratridine 
work in synergy to stimulate both 22Na + and 
45Ca2 + influx. (d) ATX still induces contrac
tions when the slow cl + channel is blocked 
by verapamil, D-600 or Mn2+ (fig. 24-7A-C), 
but toxin-induced contractions are blocked in 
external Li+ (fig. 24-7C). All these results 
taken together indicate that the increase in am
plitude and duration of cardiac contractions 
caused by the toxin is most likely due (as for 
lipid-soluble toxins) to an indirect activation of 
the Na + _Ca2+ exchange system. Androctonus 
australis Hector scorpion toxins have probably 
the same mechanism of action since they also 
stimulate the rates of both 22Na + and 45Ca2+ 
influx into cardiac cells and since this stimula
tion is also inhibited by TTX [88} and synerg
ically increased by veratridine [85}. 

A polypeptide toxin isolated from the coral 
Goniopora spp. provokes inotropic effects that 
are suppressed by TTX [89}. The mechanism 
of the cardiostimulant action of this peptide is 
probably the same as for ScTXs and ATXs. 

A new category of polypeptide scorpion tox
ins has just been discovered [90}. They are ex
tracted from the venoms of scorpions from Cen
tral or South America such as Centruroides 
suffusus suffusus or Tityus serrulatus [91}. These 
toxins block the activity of Na + channels in 
muscle cells. Although their physiologic effect 
is, at first sight, similar to that of TTX or 
STX, their binding site is different. These tox
ins can be radiolabeled with iodine and their 
properties of associations with the Na + channel 
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FIGURE 24-7. Effects of ATX-II on cultured chick embryonic heart cells in the presence of verapamil, Mn2+ ions, and 
D-600. (A) Verapamil. (B) Mn2+. In each series of records, (a) control; (b) steady-state effect of blockers of the slow 
Ca2+ channel (note the suppression of contractibility); (c) after addition of ATX-II to the medium containing blockers 
of the Ca2 + channel (note the presence of contraction). (C) Suppression of the contraction induced by ATX-IJ in the 
presence of D-600 after external Na + replacement by Li +: (a) control; (b) steady-state effect of 1 JJ-M D-600 in Na + 

medium (note the absence of contraction); (c) after addition of 1 JJ-M ATX-II in the Na + medium containing 1 JJ-M D-
600 (the contraction reappears); (d) after complete replacement of external Na + by Li + in the presence of 1 JJ-M D-600 
and 1 JJ-M ATX-II (note the suppression of contractibility). Records in this figure display the usual traces for the zero 
voltage line for dV/dt (lower trace), for the action potential, and for the contraction (middle trace) represented by a 
downward deflexion. 

have been studied in detail. The dissociation 
constant of Tityus 'Y toxin with the Na + chan
nel in nerve cells or in the electric organ of 
Electrophorus electricus is as low as lO - 12 M {91}. 
There is a 1: 1 stoichiometry between receptors 
of Tityus or Centruroides toxins and TTX. More
over these polypeptide toxins discriminate be-

tween surface and T-tubular Na + channels in 
the muscle cell {90}. A study of these toxins 
on cardiac cells would be of a great interest. 
We have already demonstrated that there are 
binding sites for these toxins on chick embry
onic cardiac cells in culture. Interactions are 
strong since dissociation constants for the Ti-
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EPiERVATAMINE : R=C2H5; R'= H 

FIGURE 24-8. The structure of ervatamine and of epier
vatamine. 

tyus 'Y toxin-cardiac membrane interaction are 
near 15 pM, about 2 orders of magnitude lower 
than dissociation constants found for the TTX
Na + -channel complex (KD = 10M). 

TOXINS AS TOOLS TO STUDY THE 
DIFFERENTIATION OF CARDIAC 
Na + CHANNELS 

Most groups working on embryonic heart on
togenesis have observed that the maximum up
stroke velocity of the cardiac action potential 
and the susceptibility of both action potential 
and contraction to blockade by TTX increase 
during the embryonic development of the chick 
and rat heart {92, 93}. In early stages of devel
opment (both in vivo and in vitro), the inward 
current responsible for the rising phase of the 
action potential is a slow Na + current that is 
sensitive to 0-600 but not to TTX. The TTX
sensitive fast Na + channel appears at later 
stages of development. Electrophysiologic and 
biochemical studies using specific neurotoxins 
have shown (43) (a) that veratridine, BTX, 
ATX, and TTX receptors are present at the 
early stage when action potentials are insensi
tive to TTX; (b) that the fast Na + channel at 
this stage is in a nonfunctional (or silent) form 
which cannot be electrically activated, but 
which can be activated by the gating system 
toxins (veratridine, BTX, and ATX); and (c) 
that the transition from the early to the late 
stage of development corresponds both to the 

transformation of silent into functional chan
nels and to an increase of the density of chan
nels by a factor of 4-5. 

Silent Na + channels that are present but not 
physiologically expressed at the very early stage 
of embryonic heart ontogenesis are similar to 
those which have been found in fibroblasts 
(94}. 

OTHER TOXINS 

Ervatamine. Ervatamine is a toxic alkaloid 
(fig. 24-8) isolated from an Australian tree, Er
vatamina orientalis (95}. Analyses of the mech
anism of action of ervatamine and epiervatam
ine (a structural analogue 4-8 times more 
potent than ervatamine) on nervous prepara
tions {96, 971 have shown (a) that ervatamine 
and epiervatamin provoke a frequency-depen
dent block of the fast Na + channels; (b) that 
the two molecules inhibit the effects of veratri
dine, BTX, ScTXs, and ATXs on the Na + 

channel similarly to TTX; (c) that ervatamine 
and epiervatamine do not bind to receptors spe
cific for TTX, ScTXs, or ATXs; and (d) that 
the toxin alkaloids associate with the gating 
system of the Na + channel and are competitive 
inhibitors of BTX action, suggesting that the 
two classes of molecules have a common recep
tor site; epiervatamine and BTX have similar 
affinities for the Na + channel. 

Ervatamine blocks the action potential of 
cardiac cells without altering the resting poten
tial {98}. It inhibits the fast Na + current by 
binding to a single class of receptors (KD = 20 
J.LM). The inhibition is frequency dependent 
and ervatamine prolongs the rate of reactivation 
of the Na + channel. Ervatamine also inhibits 
the slow Na + channel which is seen in Ca2+ -
free solutions containing TTX as well as the 
slow Ca2 + channel (98}. 

Cardiotoxins. Although these toxins do not 
really belong to the family of natural com
pounds that are specific for ionic channels, it is 
useful to discuss them here mainly because of 
their name. Cardiotoxins form a family of sin
gle-chain toxic polypeptides of about 60 amino 
acids that are abundant in venoms belonging to 
snakes of the Elapidae family. Cardiotoxins 
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TABLE 24-1. A summary of the different classes of toxins acting on the Na + channel 

Toxin 

Tetrodotoxin (TTX) 
Saxitoxin (STX) 

Lipid-soluble molecules 
Veratridine 
Batrachotoxin (BTX) 
Aconitine 
Grayanotoxins (GTXs) 

North American or North African scorpion 
toxins (ScTXs) 
Androetonus australis Hector (toxin II) 
Leiurus quinquestriatus 
Buthus Eupus 

Polypeptide toxins from sea anemone 
(ATXs) 
Ammonia sufcata (toxins II and V) 
Anthopheura xanthogrammiea (toxins I and 
II) 

Central or South American scorpion toxins 
Centruroides sui/usus suffusus (Css-II) 
Tityus serrulatus (Tityus -y) 

Pyrethroids 

Physiologic effect 

Blocks Na + currents 

Causes persistent activation 
of Na + channels 

Specifically slows Na + 

current inactivation 

Blocks the early Na + 

current 

Modifies the closing of fast 
Na + channels 

References 

3, 21 

34,35,37, 38,42,44,49 

63, 65-67 

68, 73-75, 86 

77, 90, 91 

105, 106 

have extensive sequence homologies with snake 
neurotoxins that block nicotinic receptors 
[99}. 

This class of miniproteins is called cardiotox
ins because they provoke systolic arrest in iso
lated heart preparations and death by ventricu
lar fibrillation when administered to animals. 
Cardiotoxins bind to a lipid type of receptor 
structure [l00, 101}, provoking spectacular 
morphologic changes in membranes [102}. 
They affect various kinds of cells, both excita
ble and nonexcitable, causing irreversible de
polarization and consequently impairing both 
the structure and function of the cells. The 
structural rearrangement that follows binding 
to essentially negatively charge lipids leads, 
among other things, to irreversible destruction 
of the Na+ ,K+ -ATPase [l0l}, but also of 
ionic channels (Romey, personal communica
tion). Most cardiotoxin preparations contain 
traces of phospholipases [102} and the mem
brane effects that are seen are often due to the 
synergistic action of these two classes of pro
teins [l02}. 

Palytoxin. Palytoxin has been isolated from 
zoanthids of the genus Palythoa [103}. This 
molecule is the most potent marine toxin yet 
isolated. It inhibits phasic tension production 
and initiates tonic contracture in isolated paced 
ventricle strips at concentrations of about o. I 
oM. Palytoxin-induced contracture is associ
ated with 45Ca2+ uptake [l04}. The mecha
nism of action of this toxin is still unknown. 

FIGURE 24-9. The structure of apamin from bee venom. 
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Summary and Conclusions 
Most of the known natural cardiotoxins are also 
active on nerve and skeletal muscle and are spe
cific for the fast Na + channel of the heart cell. 
Their mechanism of action and the available in
formation concerning their receptor sites put 
them in three main different classes: (a) TTX 
and STX; (b) veratrum alkaloids, aconitine, 
BTX and GTXs; and (c) polypeptide toxins 
from some scorpion venoms and from sea 
anemone and coral venoms. Through their ac
tion on the fast Na + channel these toxins can 
either block contraction, produce positive ino
tropic effect and spontaneous contractions, or 
induce arrhythmia and cell fibrillation. Pyreth
roids (a new generation of insecticides) are an
other class of molecules acting on the fast Na + 
channel {lOS, 106} which deserve study as pos
sible cardiotoxins. A summary of the different 
types of toxins active on the Na + channel is 
presented in table 24-1. 

Other natural cardiotoxins include ervatam
ine, which essentially acts as a local anaesth
etic; snake cardiotoxins, which are in fact cy
totoxins; and palytoxin, which has not yet been 
studied in sufficient detail to ascribe a func
tion. 

There is no natural toxic compound available 
that is specific for other ionic channels, like the 
classic K + channel or the slow Ca2+ channel, 
that are important for the cardiac action poten
tial and the excitation-contraction coupling. 
The present pharmacology of these channels has 
been defined using compounds like TEA, ami
nopyridines, D-600 verapamil, nitrendipine, 
and analogues {l07-109} which are not natural 
substances, which in many cases are not abso
lutely specific for a given channel, and which 
in general do not act at very low concentrations 
with the exception of the nitrendipine ana
logues. Only nitrendipine and its analogues 
look promising for the analysis of the proper
ties of the Ca2+ channel at the molecular level 
{lOB, 109}. The discovery of natural toxins 
specific for the slow Ca2 + channel, for the 
Na + _Ca2 + exchange system, or for other chan
nels involved in the pacemaker mechanisms 
would be of a considerable interest. 

One polypeptide toxin extracted from bee 
venom has been shown recently to be active on 

the Ca2+ -dependent K + channel of nerve, skel
etal muscle, and smooth muscle cells {1I0}. 
This toxin, called apamin (fig. 24-9), forms 
very tight interactions with the Ga2 + -depen
dent K + channel (Ko = 15-20 pM). Because 
of the importance of the Ca2 + -dependent K + 

channel in the generation of a repetitive elec
trical activity in many excitable cells {Ill, 
112} and because of the importance of the 
channel in linking cellular Ca2 + metabolism to 
membrane polarization, apamin will certainly 
become a tool as widely used as TTX itself. 
There is therefore an urgent need to test this 
toxin on a variety of cardiac preparations. 
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Introduction 
The myocardial cell hypertrophies in response 
to a sustained increase in workload. Increased 
workload can result from factors including: 
pressure overload due to ventricular or systemic 
hypertension; volume overload because of an 
A V fistula, other defects in the heart pump, or 
hypervolemia; sustained increase in heart rate. 
It can be subsequent to regional damage 
brought abour by acute or chronic ischemia and 
infarction, by nutritional and hormonal distur
bances, and by dynamic {l} and isometric ex
ercise {2}. There are numerous physiologic 
changes concomitant with and perhaps associ
ated with hypertrophy of the myocardial cell. 
These include mechanical, biochemical, struc
tural and ultrastructural, and most recently de
scribed, electrophysiologic alterations. The no
tion has developed that hypertrophy is 
compensatory, allowing the heart to meet the 
increased workload, and that cardiac failure en
sues if hypertrophy is insufficient [3, 4]. The 
literature on hypertrophy and failure is exten-
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sive. This review will be limited to an exami
nation of changes occurring in a common (and 
the most studied) form of hypertrophy, i.e., 
that provoked by pressure overload. We de
scribed the electrophysiologic changes associ
ated with this form of hypertrophy and con
sider pertinent mechanical, structural, and 
biochemical data which are concomitant and 
may be related to the electrical changes. We 
will refer to other models or to naturally occur
ring disease-induced hypertrophy when they re
flect areas of special significance or pertinence. 
The interested reader is directed to several re
cent reviews of biochemical changes in the 
myocardium during hypertrophy, including 
those of Rabinowitz and Zak {5}, Wikman
Coffelt et al. {4}, and Zak and Rabinowitz {6}. 

Structural Changes in Hypertrophy 
A number of studies have focused on the ultra
structural and structural changes occurring in 
dilated and hypertrophic heart to determine 
whether such changes can provide at least a 
partial explanation for altered contractile prop
erties. Clearly, there are changes in sarcomere 
length and sarcomere banding patterns, includ
ing slippage of fibrils and an increase in mass, 
i.e., enlargement of the cross-sectional area of 
muscle cells, in myocardial hypertrophy {n 
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This enlargement reflects changes in a number 
of subcellular structures and compartments in
cluding those involved in excitation and exci
tation-contraction coupling such as: the sarco
lemma and T tubules, the interstitial "extra
cellular space", the sarcoplasmic reticulum, 
and the mitochondria, the "energy source" 
for establishing and maintaining the ionic 
concentration gradients required for excitabil
ity IS}. 

The myocardial cell can double in size dur
ing hypertrophy. The increase in sarcoplasmic 
volume is associated with a high degree of 
vesiculation of the sarcolemmal membranes 
{7}. These sarcolemmal vesiculations have been 
described as "cardiac villi" or arcade-like diver
ticulae. Multiple pinocytotic vesicles are seen 
in close approximation to either surface of the 
sarcolemmal membranes and may reflect the 
need of the hypertrophied cell for an increased 
membrane surface area. Mitochondria tend to 
congregate near the sarcolemma, suggesting 
that there are energy-dependent transport pro
cesses occurring at or near the surface mem
branes during hypertrophy {9}. 

Less is known about hypertrophy-induced 
changes in the intercalated discs which contain 
the structures permitting the cardiac impulse to 
conduct from cell to cell through low-resistance 
pathways. Apparently in response to prolonged 
exercise, which is known to increase heart size 
and myocardial cell mean diameter, there is an 
alteration in intercalated disc structure {7}. 
There are focal increases of up to five times nor
mal in the width of the intercellular gap junc
tion of the intercalated disc, and vesicles exhib
iting a moderately dense matrix appear in the 
gap region. The vesiculation serves to increase 
both the volume and surface area in the inter
cellular gap region believed to be involved in 
intercellular transfer of ions and cell-to-cell 
communication. Whether these focal increases 
in the width of the gap junction affect either 
impulse conduction or contraction has not been 
clarified. Data are available which suggest that 
some dissociation of intercalated discs in hu
man hearts occurs with mitral stenosis, congen
ital heart disease, myocardial fibrosis {lO}, and 
idiopathic cardiomyopathy {Il}. The qualita
tive and quantitative correlation of dissociation 

of the intercalated discs in hypertrophy to elec
trophysiologic disturbances in such hearts re
mains to be fully elucidated {12}. 

Numerous studies have demonstrated that 
hypertrophy is characterized by an increase in 
the number of mitochondria in the myocardial 
cell. There is some controversy with respect to 
the ratio of the myofibrils to mitochondria. It 
has been suggested that hypertrophy evokes an 
increase in the relative amount of contractile 
material to be supplied with energy by the mi
tochondria such that an imbalance of energy re
lationships may develop {l3}. This matter is 
not entirely clear because some studies fail to 
show a change in the ratio of these two struc
tures {7}. The mitochondria of hypertrophied 
hearts are said to be slightly larger than those 
of nonhypertrophied hearts, and there are in
dications that there are differences in their in
ternal ultrastructure. Mitochondrial degenera
tion is evident in end-stage hypertrophy and 
idiopathic cardiomyopathy {ll}. While there 
are indications that mitochondrial function is 
altered in hypertrophy, the relation of changes 
in energy "status" to concomitant electrical and 
contractile changes is unclear. 

Dilatation of the transverse tubule (T tubule) 
system has been noted in a number of studies 
on hypertrophied hearts. A similar dilatation 
has been noted in anoxic, hypoxic, and isch
emic hearts [7}. Several studies have shown 
that during hypertrophy the T -system develops 
markedly, dilating [l4} as well as enlarging 
longitudinally. In clinical cases of idiopathic 
cardiac hypertrophy with or without muscular 
aortic stenosis, the T tubules are particularly 
enlarged and expanded; enlargement is longi
tudinal and often proceeds to the intermediate 
sarcolemma {1I, I4}. The appearance of a fine 
granular material within the T tubules has also 
been noted [7}. The significance of these 
changes in ultrastructural morphology with re
spect to changes in function associated with hy
pertrophy remains to be elucidated. To this 
end, several models have received attention. 

The rat heart has been used for numerous 
studies of myocardial mechanical and, more re
cently, electrical alterations in hypertrophy (see 
below). Therefore, the concomitant changes in 
cellular anatomy and ultrastructure are of inter-
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est. A particularly detailed examination of 
pressure-overload-induced changes in the pro
portions and absolute amounts of the various 
structures that make up rat ventricular cells has 
been carried out by Page and McCallister [I3} 
using a quantitative morphometric approach. 
Pressure-overload-induced hypertrophy was pro
duced by partial constriction of the ascending 
aorta with a silver band. As a result, there is 
left ventricular systolic hypertension and the 
progressive increase in the size of the myocar
dial cells. It is clear that, ten or more days after 
constriction of the aorta, the fraction of cell 
volume made up of myofibrils is uniformly in
creased while the fraction of cell volume made 
up of mitochondria shows a significant de
crease. This suggested that the energy-produc
ing organelles may be diminished relative to 
the contractile apparatus, and this may some
how be related to the ultimate development of 
heart failure. Microchemical assays of pressure
overloaded left ventricles of rats confirmed the 
results obtained by the quantitative morphom
etric analyses using electromicrographs. As 
noted previously, similar observations have 
been made in other animal models. 

Changes in the external sarcolemma and T 
systems have also been documented. The cross
sectional diameter and area, and thus volume 
of hypertrophied cells, increase. By virtue of 
their larger diameter and volume, the hypertro
phied myocardial cells have a smaller surface
area-volume ratio, i.e., the ratio of external 
sarcolemmal membrane area per unit of cell 
volume, falls as cell size increases. It has been 
suggested that the ratio change may affect the 
hypertrophic cell's ability to maintain homeo
stasis because of the increased demand on the 
plasma membrane portion of the external sar
colemmal envelope to perform vital functions 
including uptake of metabolic nutrients from 
the blood and interstitial spaces, outward 
transport of waste products and metabolic in
termediates into the interstitial spaces and 
blood, and, finally, movements of ions associ
ated with electrical excitation. However, Page 
and McCallister have suggested that the pres
sure-overloaded hypertrophied rat ventricular 
cell compensates for the decrease in surface
volume ratio by increasing the area of the 

plasma membrane lining the T-system. As the 
cell expands in diameter, additional T -system 
membrane is generated so that the ratio of sar
colemmal membrane that encloses both the ex
ternal and internal cell volume remains con
stant. As a result the cell becomes honey
combed with T -system channels containing a 
fluid presumed to have the composition of ex
tracellular fluid. 

Wendt-Gallitelli and Jacob [I5} used elec
tron-microscopic investigations to evaluate the 
morphologic changes in heart tissue of Gold
blatt rats during the compensatory stage of 
gradually provoked pressure-induced cardiac 
hypertrophy. They observed a marked increase 
in myocardial cell size within the first four 
weeks after renal artery coarctation; particularly 
evident was an enlargement of the T -tubule 
system. The observation that the transverse tu
bular system and the sarcoplasmic reticulum 
increase in parallel with the enlarging cell vol
ume and myofibrillar mass agrees with the re
port by Page and McCallister [I3}' Also using 
aortic constriction, Goldstein et al. [l6} de
scribed ultrastructural changes in the left ven
tricle resulting when aortic constriction in the 
rabbit was gradually imposed. Distortions of 
the intercalated discs and widening of the Z 
bands were noted. The significance of these 
changes with respect to the changes in electri
cal activity noted by Aronson [I7} in the Gold· 
blatt rat model is considered below. 

The nature of the stimulus provoking en
largement of the T-tubular space is unclear. 
Acute exercise, anoxic cardiac arrest, and isch
emia produce T-tubule enlargement [I8}. 
Transmitter-induced efflux of Cl- produces T
tubule dilation in crayfish skeletal muscle, and 
it is known that intracellular CI- activity (afl) 
decreas~s significantly in skeletal muscle during 
exhaustive work (see Tomanek and Banister 
[I8} for a review). A number of papers (e.g., 
Horwood and Beznak [19}) document myocar
dial fluid and electrolyte shifts after imposition 
of aortic coarctation, but whether an efflux of 
cellular CI- occurs in the chronically pressure
overloaded hypertrophied ventricle IS not 
known. 

Anversa et al. [20} and Weiner et al. [21} 
have, in interesting and significant studies, ad-
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dressed the morphometry of cardiac hypertro
phy induced by experimental renal hyperten
sion by evaluating endocardial and epicardial 
myocytes in the left ventricle of normal and hy
pertensive rats. In the normal ventricle, endo
cardial regions contain 30% more myocytes, 
27% less interstitial space, 48% less capillary 
volume, and 17% less capillary surface than epi
cardium, while the same capillary length per 
unit of tissue volume occurs in both regions. In 
terms of the relative and absolute volumes and 
surface areas of their organelles, the cyto
plasmic composition of normal endocardial and 
epicardial myocytes are nearly identical. In 
contrast, after 1-4 weeks of hypertension in
duced by renal arterial constriction, endocardial 
myocytes enlarged 26%, whereas epicardial 
myocytes enlarged 37%, although the number 
of myocytes and total length of capillaries re
mained constant in both areas. In the epicardial 
region of the interstitial volumes increased pro
portionately while in the endocardium there 
was a disproportionate 55% increase in inter
stitial components. Expansion of capillary lu
mens accounted for much of the interstitial en
largement throughout the myocardium {22}. 
Hypertrophy of myocytes in the epicardial re
gion was accompanied by a reduced mitochon
drial-myofibril ratio and proportionately large 
increases (two- to threefold) in both smooth en
doplasmic reticulum and T -system volume and 
surface area. Thus, on a cellular basis, the mor
phometric characteristics of myocytes from hy
pertensive rats are significantly different from 
normal, and significant differences occur be
tween the inner and outer layers of the myocar
dium. In this vein, it is interesting that fibrosis 
induced clinically or experimentally by aortic 
stenosis or coarctation is greatest in the suben
docardial region where presumably blood sup
ply is less (relative to subepicardium) (23}' 
Gulch {24} believes cell location (endocardial 
vs epicardial) during pressure overload to be a 
factor in determining the degree of action po
tential changes associated with hypertrophy 
(see below). 

In summary, it appears from detailed ultra
structural srudies primarily done in the rat 
heart that the surface area of the cardiac cell 

increases during hypertrophy. This is accom
panied by an increase in the apparent surface 
area and volume of the T -tubule system. The 
total area including the area contiguous with 
the cell surface and the area in abutment with 
the sarcoplasmic reticulum are increased. This 
suggests that the modification of the T -tubule 
system may reflect, in part, an adaptation in
tended to maintain normal excitation-contrac
tion coupling mechanisms in the cells. In other 
words, it has been suggested that the marked 
development of the T -tubule system during hy
pertrophy serves a useful purpose because, 
through these canals which penetrate the cell 
interior, the action potential can "reach" effi
ciently into the depths of the enlarged cell, and 
also the luminal membranes of the T -tubule ca
nals may serve as carriers of cations, especially 
Ca2 + 

Numerous studies have documented bio
chemical changes in the hypertrophied heart. 
These include alterations in protein synthesis 
{25-27} including myosin {28}; decrease in 
myosin-ATPase activity {29} which may relate 
to alterations in myosin isoenzymes {30} and 
myosin cross-bridge cycling {31} which in turn 
affects maximum velocity of isotonic shorten
ing; heat production {32}; energy pathways 
{33}; collagen content {34}; and its distribu
tion {35}; and DNA synthesis {36}. 

Stimulus to Hypertrophy 
The biochemical nature of the stimulus to hy
pertrophy as well as the phenomenon of hyper
trophy and its reversibility have been consid
ered by various researchers. It has been 
suggested that these events may be incited by 
cyclic-AMP changes mediated by norepineph
rine or pressure per se, perhaps by fiber stretch. 
The stimulus may act directly on the myocar
dial nucleus, or may act indirectly by the fol
lowing sequence of events: cl + from the sar
coplasmic reticulum may increase cyclic AMP 
and protein phosphorylation. This immediate 
elevation of cyclic AMP and its effect on pro
tein phosphorylation would increase protein 
synthesis, whereas decreased cyclic AMP would 
cause decreased protein synthesis. Thus, nu-
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clear cyclic AMP, which has been shown to 
control the synthesis of selective proteins in 
several types of tissues, may be an important 
regulating factor in the hypertrophy process, 
but this hypothesis has not been proven. 

Meerson [3} has described three states of 
ventricular hypertrophy in the mammalian ven
tricle after chronic partial aortic or pulmonary 
artery occlusion. Stage 1 is a period of devel
oping hypertrophy often with contractile dys
function. Stage 2 is a stable phase of hypertro
phy with "normal or even enhanced con
tractility". During stage 3, the hypertrophied 
heart demonstrates gradual contractile impair
ment and eventually "failure". Hatt et al. [37} 
have reviewed the structural characteristics of 
hypertrophy in terms of Meerson's scheme and 
have found that degenerative changes are more 
frequent when the load is more severe [38}. 

The biochemical and structural factors re
lated to the development of physiologic (stage 
1) vs pathologic hypertrophy (stage 2) have 
been reviewed recently by Wikman-Coffelt et 
al. {4}. They note that there are a number of 
major determinants; which include the degree 
of ventricular wall stress, the duration of such 
stress, and the nature of the inciting stimulus, 
the specific ventricle affected as well as the spe
cies, age, and health of the animal. Most in
ducers of hypertrophy appear to initiate the 
process by a common mechanical-biochemical 
coupling mechanism. The work overload causes 
an increased wall tension and pressure on the 
myocardial cells, and stretches the muscle fi
bers. Perhaps mediated or modulated by nor
epinephrine release, the stretch and associated 
increased strain in the fibers augments RNA 
transcription and protein synthesis, perhaps via 
the cyclic-AMP mechanism previously dis
cussed. Then, depending on the severity of the 
workload, secondary factors such as increased 
tissue Pco2 may determine whether the heart 
can adjust to an elevation in workload by de
veloping the characteristics of either physio
logic or pathologic hypertrophy, i. e., does the 
force developed during cont:raction remain the 
same or even increase, or does a major defi
cit in ventricular function and contractility 
ensue? 

Electrical and Mechanical 
Alterations in Hypertrophy 
During the past two decades, a number of in
vestigators have quantified myocardial contrac
tility using isolated ventricular muscles from 
normal hearts of mammals. The effects of drugs 
and changes in the extracellular ionic environ
ment on both the electrical and mechanical 
properties of normal myocardial muscles have 
been delineated. In addition, the temporal 
stages of contractile function during pressure 
overload (ventricular systolic hypertension) 
have been studied and found to vary both with 
the degree and duration of pressure overload, 
and the species of animal used. 

Several groups have established that chronic 
pressure overload of the right ventricle without 
cardiac failure (via sudden imposition of partial 
pulmonary artery occlusion) results in a depres
sion in the force-velocity relationship of iso
lated feline right ventricular muscles studied in 
vitro [39, 40}. The active force and the maxi
mum rate of development of force are reported 
to be reduced in such hypertrophied muscles 
{41}, and there are significant differences in the 
force-interval relation as demonstrated by 
changes in the responses to altered rhythms in
cluding postextrasystolic potentiation {42, 43}. 
Time-dependent factors involved in contractile 
function during right ventricular systolic hy
pertension were recently emphasized by Wil
liams and Potter [43}. They demonstrated that 
the active length-force relation, maximum rate 
of force development during the twitch, and 
force-velocity relations of right ventricular 
muscles are significantly depressed six weeks af
ter pulmonary artery occlusion; however, these 
variables reverted toward normal within 24 
weeks after occlusion. Only the time to peak 
force remained slightly elevated. Cooper et al. 
[44} have produced right ventricular hypertro
phy by a nonacute progressive overload, and 
documented depressed velocity of shortening 
and active force while time to peak force is pro
longed. Recent studies have indicated an in
crease in passive stiffness of hypertrophied right 
ventricular papillary muscles from cats with 
pulmonary artery constriction [45, 46}. 

An important advance toward understanding 
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the pathophysiology of hypertrophic heart 
was development of pressure-overload-induced 
chronic cardiac failure in a cat model. Spann et 
al. [39} clearly demonstrated that active force 
and the force-velocity relation were markedly 
decreased in right ventricular muscles isolated 
from cats with overt chronic right heart failure 
(Meerson, stage 3 of depressed contractility). 
The contractility of the intact right ventricle of 
cat was also found to be depressed [47}. 
Depression of active force has been confirmed 
by other workers [48}. 

Most of the early studies of the electrophysi
ologic effects of pressure-overload-induced hy
pertrophy also have involved the cat model of 
right ventricular hypertrophy induced by par
tial occlusion of the pulmonary artery; these 
studies have been the source of a variety of data 
showing changes in the cellular action poten
tial. Although Kaufmann et al. [40} reported 
no differences in the electrophysiologic proper
ties of normal vs hypertrophied papillary mus
cles despite decreased velocity of shortening, a 
later study by the same group revealed pro
longed action potentials, decreased resting po
tential, and reduced upstroke velocity after 
three weeeks of exposure to pressure overload 
[49}; however, no contractile data were re
ported in this latter study. 

An acutely (1-3 h) imposed elevation to two 
times normal systolic pressure in the right ven
tricle of cats during partial pulmonary artery 
occlusion had no effect on action potential con
figuration (Bassett et aI., unpublished observa
tions). However, cats in a slightly less early 
stage of hypertrophy (three days after partial 
banding of the pulmonary artery and without 
congestive heart failure) can exhibit action po
tentials with a rather depressed voltage during 
the plateau phase [50}; the plateau voltage 
depression was associated with a decrease in ac
tive force and rate of force development and in
creased time to peak force. Although indices of 
contractility remained depressed, the action po
tential appeared to normalize after 21 days 
with no marked difference discernible between 
action potentials from sham controls and those 
from banded hearts after 90 or more days ex
cept for a slight increase in the time for 70% 
repolarization [51}. In contrast, Ten Eick et al. 

[52} reported that in specimens of right ventri
cle, hypertrophied by the identical banding 
procedure performed in Bassett's laboratory 5-
7 months prior to study, plateau voltage was 
depressed and action potential duration was 
significantly prolonged. These latter results 
suggested that the action potential changes do 
not return to normal in time, but rather they 
can persist for at least 5-7 months following 
the initiation of pressure overload. Ten Eick 
and Bassett then considered possible reasons for 
the apparently conflicting results. Bassett and 
Gelband's [50, 51} data for 1IO-day banding 
were obtained from right ventricles that were 
only mildly to moderately hypertrophic, 
whereas Ten Eick et al. 's data [52} were ob
tained on severely hypertrophied right ventric
ular free walls. The two studies also employed 
slightly different experimental protocols. Gel
band and Bassett [48} examined the action po
tentials at a single stimulus rate of 30/min 
while Ten Eick et al. [52} used several stimu
lus rates ranging from 12 to 240 beats/min. In 
collaboration, Ten Eick and Bassett [53} there
fore examined the possibilities that the magni
tude of the changes in the action potential were 
determined by either the severity of the hyper
trophy or by the stimulus rate. What they 
found was that the more hypertrophied the 
right ventricle, the greater was the depression 
of the plateau and the more prolonged was the 
action potential duration. When a stimulus 
rate of 30/min was used in mildly hypertro
phied papillary muscle, however, the action 
potentials were indistinguishable from normal 
except for a very slight decrease in the repolar
ization rate during phase 3. This finding sup
ports Bassett and Gelband's [51} earlier data. 
Interestingly, even in mildly hypertrophic 
preparations, when stimulated at rates of 60 
beats/min or greater it was possible to detect 
some prolongation of the duration associated 
with a slowing of the repolarization rate during 
phase 3. In the mildly hypertrophied case, un
der these conditions of more rapid stimulation, 
plateau voltage may have been slightly de
pressed; but at slower stimulus rates, the pla
teau voltage was either unchanged or even 
slightly more positive than normal. In moder
ately and severely hypertrophic specimens, at 
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all stimulus rates plateau voltage was de
pressed, repolarization rate during phase 3 was 
slowed and duration was increased, particularly 
during the latter portion of phase 3. The pla
teau depression was about 5-8 m V, ranging 
from 4 to as much as 15 mY. The implications 
of such a change in plateau voltage with regard 
to depression of cardiac contractility will be 
discussed later. The recent results reported by 
Ten Eick and Bassett [53, 54} therefore, con
firm the earlier results reported by these work
ers and indicate (a) the changes in the action 
potentials of cat heart subjected to pressure 
overload do not normalize with time, but 
rather persist; (b) the changes become more in
tensified as the severity of the right heart hy
pertrophy becomes more severe; and (c) the ex
tent of the changes are more evident at heart 
rates of 60/min or more than at slower rates. 

Regional variations in the transient depres
sion of the plateau voltage in cat right ventric
ular pressure overloaded for three days also have 
been documented [55, 56}. The regional varia
tions in the action potential changes also per
sist as they can be found in cat heart after pres
sure overload for 5-7 months [54}. Regional 
variation is not restricted to the cat model. 
Aronson (57} has indicated that action poten
tials recorded from endocardial and epicardial 
sites in the Goldblatt rat model of hypertrophy 
also have a much wider variation in action po
tential configuration than in normal rat heart. 

In another study using cats with cardiac fail
ure 1-3 days after pulmonary artery banding, 
Gelband and Bassett (48} noted decreased rest
ing potential, overshoot, and upstroke velocity 
with impaired conduction and lengthened ac
tion potential duration. 

Right ventricular hypertrophy induced by 
partial pulmonary artery constriction in the 
rabbit (58, 59} is associated with decreased ve
locity of shortening, decreased rate of force de
velopment but without change in active force, 
and an increase in the time to peak force. In an 
electrophysiologic study of long-term (21-39 
weeks) pressure overload induced by pulmonary 
artery or aortic constriction, also in rabbits, 
Konishi [60} reported no change in ventricular 
resting potential and action potential duration 
and amplitude; contractile properties were not 

measured. However, inspection of his data re
veals a depression in action potential plateau 
voltage similar to that noted by Ten Eick et al. 
[52-54}. We are unaware of any other studies 
defining the electrophysiologic effects of left 
ventricular systolic hypertension and hypertro
phy induced by aortic constriction. However, 
using a rabbit volume-overload model of ven
tricular hypertrophy produced by experimen
tally induced hyperthyroidism, Sharp [61} 
has recently reported depression of the plateau 
voltage and slowing of repolarization during 
phase 3. 

Recently, Cameron et al. (submitted for 
publication) have characterized several cellular 
morphologic and electrical abnormalities occur
ring in cats with partial supracoronary aortic 
constriction that may underlie the associated 
incidence of lethal cardiac arrhythmias [62}. In 
situ, during or after vagally induced slowing of 
sinus rate, premature ventricular depolariza
tions occurred in eight (26%) of the 31 exper
imental animals and three of the 3 1 developed 
ventricular fibrillation. In contrast, arrhyth
mias during vagally induced sinus slowing 
were not observed in 31 normal or seven sham
operated cats. Left ventricular endocardial fi
brosis and connective tissue infiltration were 
found in most aortic-banded cats. During stim
ulation of isolated left ventricular specimens at 
cycle lengths of 630-1000 ms in tissue bath, 
subendocardial muscle cells within fibrotic re
gions elicited heterogenous electrical abnormal
ities. Included were action potentials with 
shorter-than-normal duration, low-amplitude 
action potentials generated by cells with low 
resting potentials, stepped or fragmented up
strokes, as well as electrically silent areas. The 
electrical abnormalities were concentrated near 
the interfaces between fibrotic and morpholog
ically normally appearing tissues. Cells exhib
iting abnormal action potentials were inter
spersed with other having normal activity. The 
durations of randomly sampled action poten
tials recorded from left ventricular myocardium 
outside of patchy fibrotic areas were prolonged. 
Overall, the findings in the nonfibrotic tissues 
were quite similar to those of Ten Eick et al. 
[53, 54} obtained from hypertrophic right ven
tricular myocardium of cat. 
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The electrophysiologic changes brought 
about by pressure overload of the rat left ven
tricle have been studied by several groups, no
tably Aronson (17}, Gulch et al. (63}, and 
Gulch (24, 64}. Capasso et al. (65} have re
cently reviewed the electrical and mechanical 
physiologic alterations in the hypertrophied rat 
heart. When left ventricular hypertrophy is 
gradually induced by renal hypertension, devel
oped tension increases [65-68} or remains un
changed [65}, time to peak tension increases 
(24, 65-68}, maximum velocity of shortening 
decreases [65-67}, and action potential dura
tion (17, 24, 63} invariably seems to increase 
without significant changes in resting poten
tial, amplitude of action potential overshoot, or 
maximum rate of rise of the action potential 
upstroke. Moreover, Gulch et al. (63} observed 
that the prolongation of action potential dura
tion became more marked as the degree of hy
pertrophy became more severe. Again, the 
changes in cellular electrical activity in the hy
pertrophic rat heart are qualitatively rather 
similar to those seen in the hypertrophic cat 
right ventricle (53, 54}. 

Studies of the mechanical properties of rat 
left ventricle during hypertrophy induced by 
aortic constriction have reported a decrease in 
developed force (42} or no change [69-72}, an 
increase [65, 70} or no change (42, 72} in time 
to peak force, an increase in time to peak short
ening (70}, and a decrease in the velocity of 
shortening [42, 69, 71}. Gradual pulmonary 
artery constriction in young rats also can pro
duce significant hypertrophy with no impair
ment of force-generating properties or shorten
ing velocity [73}. None of these latter studies 
included data on electrical properties. 

Lengthening of action potential duration in 
rat and cat is not restricted only to hypertrophy 
induced by pressure overload. Tibbits et al. 
[74} noted that left ventricular papillary mus
cles from female rats run on a treadmill had 
altered electrical and mechanical properties 
when they were studied in tissue bath. Muscles 
from the trained rats generated greater peak 
isometric twitch tension per unit cross-sec
tional area than the control group. At the same 
time, while the action potentials were un
changed with respect to resting potential, ac-

cion potential amplitude or overshoot, and 
APD9o , there was a significant prolongation of 
the action potential measured as time to repo
larize to - 50 mY. These investigators sug
gested that the treadmill exercise might cause 
an adaptation in the sarcolemma which in
creases Ca2 + "availability" to the contractile 
proteins. The differences between the changes 
in the mechanical properties induced by exer
cise and those induced by pathology make it 
difficult to assess these findings. 

In the rat, renovascular hypertension pro
duced by unilateral renal artery occlusion is a 
stable model of progressive ventricular pressure 
overload which takes two weeks to develop and 
is associated with a 50% increase in heart 
weight, no loss in body weight, and no signs 
of congestive heart failure. Using this model, 
Capasso et al. [65} report resting muscle com
pliance is unaltered by hypertrophy. Others 
have reported a decreased distensibility 24 
weeks after renal occlusion in the same model 
[67, 75} which may be related to an increase 
in cardiac collagen content [7 6}. However, the 
renal hypertensive rat model of gradually in
duced myocardial hypertrophy does not appear 
to develop a phase of severe cellular damage 
and loss of myocardial contractility. Thus, the 
phase 1 stage of hypertrophy (depressed contrac
tility with suddenly imposed overload) de
scribed by Meerson [3} may not be applicable 
to all models. 

Hayashi and Shibata [n} examined ventric
ular muscle action potentials in spontaneously 
hypertensive rats. Again, the transmembrane 
action potential was significantly longer in such 
hearts, but there were no significant differences 
in resting potential, action potential, ampli
tude overshoot, conduction velocity, and repo
larization rate. These data have been confirmed 
by Heller [78} and Heller et al. [79}. Addi
tionally, Heller [78} has demonstrated prolon
gation of ventricular action potentials in rats 
made hypertensive with deoxycorticosterone ac
etate when compared to those in control rats, 
and evaluated contractions and aftercontrac
tions in papillary muscles from rats with spon
taneous hypertension and cardiac hypertrophy 
[72, 78}. Although electrical studies were not 
done in the latter experiments, it was noted 
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that in the rats with myocardial hypertrophy 
the after contractions were larger than in their 
respective controls. Additionally, the mechani
cal refractory periods increased as the duration 
of hypertension increased. 

Aronson [57) has examined, using the renal 
hypertensive rat model, oscillations in mem
brane potential which have been termed a/ter
de polarizations [80, 81) or afterpotentials. He re
ported that afterpotentials can be induced in 
hypertrophied rat myocardium selectively. 
Three kinds of afterpotentials were observed: 
early afterdepolarizations, delayed afterdepolari
zations, and early afterhyperpolarizations. The 
first two types could give rise to triggered 
spontaneous activity while the third does not. 
Delayed afterdepolarizations were induced in 
hypertrophied muscles exposed to high Ca2 + , 
while early afterdepolarizations occurred in hy
pertrophied fibers exposed to tetraethylammon
ium (TEA). Neither of these treatments pro
duced afterpotentials in normal myocardium. 
The delayed afterdepolarizations became larger 
when the stimulation frequency, number of 
preceding beats, or external Ca 2 + concentration 
was increased. The interval coupling the up
stroke of the last driven action potential to the 
positive-going peak of the delayed afterdepolar
ization decreased when the stimulation fre
quency or number of preceding beats was in
creased. This suggests that the afterpotentials 
and the associated triggered activity seen in the 
pressure-overloaded myocardium may be im
portant factors underlying arrhythmia in these 
hearts. Spontaneously occurring afterpotentials 
and aftercontractions [72, 78) may be related, 
but this is not clear. 

Keung and Aronson (82) showed that the 
ventricular hypertrophy induced by renal hy
pertension in rats which is associated with a 
generalized lengthening of the action potential 
duration also causes a reproducible decrease in 
T-wave magnitude. The change in T-wave con
figuration of the ECG may result from a differ
ence in the duration of endocardial and epicar
dial action potentials. This notion is supported 
by a good correlation between cellular epicar
dial-to-endocardial repolarization gradients (as 
measured by action potential duration in iso
lated muscle preparations) and the change in T-

wave morphology associated with cardiac hy
pertrophy (83). 

There are few data defining the electrophysi
ologic properties of cardiac tissue from humans 
with cardiomyopathies, but action potentials 
recorded from ventricular tissue taken from the 
heart of a 42-year-old female with hypertrophic 
cardiomyopathy have been reported to have 
longer durations than action potentials re
corded from "normal" papillary muscles taken 
from patients undergoing mitral valve replace
ment [84}. While this finding has been gener
ally confirmed by Singer and Ten Eick and 
their co-workers, the changes in cellular elec
trical activity in hypertrophic diseased human 
heart are much more extensive and intensive 
than that described by Coltart and Meldrum 
(84). The electrophysiologic changes observed 
in diseased human ventricle were recently re
viewed by Singer et al. (85) and Ten Eick et 
al. (86). The interested reader is referred to 
these two articles. 

Of interest is the fact that, as in the case of 
the exercised rats (74), the right atrial mono
phasic action potential obtained during cardiac 
catheterization increases in amplitude and du
ration after physical training in healthy human 
volunteers (87). Although not reported even 
though chest x-rays were taken, it is interest
ing to speculate that their exercise and training 
regImen led to hypertrophy of the right 
atrium. 

Relationship between the Electrical and 
Mechanical Changes and Hypertrophy 
In the cat model of cardiac hypertrophy pro
duced by long-term right ventricular pressure 
overload, generally the extent of the electro
physiologic changes is increased as the severity 
of the hypertrophy is increased [53). At the 
same time, however, the pressure overload may 
also be associated with production of morpho
logic evidence of damage to the ventricular 
myocardium which has been forced to work 
harder and against an elevated wall tension 
(88). This raises the question of whether it is 
damage per se, hypertrophy per se, or both which 
underlie the electrophysiologic and mechanical 
changes which have been reported. 
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In this vein, studies by Cutilletta et al. (89} 
on the spontaneously hypertensive rat may pro
vide some clues. This group noted that in the 
spontaneously hypertensive rat, cardiac hyper
trophy developed even though hypertension 
was prevented by treatment beginning at birth 
with nerve-growth-factor antiserum. They sug
gested that myocardial hypertrophy in these 
rats is a primary manifestation of an underlying 
myocardial abnormality, and that it is the hy
pertrophic heart that produces the hypertension 
rather than the hypertension causing hypertro
phy. 

There is a significant decrease in capillary 
density, variably increased folding of the inter
calated discs, and a significant cardiac hyper
trophy in the myocardium of spontaneously hy
pertensive rats [90}. Additionally, the ECG of 
these rats changes markedly during progressive 
development of left ventricular hypertrophy 
(91}. Findings that QRS and P-wave durations 
progressively increased led to the suggestion 
that the specialized conducting system does not 
increase in parallel to the cardiac muscle mass 
as the hypertrophy progresses. It was further 
suggested that it was the resulting disparity 
that slowed the spread of the impulse. An al
ternate explanation would be that either hyper
trophy, damage, or mechanical stress of the 
conducting system causes changes in the mem
brane andlor cable properties of the conducting 
system. 

A recent clinical study suggests that hyper
trophy-induced increased QRS duration may be 
more closely associated with development of in
tercellular fibrosis than with increased muscle 
mass (92}. Whether similar fibrotic changes 
occur in the spontaneously hypertensive rat 
heart and could underlie change in either the 
cellular membrane or cable properties (82} is 
unclear at this time. Of particular importance 
in this regard would be results indicating 
whether or not the hypertrophic hearts of spon
taneously hypertensive rats, in which hyperten
sion was prevented by treatment with nerve
growth-factor antiserum, developed a wider
than-normal QRS or other evidence of conduc
tion disturbances. However, the broad signifi
cance of such findings will be limited by the 
fact that the available data characterizing the 

electrical and mechanical changes associated 
with experimentally induced or spontaneously 
occurring cardiac hypertrophy in animal mod
els or clinically in man vary widely between 
species and are strongly influenced by the du
ration and nature of the stimulus employed to 

provoke the hypertrophic response. 

Meaning and Basis for the 
Electromechanical Changes 
Certain generalizations about hypertrophy 
emerge from the currently available data. Most 
studies on isolated cardiac muscle mechanics in 
rats and rabbits with cardiac hypertrophy pro
duced by ventricular pressure overload report 
normal or increased developed tension, de
creased velocity of shortening, increased time 
to peak tension, and increased time to peak 
shortening; in the rat model of left ventricular 
hypertrophy induced by renal hypertension or 
spontaneous hypertension, action potential du
ration is prolonged. In cats with right ventric
ular hypertrophy, developed tension is reduced, 
the velocity of shortening and maximal rate of 
tension development are decreased, and these 
mechanical changes are generally associated 
with depression of plateau voltage, reduced rate 
of repolarization, and prolonged action poten
tial duration. These data suggest that despite 
decreased shortening velocity and rate of ten
sion development, normal levels of developed 
tension apparently can be maintained in rats 
and rabbits with left ventricular hypertrophy 
because the duration of contraction is in
creased, possibly mediated by the prolongation 
of the plateau phase of the action potentials 
[17, 63}. There are several studies which dem
onstrate that the characteristics of the isometric 
contraction can be influenced by the voltage
time course of the membrane depolarization 
(93-96}. The nature of the relationship be
tween contraction and membrane depolariza
tion is complex and varies with species and 
experimental conditions, but it is not unrea
sonable to speculate that the longer action po
tentials in hypertrophied rat ventricular muscle 
may prolong the duration of the contraction 
event so as to maintain normal levels of devel
oped force despite the diminished velocity of 
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shortening or rate of force development. Aron
son [17} has shown for rat ventricular muscle 
that the correlation between contraction and 
the duration of depolarization was best for 
APDso when muscles exhibited relatively short 
action potentials (sham and pressure-overload 
relieved muscles), yet the correlation virtually 
disappeared in hypertrophied muscles which 
had very long action potentials. Since maxi
mum force development in rat ventricular mus
cle is affected very little by depolarizations last
ing more than 100 ms [97J, it may be that 
once the duration of the action potential 
reaches a certain length, active force is no 
longer influenced by this parameter [l7}. 

Alternatively, the long action potentials 
noted for hypertrophied ventricle may be either 
secondary to or caused by altered contraction. 
There are recent data [98} which clearly dem
onstrate that the mechanical deformation can 
affect cardiac cellular electrical activity in frog 
heart. Previously, Kaufmann et al. [40} pro
posed that the duration of the myocardial ac
tion potential is influenced by the mode of 
contraction. They had noted that isotonic 
shortening of cat papillary muscle prolongs ac
tion potential duration while isometric force 
development tends to shorten it. Although ex
trapolation of these findings in isolated muscle 
to the behavior of muscle fibers in situ in the 
hypertrophying heart is uncertain, especially in 
view of pressure-overload-induced or dilatation
induced changes in the connective tissue of the 
cardiac skeleton [99}, they clearly have impli
cations for physiologic function. The length of 
various fiber bundles may vary within the walls 
of a particular chamber, not only during phasic 
ventricular contraction but also during pressure 
overload [100} (reviewed by W ikman-Coffelt et 
al. [4}). Wall stress and therefore location of 
fibers also apparently determine the degree of 
their hypertrophy [20} and, in turn, the degree 
of prolongation of the action potential dura
tion. 

Gulch [24, 64} extended his electrophysio
logic study on muscle preparations from hyper
trophied hearts of Goldblatt rats to nonhyper
trophied cat hearts. He noted that right 
ventricular action potentials in the Goldblatt rat 
are prolonged in comparison to the cortespond-

ing controls, and suggested this relates to the 
slight degree of hypertrophy demonstrated by 
the right ventricles. This phenomenon is not 
specific for the rat since in cat heart action po
tentials elicited by papillary muscles from the 
left ventricle are also prolonged' compared to 
those of the right ventricle; qualitatively simi
lar responses were obtained in guinea pig 
hearts. Gulch [64} suggested that the differ
ences between left and right ventricular action 
potentials may be attributed to the differing 
mechanical loading to which the corresponding 
myocardial cells are subjected in situ. If this is 
the case, one must likewise propose that differ
ences in the durations of action potentials of 
subendocardial cells will be prolonged relative 
to subepicardial cells because of the higher wall 
stress to which cells in wall layers located in 
the endocardial region are subjected. Indeed, 
Gulch [64} has noted that prolonged action po
tentials are found in subendocardial as com
pared to subepicardial cells as well as in cells of 
left ventricular versus cells in right ventricular 
papillary muscle. Thus, degree of pressure 
overload (and indirectly the cell location) par
ticularly with respect to the ventricular cham
ber in which it is located, is a highly signifi
cant factor defining the duration of the action 
potential. It is curious that in five-month-old 
dogs there is a relative paucity of T tubules in 
myocardium of the low-working-pressure right 
ventricle when compared to the higher-pressure 
left ventricle [10 I}. One wonders what effect 
the additional excitable membrane area repre
sented by the T tubules might have on action 
potential duration. 

Changes in collagen synthesis and content 
accompany ventricular pressure overload in cat 
[l02} and rat [l03}. One might speculate as to 
whether this could alter cellular electrical cou
pling and inhibit propagation of the repolari
zation wave. Keung and Aronson [82} at
tempted to assess whether an alteration in 
cellular electrical coupling contributes to the 
electrophysiologic changes associated with hy
pertrophy. They analyzed the spatial steady
state electrotonic voltage profile produced by 
intracellularly applied constant current pulses, 
and found the effective input resistance was un
affected by hypertrophy in rat ventricular cells. 
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They also demonstrated that the action poten
tial prolongation accompanying hypertrophy 
was not uniform throughout the heart. While 
the entire time course of repolarization was 
prolonged in endocardial and papillary muscle 
fibers, only the latter half of repolarization was 
prolonged in epicardial fibers. They concluded 
that altered electrotonic coupling between cells 
was not an important factor contributing to the 
prolonged action potential durations seen in 
hypertrophied myocardium. Therefore, logi
cally one should expect a change in membrane 
function to underlie the changes in the action 
potential configuration. Biochemical alterations 
associated with hypertrophy may affect the in
tracellular concentration of Ca2 + and thus may 
modulate membrane properties and ionic gra
dients or both, and even dissociate the time 
course of the action potential from contractile 
performance. 

An almost universal finding in muscle fibers 
from mammalian hearts exposed to ventricular 
pressure overload and hypertrophy is increased 
action potential duration. The ionic basis for 
this has not been clarified, yet it has been the 
subject of several recent studies. Aronson {I7} 
has evaluated the responses of hypertrophied rat 
myocardium (Goldblatt procedure) to changes 
in extracellular fluid composition and during 
exposure to ionic channel blockers. They found 
that in pressure-overloaded and sham-operated 
control ventricles the action potential changes 
brought about by the various testing treat
ments differed quantitatively. Exposure of the 
hypertrophic isolated myocardium to high 
Ca2+ -containing or low-Na + -Tyrode solution 
produced greater decreases in action potential 
duration than in normal myocardium. Expo
sure to D-600, an inhibitor of slow inward cur
rent, also produced a greater shortening, but 
its effect was li~ited to APDso in pressure
overloaded muscles. In contrast, exposure to 
Sr2 + Tyrode and TEA Tyrode produced an in
crease in APDso and ADP7s , but the effect was 
similar in both pressure-overloaded and sham
operated muscle action potentials. Treatment 
with Ca2 + -free-Tyrode solution had little ef
fect on action potential duration in either 
group. None of the treatments had a signifi
cantly different effect on resting membrane po-

tential or action potential amplitude in either 
group. Aronson (I7) felt the most likely basis 
for the prolongation of the duration of the ac
tion potential in hypertrophied rat myocardium 
was that the inactivation of a Ca2 + -inactivated 
inward current was slowed. This notion re
mains to be proven using a voltage-clamp 
approach. Gulch has also manipulated the 
extracellular environment in hypertrophied 
(Goldblatt procedure) rat myocardium [63}. 
After depression of the fast Na + inward current 
by either tetrodotoxin, depolarization produced 
by augmentation of extracellular K + concentra
tion, or by reduction of the extracellular Na + 
concentration, action potentials prolonged by 
hypertrophy remain prolonged. They con
cluded that Na current did not contribute im
portantly to the prolongation of APD. They 
also manipulated the extracellular Ca2 + con
centration after inhibiting fast Na + channel 
conductance, and suggested that the membrane 
slow inward current was primarily carried by 
Ca2+ ions in the hypertrophied cells. From this 
report [63}, it appears that prolongation of 
APD results from either an augmentation of ei
ther phasic or steady-state net slow inward cur
rent or a decrease in net outward repolarizing 
current, either time dependent or time inde
pendent. Changes in either or both the maxi
mal conductance or the kinetics of channel 
function could be involved. However, it is 
more difficult to explain decreased contractile 
force if slow current is in fact increased. The 
more likely explanation should involve the po
tassium channels. 

Recently the power of the voltage-clamp ap
proach was brought to bear on this question. 
Ten Eick et al. [54}, using the single sucrose 
gap technique, examined the voltage-clamping 
membrane currents recorded from fine papillary 
muscles which had been isolated from the right 
ventricles of cats both with normal hearts and 
with hearts subjected to right ventricular pres
sure overload for 5-7 months. Their analysis 
indicated that, while the overall time course of 
the membrane current was qualitatively un
changed by hypertrophy, several parameters 
quantifying the total current and its compo
nent parts were altered. The amplitude of the 
slow inward current was reduced at all levels of 
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membrane potential, but neither its voltage de
pendence nor its time course of decay (inacti
vation rate) were affected. The finding that 
ventricular hypertrophy reduces myocardial 
slow inward current [54} has recently been con
firmed by Hemwall and Houser [104} using a 
more indirect approach. They found that the 
amplitude and duration of the slow-response, 
calcium- and catecholamine-dependent action 
potentials were smaller and shorter in hyper
trophic cat ventricular myocardium than that 
in normal heart. The time course for the devel
opment of the time-dependent outward-recti
fying potassium current was prolonged and its 
amplitude was reduced at all voltages; its volt
age dependence was also shifted positively by 
about 10 m V [54}. The shift in the current
voltage relation did not account for the entire 
reduction in this component of membrane cur
rent. The shape of the current-voltage curve 
for the instantaneous background current was 
strikingly altered, having developed a region of 
negative slope between about - 30 and 0 m V. 
It should be mentioned that while inward rec
tification is seen in the instantaneous back
ground current of normal cat papillary muscle, 
a negative slope region has never been reported 
[54, 105}. Ten Eick et al. [54} have suggested 
that these changes in the slow-inward- and out
ward-directed components of the membrane 
current flowing at voltage levels associated with 
the action potential plateau and late repolari
zation phase can qualitatively explain the 
depression of the plateau voltage, the slowing 
of the repolarization rate during phase 3, and 
the prolongation of the action potential dura
tion that have been observed in severely hyper
trophic cat right ventricular myocardium. Ver
ification of this notion awaits the results of 
computer-generated action potential modeling 
using the voltage-clamp data. While it is un
certain to what extent results obtained from 
hypertrophic cat heart can be applied to hyper
trophic rat heart, these results of [54} do not 
support the notion that action potential prolon
gation is due to an hypertrophy-associated 
slowing of the inactivation of a Ca-inactivated 
inward current [17}. In fact, the inactivation 
kinetics of the slow inward current were found 
to be unaffected by hypertrophy. The data from 

cats, however, support the hypothesis that a 
Ca-dependent conductance, a Ca-dependent po
tassium conductance for instance, may be in
hibited and its kinetics slowed. 

The mechanisms underlying the shift in the 
voltage dependence of the time-dependent po
tassium current and the negative slope region 
in the instantaneous background current are 
not even poorly understood at this time. Some 
speculations in this regard will be expressed 
later in this chapter. One point does seem 
clear, however: the shift in the time-dependent 
potassium current-voltage curve cannot be ex
plained by an alteration in surface charge either 
on the inner or outer surfaces of the sarco
lemma because, it this were the case, the volt
age dependence of the slow inward current 
would be expected to shift also. Because the 
slowing of the repolarization rate during phase 
3 became more pronounced as the severity of 
hypertrophy increased, at least in the cat heart, 
it is reasonable to suggest that the changes in 
the outward-directed repolarizing currents ob
served during voltage clamp are similarly 
graded as function of the severity of hypertro
phy. 

In order to extrapolate from the effects of hy
pertrophy on any of the components of the 
membrane current to effects on the membrane 
conductances for each of the currents, one as
sumes that the transmembrane concentration 
gradient for the involved ion species is unal
tered by either the experimental intervention or 
the voltage-clamping pulse. The field is well 
aware that the latter is certainly not true and 
there are compelling reasons to believe that hy
pertrophy and failure also affect the ionic con
centration gradients. These conclusions relative 
to K + are supported by the recent work of 
Martin et al. [106}. 

Fluid and electrolyte shifts occur in pressure
overloaded rat and dog ventricle [107, lOS}. 
Martin et al. [106} studied electrogenic Na + 
pumping in failing cat papillary muscle. They 
noted that papillary muscles from the failing 
hearts had slightly lower resting potentials 
than those from normal animals and, when the 
muscles were cooled, resting potentials in both 
groups fell to low levels. However, after 2 h of 
hypothermia, upon rewarming to 37°C in 10 
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mM K +, the muscles from normal cat hearts 
abruptly hyperpolarized upon rewarming to 
- 82 m V and then slowly leveled off to - 66 
mY. In contrast, muscles from animals in heart 
failure hyperpolarized, but to a lesser extent, 
during rewarming. The steady-state potential 
also leveled off at - 66 m V. They suggested 
that the Na + pump for electrogenicity is de
pressed in hearts from cats with pulmonary-ar
tery-constriction-induced heart failure. These 
data can also support other hypotheses. For in
stance, simple Na-K exchange could have been 
depressed or electrogenic Na-Ca exchange 
could have been enhanced. In short, these re
sults are rather difficult to interpret. 

Martin et al. {lO6} studied drive-related 
changes in extracellular K + activity (a~) in 
muscles from hypertrophied hearts. Ion selec
tive microelectrodes and morphometric tech
niques were used. Upon the imposition of a 
higher driving rate, the a~ in the extracellular 
space reached a maximum and then returned 
toward a lower steady-state level. This pattern 
of extracellular K + accumulation took signifi
cantly longer to unfold in failing muscles than 
it did in normal muscles, and the steady-state 
concentration of the K accumulated in the in
terstitial spaces of failing tissue was si~nifi
cantly higher. However, the maximum aj ob
tained in failing muscles was found to be 
slightly lower than that in normal muscles. 
These changes are consistent with previously 
reported differences in the patterns of drive-re
lated changes in resting potentials measured in 
normal and failing muscles and are explained 
by an increase in the volume of the interstitial 
space of hypertrophic heart and an increase in 
the ionic load on the Na + -K+ exchange pump. 
Such an hypothesis also can explain the appar
ent slowing of the development of the outward
directed repolarizing currents during voltage 
clamp to voltages in the plateau range that has 
been reported by Ten Eick et al. {54}. If this 
is the case, one should expect the component 
of the time-dependent outward current attri
butable to accumulation of potassium in the in
terstitium to be larger and more slowly devel
oping in hypertrophic heart. Preliminary data 
(Ten Eick, unpublished observations) suggest 
the results are as predicted. 

Relaxation is also affected in myocardial hy
pertrophy. For example, Capasso et al. {65} 
noted time to one-half relaxation is increased; 
the relation of this change to action potential 
lengthening is unclear. Relaxation in normal 
mammalian heart muscle is sensitive to the 
loading conditions {l09}. Recently, Le Carpen
tier et al. {llO} have demonstrated a decrease 
in the maximum velocity of relaxation of hy
pertrophied rat ventricular muscle which par
allels the decrease in maximum velocity and ex
tent of shortening. However, there were no 
changes in the load sensitivity of relaxation 
even in the terminal stages of congestive heart 
failure. They indicated the maintenance of an 
efficient intracellular Ca2 + -sequestering system 
so as to preserve the homeostasis of the sensi
tivity of relaxation to loading conditions even 
in the presence of pressure overload. 

Reversibility of Hypertrophy
induced Changes 
The question of whether the changes induced 
by hypertrophy are reversible has been ad
dressed by numerous studies. They indicate 
that the changes regress rapidly when excessive 
pressure or volume load on the heart are re
lieved. Regression can occur after relief of sys
temic hypertension, repair of ventricular septal 
defect, and operative correction of aortic regur
gitation. Whether regression will be complete 
or partial seems to depend on the degree of hy
pertrophy as well as on the age and health of 
the animal. Although ventricular hypertrophy 
regresses after correction of experimental or 
clinical hemodynamic overload, contractility 
usually remains depressed. Failure of contractil
ity to return to normal may be related to the 
fact that the connective tissue changes do not 
appear to regress as readily as do the changes 
in myocardial mass; possibly irreversible bio
chemical and structural changes are involved. 

Investigations using the cat model have de
lineated the temporal aspects of regression in 
right ventricular hypertrophy after release of 
chronic pulmonary artery occlusion {111}. 
Coulson et al. {112} noted that relief of pres
sure overload allows reversal of the depression 
of velocity of shortening and ability to develop 
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force, although catecholamine depletion is still 
present. A study of intermittent pressure load
ing on the development of right ventricular hy
pertrophy in the cat demonstrates that the 
regression of hypertrophy is a slower process 
than its progression {1I3}' 

Few data exist with which reversibility of 
the electrophysiologic changes can be assessed. 
This question bears importantly on the hypoth
esis that electrophysiologic changes partially 
underlie the contractility changes. Capasso et 
al. {65, 1I4} have evaluated the electrical and 
mechanical changes brought about by reversal 
of pressure overload induced by renal hyperten
sion in rats. Removal of the stimulus for hy
pertension consists of surgical excision of the 
left kidney of rats which had undergone previ
ously clipping of the left renal artery. Capasso 
et al. {114} simultaneously recorded mechani
cal and electrical activity in sham and the hy
pertrophied papillary muscles. The mechanical 
and electrical abnormalities described in their 
earlier studies were reversed in muscles from 
rats which were made normotensive for ten 
weeks subsequent to ten weeks of hypertension. 
The story, however, is far from clear. In one 
study on a rat model, anomalous contractile 
properties were reported to persist even after 
regression of hypertrophy induced by banding 
the aorta for 5-15 days {70}; in addition, cer
tain biochemical abnormalities also are not 
completely reversed {1I5}. 

The Electrophysiologic Basis for 
Decreased Contractility 
Hypertrophy of the myocardium is associated 
with and appears to set into motion events at 
the molecular level which can culminate in 
depression of contractility and altered sarcolem
mal electrophysiologic function. The altera
tions in electrophysiologic function are mani
fested as changes in the membrane action 
potential and transmembrane current. Voltage
clamp study of the excitation-contraction pro
cess in normal sheep {1I6, 1I7}, beef {96}, 
and cat {118} hearts indicates that at least one 
change in the action potential and one in the 
membrane current of hypertrophic heart should 
predictably reduce the force of contraction. 

Force of contraction is strongly influenced both 
by plateau voltage and by the maximal slow
inward-current amplitude. The relationships 
between contractile force and these two param
eters are intimately intertwined. The mem
brane potential during the plateau of the action 
potential also influences the magnitude of the 
slow inward current; the plateau voltage is in
fluenced by the strength of the slow inward 
current; both are required to tfi1tlate excita
tion-contraction coupling and both influence 
the force of the twitch. 

The relationship between membrane poten
tial and the force of contraction during the 
myocardial twitch is an S-shaped function with 
a threshold near - 60 m V which reaches a 
maximum at approximately + 10 to + 20 m V 
when defined by 250- to 800-ms-Iong step 
voltage clamps. Inspection of the voltage-ten
sion relationship reveals that any significant 
loss of membrane potential during the action 
potential plateau will exert a negative inotropic 
effect on twitch force. If the average level of 
potential during the plateau is reduced from 0 
m V to about - 10 m V, which we have indi
cated is not untypical for severely hypertrophic 
myocardium, the force of contraction would be 
expected to be reduced by about 15% from 
normal just by virtue of the depolarization and 
the function defining the relationship between 
twitch force and membrane potential. The re
duction of twitch force by 15%, however, is 
predicted making the assumption that hyper
trophy does not affect the voltage-tension re
lationship. This assumption may not be valid. 
Recently, Ten Eick et al. {54} have defined the 
voltage-tension relationships of papillary mus
cles from both normal and hypertrophic right 
ventricles of cat (see fig. 25-1). They found 
that in the voltage range of the plateau the po
sition of the voltage-tension curve for hyper
trophic heart is about 10 m V positive to that 
of the curve for normal heart. The voltage 
threshold for tension development is not much 
changed by hypertrophy, but the maximal ten
sion in hypertrophic myocardium occurs when 
membrane potential is about + 30 mY. This 
shift of 10 m V in the voltage-tension relation
ship means that, even if the plateau voltage 
were unchanged by hypertrophy, twitch force 
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would be reduced by about 15%. Add to the 
15% reduction in twitch force due to the shift 
in the voltage-tension relationship the 15 % re
duction due to the loss of plateau voltage, and 
the loss of twitch force due to hypertrophy-in
duced electrophysiologic changes now accounts 
for a sizable, functionally significant decrease in 
myocardial contractility. 

Consideration of the relationship between 
twitch force and the duration of the action po
tential plateau suggests that the prolongation 
of the action potential duration and the reduc
tion in the repolarization rate attending the re
duction in outward repolarizing current found 
in hypertrophic myocardium are compensations 
which ensure that the action potential plateau 
will activate the excitation-contraction process 
as completely as is possible for the level of po
tential achieved by the hypertrophy-inhibited 
plateau. Given the reduction in the slow in
ward current, it is fortunate that the repolariz
ing outward current is also reduced because, if 
it were not, the plateau in hypertrophied myo
cardium would be rather abbreviated and even 
greater loss of twitch force would occur. 

The mechanism underlying the lO-m V pos
itive shift in the voltage-tension curve is not 

FIGURE 25-1. Normalized functions defining the voltage 
dependence of the peak tension developed during the 
twitch (ordinate, normalized to the maximally obtained 
tension) evoked during voltage clamp to selected levels of 
membrane potential (V m) (abscissa, in m V). The inset de
picts the family of voltage clamps to the selected levels of 
V m and the grading of the twitches evoked by the voltage 
clamps. Notice the shift toward more positive potentials 
in the maximum of the RVH curve without apparent 
change in the voltage threshold for tension development. 
Modified from Ten Eick et al. [54}. 

understood. However, it does not seem to re
sult from any shift in the voltage dependence 
of the slow inward current because the normal
ized show-inward-current-voltage curve ob
tained for hypertrophic muscle was found to be 
coincident with that for normal muscle [54}. 
Curiously, the direction and extent of the shifts 
in the voltage dependence of the time-depen
dent delayed rectifier potassium current and in 
the voltage-tension relationship seem to be 
nearly identical [54}. This suggests that the 
shifts could have a common underlying basis. 

Let us suppose that the primary effect of hy
pertrophy is to reduce the density of the slow 
inward current. This could be the result of (a) 
a reduction in the number of conducting slow 
channels per cell or per unit area of sarcolem-
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mal membrane (i.e., the same number of chan
nels has to serve a larger membrane area in hy
pertrophied cells), or (b) hypertrophic-induced 
change in the probability that slow channels 
will conduct under a particular set of condi
tions, or both. The reduction in slow-inward
current density would be expected to cause the 
amount of activator Ca2 + released from the sar
coplasmic reticulum (SR) to be less than nor
mal. There are two reasons for believing this. 
First, the transsarcolemmal slow-inward-cur
rent density is less and, second, because of the 
cellular hypertrophy and the attendant prolif
eration of T-tubular membrane, the slow-cur
rent density and related ohmic voltage drop 
available to trigger release of activator Ca2 + 
from the SR are expected to be reduced. It 
would be the second expectation that would 
underlie the reduction in Ca2+ -dependent com
ponents of the delayed outward-rectifying cur
rent and of the potassium-carried component of 
the inward-rectifying instantaneous back
ground current. The shift in the voltage depen
dence of the time-dependent potassium current 
and in the voltage-tension relationship would, 
therefore, occur because a greater voltage drop 
across the surface membrane of the hyper
trophic cell would be required to provoke a 
maximal Ca2 + release by the more remote SR. 
The upshot would be that the voltage or cur
rent signal supplied by the excitatory process 
(i. e. , the action potential) in hypertrophic 
muscle, even if it were normal in amplitude, 
would be "perceived" by the SR as being less 
than normal and a smaller-than-normal fraction 
of the readily releasable pool of SR Ca2 + would 
be released to affect activation of the contractile 
proteins. 

Conclusion 
Ten Eick et al. (54} have argued that slow in
ward current is reduced and the voltage-ten
sion relationship is shifted, but what might 
this mean to cardiac function? Do these 
changes affect the operation of the in vivo heart 
in situ with its sympathetic innervation intact? 
It is well known that contractility of the nor
mal heart can be modulated by the level of 
sympathetic nervous activity playing on the 

myocardium. It is also well known that the 
slow inward current can be enhanced by nor
epinephrine and other l3-receptor agonists. 
Therefore one might wonder whether it matters 
that hypertrophy inhibits the slow current 
when it can be greatly enhanced by catechol
amines in the intact in situ heart. The answer 
is not clear and may be parodoxical. It is well 
known that in Meerson's stage 3 of hypertro
phy the in situ myocardium can be moderately 
to severely depleted of its intrinsic catechol
amines. In addition, hypertrophic myocardium 
has been found to have, relative to normal 
heart, a reduced number of 13 receptors (119-
121}. This situation is quite different from that 
found in hearts depleted of catecholamines by 
chronic sympathectomy. Denervated hearts 
have an increased number of 13 receptors and 
are supersensitive to the effects of catechol
amines on both electrical and mechanical activ
ity. Hypertrophied cat heart, on the other 
hand, may be subsensitive to catecholamines as 
judged by their effects on the twitch and on 
slow inward current (104} (Ten Eick, unpub
lished observations). Subsensitivity probably 
reflects the decrease in the number of 13 recep
tors since receptor ligand binding affinity is ei
ther unchanged (I20} or increased (I2l}. From 
this discussion it appears that the effectiveness 
of the extrinsic neurally mediated compensa
tory mechanisms to modulate cardiac function 
may be blunted in the hypertrophic heart. 
However, because the effects of the catechol
amines on the slow inward current seem inti
mately related to their effects on the cellular 
level of cyclic AMP, this question will not be 
resolved until more complete information is 
available on the effect of hypertrophy on the 
coupling mechanisms between l3-receptor acti
vation and cyclic-AMP generation and metab
olism, between cyclic-AMP level and slow cur
rent enhancement, and between slow current 
and the release of activator calcium. The pos
sible effects on impulse conduction of the hy
pertrophy-induced reduction in slow current 
must also be considered because a well-coordi
nated electrical beat is required if the heart is 
to deliver a well-coordinated contraction. A 
fully developed discussion of this facet of car
diac function during hypertrophy is outside the 
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scope of this chapter. Nevertheless the reader 
should keep this point in mind as it too has 
important bearing on hemodynamic function of 
the hypertrophied and failing heart. 

Whatever the mechanism or mechanisms un
derlying the changes in contractility and in the 
electrophysiologic function of hypertrophic 
heart muscle, and irrespective of whether the 
mechanism or mechanisms are common to both 
types of changes, it is clear that any attempt to 
account for the loss of contractility associated 
with cardiac hypertrophy must include contri
butions from the effects of the loss of plateau 
voltage and the shift in the voltage-tension re
lationship on contractile force. That is to say, 
the effect of altered cellular electrophysiologic 
function on contractility must be considered in 
any accounting which attempts to explain the 
reduced contractility associated with hypertro
phy, at least in the cat model with a long-term 
pressure-overloaded right ventricle. This con
cept remains to be established in humans. 
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26. DEVELOPMENTAL CHANGES IN 

MEMBRANE ELECTRICAL PROPERTIES 

OF THE HEART 

Nicholas Sperelakis 

Introduction 
Important physiologic, electrophysiologic, 
pharmacologic, biochemical, and ultrastruc
tural changes occur during the embryonic de
velopment of avian and mammalian hearts. For 
example, striking changes occur in the electri
cal properties of ventricular myocardial cells 
during embryonic development of chick heart. 
In many mammalian hearts, some of the 
changes extend into the early postnatal period. 
These changes affect and determine the func
tional behavior and properties of the heart at 
each stage of development and differentiation. 
Therefore, it is the purpose of this chapter to 
review and summarize many of these changes 
in properties. The attention of the reader will 
be called to a number of recent review articles 
that summarize these properties, as well as go 
into greater detail. 

Studies of the electrophysiologic properties 
of embryonic heart cells are useful, not only to 
elucidate the changes during differentiation, 
but also to obtain clues for understanding the 
complex electrophysiology of adult hearts. 
Most of the data presented are for the chick, 
although some data are presented for develop
ing mammalian hearts. Some findings on or-
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gan-cultured hearts and cultured heart cells 
will be presented for comparison. Since the 
electrical properties may be affected by mor
phologic and biochemical properties, relevant 
changes in these properties are also discussed. 

Intact Hearts Developing In Situ 

PRECARDIAC AREAS OF THE BLASTODERM 

The early embryo (up to 1 somite) possesses 
cells which are destined to form the heart. 
These cells migrate through the early embryo 
and congregate bilaterally into the so-called 
precardiac areas (mesoderm) of the anterior half 
of the flattened 16- to 17 -h (head process) blas
toderm OJ. 

Explants of the blastodermal and precardiac 
areas, after several days in culture, develop 
spontaneous action potentials (APs) of about 
50-mY amplitude {2}. In culture, a tubular 
heart develops within a vesicle and it beats 
spontaneously for several days, but further dif
ferentiation does not proceed in vitro. The pre
cardiac area can be treated with trypsin to fa
cilitate mechanical separation of the three germ 
layers, and culture of the precardiac mesoderm 
gives rise to a solid mass of cells which fire 
spontaneous APs and contract (3}' If the post
nodal piece (posterior third of blastoderm) is 
dissected from the 19-h chick blastoderm and 
placed into culture, it does not normally give 
rise to heart tissue. If, however, the postnodal 
piece is cultured in the presence of an RNA
enriched fraction obtained from adult chicken 
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hearts, a typical spontaneously-beating tubular 
heart forms within a vesicle, as in the case of 
the precardiac areas described above [4J. The 
beating cells in the induced hearts were shown 
to possess some myofilaments. In addition, the 
induced tubular hearts exhibit spontaneous APs 
[5J. Thus, it appears that either RNA or some 
other material within the extract obtained from 
the adult heart can induce cells in the postnod
al piece, normally not destined to form the 
heart, to take on many of the properties of car
diac myoblasts. 

Subsequently in development in situ, twin 
tubular primordia form bilaterally from the 
precardiac mesoderm, and they fuse to form a 
single tubular heart. This fusion begins from 
the head end and proceeds posteriorly by a zip
per-like process, such that the first region fused 
(ventricle) begins contracting first; the atria are 
added posteriorly later. The tubular heart be
gins contracting spontaneously at 30-40 h (9-
19 somite state). Cutting the two-day heart 
into bulbus, ventricle and sinoatrium regions 
shows that each region has a characteristic au
tomaticity, the sinoatrium region being the 
fastest. 

The tubular heart begins to propel blood 
shortly after it starts to beat. The blood pres
sure is very low (1-2 mmHg) at this stage, and 
it increases progressively during embryonic de
velopment (approximately 30 mmHg by day 
18) and during postembryonic life [6, 7J. The 
velocity of propagation of the peristaltic con
traction wave in three-day hearts is approxi
mately 1 cm/s [7J. 

The heart rate of the chick embryo increases 
from about 50 beats/min at day 1. 5 to the 
maximal value of about 220 beats/min by day 
8; it has been suggested that the increase in 
beating rate may result from the concomitant 
rise in blood pressure [7]. The influence of 
temperature on heart rate decreases markedly 
during development [7J. The QlO decreases 
from about 3.6 on day 3 to about 2.0 on day 
18 for the same temperature range [8]. Breaks 
in the Arrhenius plots (of spontaneous heart 
rate vs temperature) also occur at different tem
peratures in young hearts compared to old 
hearts. 

RESTING MEMBRANE AND K+ PERMEABILITY 

Resting Potentials. The resting potential (Em), 
measured by intracellular microelectfodes, of 
the ventricular portion of the chick and rat 
hearts increases during embryonic development 
[9-15J. In embryonic chick heart (table 26-1), 
the greatest changes occur between days 2 and 
7, and thereafter the increase is smaller. For 
example, in a two-day-old heart, the mean 
resting Em is about - 40 m V, and this in
creases to about - 5 1 m V on day 3. The rest
ing potential is close to - 80 m V by day 12, 
nearly the final adult value. As discussed be
low, the large increase in resting Em during the 
first few days may be due mainly to an increase 
in K + permeability (PK ) and not in K + equi
librium potential (EK ) (or [KJJ However, 
some investigators [2J have reported larger val
ues of resting Em for young hearts, i.e., less of 
a change during development, and attributed 
low recorded potentials in young hearts to cur
rent leakage around the electrode tip due to 

improper sealing of the microelectrode (this ef
fect would be most prominent in cells having a 
high input resistance). 

Resting Potential vs log [KJo Curves. The rela
tionship between resting Em and external K + 
concentration ([KJo) was determined for embry
onic hearts of different ages [14, 16]. Data for 
three-day, five-day, and 15-day-old embryonic 
chick hearts are shown in figure 26-1. [KJi was 
estimated by extrapolation of the curves to zero 
potential, and the values varied between 125 
mM (for two-day hearts) and 155 mM (for 14-
to 20-day hearts) (table 26-1). Also plotted in 
figure 26-1 are the theoretical curves (calcu
lated from the Goldman constant-field equation 
given in the inset) for five different ratios of 
PN.lPK : 0.001, 0.01, 0.05, 0.1, and 0.2. As 
indicated in the figure, it was assumed that 
[NaJi was 30 mM and [Kl was 150 mM for 
these calculations. The data points for the 
three-day hearts most closely fit the theoretical 
curve for a PN.lPK ratio of 0.2; those for the 
five-day hearts fit the curve for a PN.lPK of 0.1, 
and those for the IS-day hearts most closely fit 
between the 0.05 and 0.01 curves. These data 
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TABLE 26-1. Summary of data obtained from Em vs log [K]o curves and from input 
resistance (rin) measurements for chick embryonic hearts (ventricular cells) at various stages of development 

Embryonic age Em Slope Extrapolated EK PNa/PK rin 

(days) (mV) (m V/decade) [Kl (mM) (mV) ratio (mn) 

2 -40 30 125 -100 0.21 13.0 
3 - 51 40 130 -101 0.17 8.5 
4 -57 46 140 -103 0.08 6.5 
5-6 - 58 50 130 -101 0.08 5.5 
7-9 -71 51 145 -104 0.07 5.5 

11-13 -80 53 145 -104 0.07 4.7 
14-20 -78 52 155 -106 0.05 4.5 

The resting potential (Em) values are given for a (KIa of 2.7 mM. The slope is the average at (KIa levels between 10 and 100 mM. (Kl; was estimated 
from the extrapolation of fitted curves to zero potential. The PNa/PK carios were calculated from the Goldman constant-field equation at every [K]o level 
for which Em was measured, and an average value was calculated for each heart; some individual values for hearts in the 14- to 20-day age group were as 
low as 0.02. Data were taken from Sperelakis and Shigenobu (131, and Sperelakis et al. (491. Similar values for slope and (KI; were obtained by Pappano 
(171 for embryonic chick atrium at four days, six days, and 12 days; the IS-day values were -59 mV/decade and 125 mM (K)" respectively. 

suggest that the PNa/PK ratio is very high in 
young hearts, and that this accounts for the 
low measured resting Em. That is, the low rest
ing Em is not due to a greatly lower [K}i and 
EK . As shown in table 26-1, only a very small 
increase in the calculated EK occurs during de
velopment: from about -100 m V on day 2 to 

-106 mV on days 14-20. Thus, in the young 
hearts, the resting Em is far from EK due to the 
high PN)PK ratio. In this respect, the myocar
dial cells in young embryonic hearts resemble 
sinoatrial (SA) nodal cells in adult hearts. 

In old embryonic chick or adult hearts, the 
Em vs log [K}o curve is nearly linear above 10 
mM K + , with a slope approaching the theoret
ical 61 m V/decade (from the Nernst equation). 
If the slope were exactly 61 mY/decade, then 
Em would be equal to EK , and the membrane 
would be completely K + selective in high 
[K}o. The data in figure 26-1 and table 26-1 
show that the slope for hearts 7-20 days old is 
51-53 mY/decade, whereas the average slopes 
(curves continually bend) for four-day, three
day, and two-day hearts are 46, 40, and 30 
m V/decade, respectively. Similar values for 
[Kl and slope were found for embryonic chick 
atrial cells at various stages of development 
[1n 

Membrane Resistance. In order to ascertain 
whether the PN.lPK ratio is high in young em
bryonic chick hearts because of high Na + 

permeability or because of a low K + permea
bility, input resistance (rin) was determined 
from steady-state voltage-current curves. The 
rin of the ventricular cells is high (13 Mfi) in 
young two-day-old hearts, and rapidly declines 
over the next few days, reaching the final adult 
value of about 4.5 Mfi by day 14 (table 26-
1). If the average cell size and the degree of 
electrical coupling between the cells remains 
unchanged during this period, the high rin of 
the young hearts would suggest that membrane 
resistivity (Rm) is very high. The latter would 
be consistent with a low K + conductance and 
K + permeability in the young hearts. These re
sults suggest that the PN.lPK ratio is high in 
young hearts because PK is low, and not be
cause PNa is high. 

Consistent with the interpretation that PK is 
low in hearts is the finding that the chronaxie 
of young hearts (two-day-old) is about fourfold 
higher than that of nine- to 16-day hearts [9}. 
This indicates that the membrane time con
stant is about fourfold higher in young hearts 
and, if membrane capacitance remains con
stant, membrane resistivity must be fourfold 
higher. 

Carmeliet et al. [18} have reported, on the 
basis of 42K flux measurements, that PK is 
about two- to threefold lower in six- to eight
day hearts than in 18- to 20-day hearts, consis
tent with the conclusions from the electrical 
studies described above. (Although they re-
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FIGURE 26-1. Resting potential (Em) plotted as a function of [K]o on a logarithmic scale for representative hearts of 
three different ages. [K]o was elevated by substitution of K+ for equimolar amounts of Na +. Continuous lines give 
theoretical calculations from the constant-field equation (inset) for PN,IPK ratios of 0.001, 0.01, 0.05, 0.1, and 0.2. 
Calculations were made assuming [KJ. and [Na]; values shown. For a PN,IPK ratio of 0 .001, the curve is linear over the 
entire range with a slope of 60 m V/decade, i.e., it closely follows EK . Symbols give representative data obtained from 
embryonic chick heartS at days 3 (0), 5 ( ... ), and 19 (e). The data for the three-day heart follow the curve for a PN,IPK 

ratio of 0.2, those for the five-day heart follow the curve for 0.1, and those for the 15-day heart fall between the curves 
for 0.01 and 0.05. The estimated intracellular K + activities ([K];) obtained by extrapolation to zero potential are nearly 
the same for all ages . Taken from Sperelakis and Shigenobu [13] . 

ported that the calculated PK for three- to five
day hearts was nearly as high as that for the 
18- to 20-day hearts, which disagrees with the 
electrical measurements, they did not control 
for spontaneous beating and APs (hence in
creased K + efflux) which occurs in the three
to five-day hearts; this might cause them to 
calculate an erroneously high PK .) The values 
for the PK coefficients were 13.2 X 10- 8 cmls 
for seven-day hearts and about 27.5 X 10- 8 

cmls for 19-day hearts (at a (K}o of 2.5-5.0 
mM). PK was greatly reduced in 0 mM (K}o' 
The PN.lPK ratios calculated from the constant
field equation were 0.018 for the 19-day hearts 
and 0.037 for the seven-day hearts. The PNa 
coefficient, as calculated from PK and PNa/PK 

ratio, did not change during development (con
stant at about 0.50 X 10- 8 cm/s). 

Sensitivity to Elevated (K}o. Since flattening of 
the resting potential vs log (K}o curve at lower 
(K}o levels is much more prominent for young 
hearts, i.e., they are depolarized less by a given 
increment in {K}o (see fig. 26-1), young hearts 
should be less affected by elevation of [K}o. 
Young hearts are indeed less affected by eleva
tion of (K}o than are older hearts (13, 19}. 
This is true for both inhibition of automaticity 
of the whole heart as well as for loss of excita
bility of the ventricle to electrical stimulation 
[l3} . Automaticity and excitability of two- to 
three-day hearts fail at about 25 mM K + , 
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whereas failure occurs at about 15 mM (auto
maticity) and 20 mM (excitability) for the 14-
to 20-day hearts. Depression of automaticity 
was evident by 12 mM in hearts of all ages. 

Lack 0/ Effect 0/ Acetylcholine on PK. The young 
ventricular cells are not hyperpolarized by ace
tylcholine (ACh), even though a large hyper
polarization is theoretically possible because the 
resting Em is much below EK {13}. Therefore, 
it is likely that ACh does not significantly in
crease PK in ventricular cells. In ventricular 
muscle of old embryonic chick, ACh has little 
or no effect on shortening the AP also, whereas 
the atrial AP is markedly shortened. The atrial 
cells of young hearts are slightly depolarized by 
ACh in normal medium, and slightly hyper
polarized in Na + -free medium, suggesting that 
ACh increases both Na + conductance and K + 
conductance in young hearts {I7, 20, 21}. 
Pappano {17} interpreted the small hyperpolar
ization produced by ACh in Na + -free solution 
to be consistent with a low PK, namely, that 
few K + channels are available to be opened by 
ACh. 

(Na,K)-ATPase ACTIVITY 

The specific activity of the (Na,K)-ATPase is 
low in young embryonic chick hearts and rises 
during development {22}. The average value on 
day 4 is about 35% of that on day 16 (7.4 ± 
0.7 mol P/h/mg protein), that on day 6 is 
about 42%, that on day 9 is about 57 %, and 
that on day 13 is about 77%. This enzyme ac
tivity is highest on day 20 (about 144% of that 
on day 16). The adult level is about equal to 
that on embryonic day 16. 

Thus, while PK is increasing during devel
opment, and hence the outward passive leak of 
K + and inward leak of Na + (due to the in
creased electrochemical driving force), the ca
pability of the Na + -K + pump is increasing 
correspondingly. That is, the increased cation 
pump capability tends to compensate for the 
increased demand on the pump due to in
creased cation leak. However, the pumping ca
pacity of the very young hearts must be suffi
cient to maintain the relatively high {K}i and 
low {Na}i already present in the young cells. 

When the ventricular myocardial cells from 

16-day hearts are placed into monolayer cell 
culture, the specific activity of the (Na,K)
ATPase decreases by more than threefold {23}. 
The lower Na + -K + pumping capability of the 
cultured cells is consistent with the lower K + 

permeability and somewhat lower {K}i gener
ally observed in these cells {22}. 

ION CONTENT 

Sodium. Tissue electrolyte analyses in chick 
embryonic hearts (ventricles) show that the to
tal tissue content of Na + in young hearts is 
very high, and that it decreases gradually until 
about day 13, after which the level remains 
constant {1O, 24}. Sodium ion exchangeability 
is low in young hearts and rises gradually dur
ing development to about 70% near hatching. 
Thus, there may be a great amount of bound 
Na + in young hearts, including in the nucleus 
{25} and in the extracellular (subendocardial) 
mucopolysaccharide cardiac jelly (which serves 
a valve-like function) {26}. The data from elec
trophysiologic studies {1O, 13} indicated that 
the thermodynamically active free intracellular 
Na + concentration must not be extremely high 
because the Na + -dependent APs already over
shoot to + 11 m V in day-2 hearts; the over
shoot increases rapidly, reaching + 28 m V by 
day 8; the latter value is the same as the adult 
value. McDonald and De Haan {I4} reported 
that the Na + content of the chick heart did not 
change during development. Carmeliet et al. 
{I8} measured {Nal values of 16 mM and 15 
mM for seven-day and 19-day embryonic chick 
hearts, respectively. Harsch and Green {27} re
ported that the {Nal levels remained relatively 
constant (23-38 mM) between days 8 and 18. 
Thus, there seems little doubt that the free 
[Na}i is relatively low in young hearts. 

Extracellular Space; Chloride. There is a de
crease in extracellular space during develop
ment of embryonic chick heart. The inulin 
space was reported to decrease from 39% at day 
8 to 19% at day 18 [27}. The extracellular 
space determined by radioactive chromium
EDTA decreased from 34% on days 6-8 to 
27% on days 18-20 {I8}. 

The estimates of intracellular Cl- for days 
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8-18 were 36-45 mM (27}. These values are 
too high to be consistent with the measured 
resting potentials (of - 70 to - 80 m V) if CI
were passively distributed. There is hardly any 
compelling evidence for a Cl- pump in myo
cardial cells (see Sperelakis (28}). 

Potassium. The K + content of chick hearts 
was reported to gradually increase during de
velopment, from about 68 mmollkg on days 2-
3 to a plateau level of about 86 mmollkg on 
day 13 (24}. However, it was reported that the 
calculated [Kl levels may actually decrease 
during development: from 145 mM on day 8 
to 91 mM on day 18 (27}. Similarly, Mc
Donald and De Haan [l4} reported that [Kl 
changed from 167 mM on day 2 to 118 mM 
on days 14-18, and Carmeliet et al. [18} cal
culated [Kl values of 151 mM and 122 mM 
for chick hearts on days 6-8 and days 18-20, 
respectively. The electrophysiologic data from 
resting Em vs log [K}o curves [l3} indicate that 
[K}i is about 125 mM on day 2, and that it 
increases gradually to about 155 mM on days 
14-20 (table 26-1). The calculated EK in
creases from about - 100 m V at day 2 to 
- 106 mV at days 14-20 (table 26-1). Pap
pano [17} also reported high values of [Kl 
(I45 mM) on day 4 for chick atrial cells. Thus, 
[K}i is already high in young hearts, and so the 
cardiac cells must actively transport cations be
fore day 2. 

ELECTROGENIC PUMP POTENTIAL 

The energy-dependent pump located in the cell 
membrane, which maintains the ionic gra
dients for Na + and K + ions across the cell 
membrane, becomes electrogenic when the ra
tio of Na + ions pumped out to K + ions 
pumped in is greater than 1; that is, the pump 
directly produces a potential (Vep) which con
tributes to the measured resting potential, usu
ally by between 2 and 15 mY, depending on 
the type of cell and the physiologic conditions 
(see reviews by Thomas [29} and Sperelakis 
[28}). An electrogenic Na + pump potential has 
been demonstrated in various tissues of the 
heart [30-35}. 

Using flux studies, Lieberman et al. [36} 
found evidence for an electrogenic pump in 

cultured embryonic chick (Il-day-old) myocar
dial cells. Pelleg et al. [37} observed an elec
trogenic pump potential of a few millivolts in 
cultured embryonic heart cell reaggregates de
rived from early (three-day-old) and late (16-
day-old) stages of development that were sub
jected to overdrive stimulation. These studies 
indicate that electrogenic transport is present 
in early stages of ontogenesis, and that this 
ability is retained in vitro. If [Na}i is somewhat 
higher in young hearts and if the pump cou
pling ratio (NalK) is a function of [Nal, Yep 
might be expected to be higher in young 
hearts, especially in view of the higher mem
brane resistance, but there is no evidence for 
this. This lack of a larger Yep might be partly 
explained on the basis of a lower density of 
pump sites in the young hearts. 

POSTDRIVE HYPERPOLARIZATION AND 
OVERDRIVE SUPPRESSION OF AUTOMATICI1Y 
When automatic heart cells are driven at a 
faster rate than their intrinsic rate, upon ter
mination of the drive there is a transient pause 
followed by a gradual recovery to the predrive 
firing rate [32, 37}. This phenomenon of over
drive suppression of automaticity is caused by 
a small transient hyperpolarization of a few 
millivolts; this transient hyperpolarization is 
the cause of the suppression of the automatic
ity. Vassalle [32} presented evidence that the 
hyperpolarization was due to stimulation of an 
electrogenic Na + pump potential, presumably 
resulting from an increase in [Na}i and in [K}o 
during the drive. The high frequency of APs 
during the overdrive, with the accompanying 
increased Na + influx and K+ efflux, initially 
overwhelm the Na-K pump capability, leading 
to elevation of [Na}i and [K}o. This, in turn, 
stimulates the Na-K pump, and perhaps in
creases the NaiK coupling ratio of the pump, 
thus increasing Yep and hyperpolarizing. 

Overdrive suppression was observed in intact 
young three-day-old hearts (prior to innerva
tion of the heart), and was attributed to the 
release of an ACh-like substance from within 
the heart cells [38}. However, it was recently 
demonstrated by Pelleg et al. [37} that cul
tured heart cells (ventricular and atrial), iso
lated from both young and old embryonic 



26. DEVELOPMENTAL CHANGES IN MEMBRANE ELECTRICAL PROPERTIES OF THE HEART 549 

chick hearts, which are automatic in vitro, ex
hibit the phenomena of postdrive hyperpolari
zation and overdrive suppression of automatic
ity that are blocked by ouabain but not by 
atropine. These findings support the view that 
stimulation of an electrogenic pump is the 
cause of this behavior. These results also indi
cate that young embryonic heart cells are ca
pable of exhibiting electrogenic Na-K pump
ing. 

AUTOMATICITY 

Requirements for automatlclty include: (a) a 
low CI- conductance (gCl), as is generally true 
for myocardial cells, and (b) a low K+ con
ductance (gK)' A low gK enhances membrane 
inductance in series with one type of K + chan
nel (the inward-rectifying anomalous rectifica
tion channel having a negative slope conduct
ance region), and tends to cause oscillations in 
Em. The low gK also is responsible for the low 
resting potential (moves the resting Em farther 
from EK ) and places Em in the region that can 
support pacemaker oscillations. 

Pronounced changes in automaticity of the 
ventricular cells also occur during develop
ment, as could be predicted from the changes 
in PK • The incidence of hyperpolarizing after
potentials and pacemaker potentials is very 
high (80-100) in the young hearts, and this 

TABLE 26-2. Incidence (%) of pacemaker 
potentials and hyperpolarizing afterpotentials found in 
ventricular myocardial cells during embryonic 
development of chick hearts 

Hyperpolarizing Pacemaker potentials 
afterpotentials 

Embryonic Intact Cut 
age (days) Intact hearts hearts ventricles 

2-3 81 80-100 100 
4 63 60-100 100 
7 38 20-40 100 

10 0 0 100 
12 0 0 0 
17 0 0 0 
20 0 0 0 
27 0 0 0 

Cells which exhibit pacemaker potentials usually also possess hyperpolar
izing afterpotentials, but the converse is nOt always true. Data taken from 
Sperelakis and Shigenobu [13). Sperelakis et al. [49). Sperelakis and 
McLean [131). and Sperelakis and McLean [132). 

incidence decreases to 0% in the old embryonic 
hearts (table 26-2) {13}. If a portion of the 
ventricle is cut and isolated to remove drive 
from the nodal cells, the incidence of pace
maker potentials is 100% for embryos up 
through day 10, whereas the incidence is 0% 
in embryos day 12 or older (table 26-2 and fig. 
26-2). These results indicate that the ventric
ular myocardial cells possess automaticity ca
pability when they are young, but that this ca
pability diminishes as the cells age. 

However, old ventricular cells again become 
automatic when trypsin dispersed and placed 
into monolayer cell culture. For example, ven
tricular myocardial cells dispersed from 16-day
old chick embryos and cultured as monolayers 
usually revert back toward the young embry
onic state with respect to their electrical prop
erties, including gain of automaticity {13}. 
When the cells are allowed to reaggregate into 
small spheres, however, they often retain their 
highly differentiated electrical properties, in
cluding lack of automaticity {39, 40}. Some 
reaggregates exhibit automaticity, even though 
the APs are relatively fast rising and tetrodo
toxin (TTX) sensitive. The gain in automatic
ity of cultured cells appears to reflect a decrease 
in PK {41-43}' In some cases, isolated single 
ventricular cells in culture have such a low PK 

that they are depolarized too far and do not 
normally exhibit automaticity or excitability 
{44}. However, if these cells are hyperpolarized 
by intracellular application of current pulses, 
spontaneous APs and contractions occur {44}. 

It has been suggested that mechanical 
stretch of the wall of the tubular heart of the 
young chick embryo, by the gradual buildup of 
the blood volume and blood pressure, may play 
a role in the initiation of the heartbeat and in 
the gradual increase in the heart rate during 
development {45}. However, it is difficult to 
reconcile this view with other facts, such as (a) 
the demonstration that the precardiac tissue of 
the chick blastoderm can develop in vitro into 
spontaneously contracting heart-like tubes, ves
icles, or cell clusters {2, 4, 5, 46, 47} with no 
evidence of an intraluminal buildup of pres
sure, and (b) the retention of automaticity of 
cultured isolated single heart cells or monolay
ers. 
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ACTION POTENTIAL CHANGES 

Rate 0/ Rise and Overshoot. The action poten
tials (APs) of the cells of intact chick hearts 
undergo sequential changes during develop
ment in situ (13, 48, 49}, as shown in figure 
26-3. There is a progressive increase in maxi
mal rate of rise (+ V max) (figs. 26-3 and 26-4) 
and overshoot of the AP (fig. 26-3), as well as 
an increase in resting potential. The overshoot 
averaged + 11 m V on day 2, and increased 
progressively over the next few days, reaching 
the maximal value of about + 28 m V by day 
8. The duration (at 50% repolarization) was 
hardly changed during development, the aver
age value bein& 110 ms. The time course of the 
increase in + V max was not parallel to the in
crease in resting Em, the increase in resting Em 
preceding the increase in + V max by several 
days; that is, in young hearts, it was not unu
sual to find a cell with a large resting potential 
but with a low + V max ' 

Young (2-3 days in ovo) myocardial cells 
possess slowly rising 00-40 Vis) (fig. 26-4) 

---\'00 day 

m" --
200 mut 

FIGURE 26-2. Electrophysiologic recordings from ventric
ular fragments cur from chick embryonic hearts of various 
ages. (A-D) Pacemaker potentials preceded the APs in 
impaled cells within fragments from hearts aged three, 
four, seven, and ten days. Maximal rate of rise and max
imal diasrolic potentials in the fragments were the same 
as in the intact heart . The fragments contracted sponta
neously . (E-G) Cut ventricular fragments from hearts 12 
days old and older did not exhibit automaticity. Action 
potentials with fast rates of rise (equal to those recorded 
from cells in the intact hearts of the respective ages) were 
elicited by field stimulation (shock artifacts visible) from 
fragments of 12-, 17-, and 20-day ventricles. Time cali
bration in D applied to A-D and that in G to E--G. 
Modified from Sperelakis et al. (49]. 

APs preceded by pacemaker potentials (fig. 26-
3A). Hyperpolarization does not greatly in
crease the rate of rise (fig. 26-5), thus indicat
ing that the low + V max is not due to inacti
vation of fast Na + channels at the low resting 
potential, but rather to a low density of fast 
Na + channels. Excitability is not lost until the 
membrane is depolarized to less than - 20 m V 
(fig. 26-5), thus indicating the preponderance 
of slow channels. The AP upstroke in young 
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INTACT HEARTS 
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FIGURE 26-3. Characteristics of the action potentials in intact embryonic chick hearts at different stages of development. 
(A-B) Intracellular recordings from a two-day-old heart before (A) and 20 min after (B) the addition of tetrodotoxin 
(TTX) (20 Il-g/ml). (C-D) Recordings from a seven-day-old heart before (C) and 2 min after (D) the addition of TTX 
(2 Il-g/ml). Note depression of the rate of rise in D . (E-F) Records from a 15-day-old heart prior to (E) and 2 min after 
(F) the addition of TTX (1 Il-g/ml) . The APs were abolished and excitability was not restored by sttong field stimulation 
in F. Thus, the hearts became progressively more responsive to TTX during development, i.e., the effect of TTX 
increased with increasing embryonic age. The upper traces give dV/dt; this trace has been shifted relative to the V-t 
trace to prevent obscuring dV/dt. The horizontal broken line in each panel represents zero potential. dV/dt calibration 
(in E) and voltage and time calibrations (in F) pertain ro all panels. Modified from Sperelakis and Shigenobu {l3}. 

hearts is generated by Na + influx through 
(TTX-insensitive) slow Na + channels, as indi
cated by the dependence of the AP overshoot 
(fig . 26-6A) and rate of rise (fig. 26-6B) on 
the external Na + concentration. The slope of 
overshoot as a function of (Nalo approaches the 
theoretical 61 m Vldecade from the Nernst 
equation at the lower (Nalo concentrations (fig. 
26-6A). 

Kinetically fast Na + channels are substantial 
in number by day 5. This is about the time 
that circulation is established to the chorioal
lanoic membrane for gas exchange. At this 
time, +Vrnax is about 50-70 Vis (fig 26-4 and 
table 26-3) . During this intermediate stage of 
development (from about day 5 to 7), a large 

number of slow channels still coexist with the 
fast Na + channels in the membrane. 

By day 8, depolarization to less than - 50 
mV abolishes excitability (fig. 26-5). This in
dicates that the AP-generating Na + channels 
now consist predominantly of fast Na + chan
nels. The dependence of the inward current on 
(NaJo during the AP in old embryonic hearts 
is also shown in figure 26-6A and B. The den
sity of fast Na + channels continues to increase 
until about day 18, when the adult maximal 
rate of rise of about 150 vis is achieved (fig. 
26-4). This conclusion has been strengthened 
by confirmatory observations reported by Iijima 
and Pappano (50l and Marcus and Fozzard 
(51). A large fraction of the slow Na + channels 
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appear to have been lost functionally, and in
sufficient numbers remain to support regenera
tive excitation. (However, the simultaneous in
crease in resting potential during development 
might render propagation more difficult for any 
given density of slow channels, because of the 
greater critical depolarization required to reach 
threshold and because of the increased K + con
ductance.) Addition of some positive inotropic 
agents rapidly increases the number of slow 
Ca2 + -Na + channels available in the mem
brane, and leads to the regaining of excitability 
in cells whose fast Na + channels have been 
voltage inactivated or blocked {52-54}. 

Sensitivity to TTX and to Calcium Antagonistic 
Drugs. Tetrodotoxin (TTX), a specific blocker 
of fast Na + channels, has no effect or only lit
tle effect on the AP rate of rise or overshoot of 
the young (two- to three-day-old) hearts (fig. 
26-3B and table 26-3). During the interme
diate stage (days 5-7), TTX causes a reduction 
in + V max to about 10-20 VIs, but the APs 
and accompanying contractions persist (fig. 
26-3C and D, and table 26-3). After day 8, 

FIGURE 26-4. Changes in the maximum rate of rise of 
the cardiac action potential (+ V max) during embryonic 
development of chicks . There is a progressive increase in 
+ V max during development, with a plateau level being 
reached by about day 18. Vertical bars give ± SE. Data 
taken from Sperelakis and Shigenobu (13) , and Jourdon 
et al. (unpublished observations). 

the APs are completely abolished by TTX de
spite increased stimulation intensity (fig . 26-
3E and F, and table 26-3). 

The Ca2 + -antagonist drugs , verapamil and 
D-600, block the APs of the young embryonic 
hearts {55, 56}. This indicates that these 
agents block slow Na + channels as well as slow 
Ca2 + and slow Ca2 + -Na + channels, and so are 
not specific for blockade of Ca2+ current. In 
contrast, Mn2+ at 1 mM does not depress the 
APs of young hearts, although it does block 
the contractions , indicating a greater specificity 
for slow Ca2 + channels and not for the slow 
Na + channels {13}. 

In recent experiments (Kojima and Spere
lakis, unpublished observations) on three-day
old chick embryonic hearts, it was confirmed 
that verapamil and D-600 depress and block 
the AP. Elevation of {Ca}o did not antagonize 
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FIGURE 26-5. Evidence for two types of Na + channels. Data illustrating changes in the maximal rate of rise of the AP 
(+ V m .. ) as a function of membrane potential (Em) for representative hearts of three different embryonic ages (three, five, 
and 13 days). The membrane potential was changed by applying rectangular polarizing current pulses of long duration 
(several seconds). The circles give the mean resting potential (polarizing pulses not applied). Note that complete inacti
vation for the 13-day heart occurs at about - 55 mY, whereas complete inactivation does not occur until about - 25 
m V for the three-day and five-day hearts. For the three-day and 13-day hearts, there appears to be only one type of 
channel: slow and fast, respectively. The data for the five-day heart (transition period) suggest that there are two sets of 
channels, one set inactivating at about - 55 mV and the other set at - 25 mY. Modified from Sperelakis and Shigenobu 
[ 13J. 

this blocking effect of the drugs, whereas ele
vation of [Na}a (starting from 50% of normal 
[Na}a) did antagonize, consistent with the 
channel being a slow Na + rather than a slow 
Ca2 + channel. In addition, it was found that 
nifedipine also blocked, whereas diltiazem, be
pridil, and mesudipine did not. 

Galper and Catterall [57} reported that the 
early embryonic chick heart was insensitive to 
TTX (with no regard to contractions), but was 
sensitive to D-600. During subsequent devel
opment, the sensitivity to TTX increased and 
the sensitivity to D-600 decreased in a recip
rocal manner. Kasuya et al. [58} also reported 
that the slowly rising APs of three-day-old em
bryonic chick hearts involved cation channels 
that were pharmacologically different from 
those of old embryonic hearts. Nathan and 
DeHaan [59} found that TTX-sensitive fast 
Na + conductance channels were absent or non-

functional in cultured cell reaggregates derived 
from three-day-old embryonic chick hearts. 
Ishima [60] reported that the contractions of 
three- to five-day-old embryonic chick hearts 
were not affected by TTX. 

Consistent with the findings reported from 
several laboratories, from electrophysiologic ex
periments, that there is a large increase in 
number of fast Na + channels during develop
ment, it was demonstrated by Renaud et al. 
[61] that the number of specific TTX-binding 
sites (using 3H-ethylenediamine-TTX) is very 
low in three-day-old embryonic chick hearts, 
and increases four- to fivefold during embry
onic development. They also confirmed that 
the APs in the two- to three-day hearts were 
insensitive to TTX. Iijima and Pappano [50] 
and Marcus and Fozzard [51] reported that 
there are some fast Na + channels detectable on 
day 3, and that the sensitivity of the fast Na + 
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FIGURE 26- 6. Evidence that Na + is the predominant carrier of inward current in both young and old embryonic chick 
hearts. (A) The mean overshoot values (+ Em~) for one representative four-day-old heart and one representative 17 -day
old heart plotted as a function of external Na + concentration on a logarithmic scale. A line having a slope of 60 mV/ 
decade has been arbitrarily superimposed. The curves are nearly linear with a slope approaching 60 mY/decade at lower 
[Na]o, but flatten at high [Na]o levels . (B) The effect of variation of [NaJa on maximum rate of rise of the action 
potential (+ V m .. ). [Na]o was lowered by replacing the NaCl with equimolar amounts of choline- CI. Plotted are the 
mean +Vm~ (± SE) values for three-day, four-day , and 17-day-old hearts. The curve for the old heart is linear at lower 
[Na]a levels , and flatten at higher levels; for the young hearts, the curves are linear over the entire range. Taken from 
Sperelakis and Shigenobu [13]. 
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TABLE 26--3. Effect of tetrodotoxin (TTX) 
on the action potential maximal rate of rise 
( + V max) of chick embryonic hearts (ventricular 
muscle) as a function of developmental age 

+ V max (VIs) 
Embryonic age TTX 
(days) Control +TfX sensitivity 

2-3 15-35 10-30 Little or none 
5-6 50-70 10-30 Partial 
8-10 75-90 0 Complete 

12-16 90-140 0 Complete 
17-21 140-170 0 Complete 

Dara taken from Sperelakis and Shigenobu {l3l. 

channels to blockade by TTX does not change 
during development. Renaud et al. {61} found 
that there was degradation of the TIX recep
tors, with a half-time of 9 h in monolayer cul
tures that were reverted, and that the TTX re
ceptors were stable 24 h after inhibition of 
protein synthesis in reaggregate cultures con
taining highly differentiated cells. 

Summary. In summary, young (two- to three
day-old) embryonic chick hearts have APs with 
relatively low rates of rise and which are only 
little depressed by TTX {13, 48, 62-65}. 
Since hyperpolarization does not greatly in
crease the rate of rise, the density of functional 
fast Na + channels is low. In contrast, the den
sity of slow Na + channels is high in the young 
hearts, and verapamil-type agents block the 
slow Na + channels, whereas Mn2 + does not 
(13, 55}. During development, the number of 
functional fast Na + channels increases progres
sively, reaching the final adult level by about 
day 18. In contrast, the number of available 
slow channels, in the absence of positive ino
tropic agents, decreases during development, 
reaching the adult level by about day 8. At this 
time, TTX completely blocks the APs, indicat
ing that the number of available slow channels 
is not enough to support regenerative excitabil
ity. However, addition of a positive inotropic 
agent, such as beta-adrenergic agonists, hista
mine, or methylxanthines, rapidly increases the 
number of available slow channels, and thus al
lows regenerative slow APs to be generated in 
the presence of TTX blockade or voltage inac-

tivation (in 25 mM {K}o) of the fast Na + chan
nels. During an intermediate stage of develop
ment, days 5-7, a sizable number of functional 
fast Na + channels coexist with the originally 
high density of functional slow channels, so 
that blockade of the fast Na + channels by TTX 
unmasks slow APs, resembling those present in 
young (two- to three-day-old) hearts. 

BIOCHEMICAL CHANGES 

Cyclic-AMP Levels. Pronounced changes in 
cyclic-AMP (cAMP) content occur during em
bryonic development of the chick heart {49, 
66, 67}. The cAMP level is highest in young 
hearts and it decreases during development. 
McLean et al. {66} found a cAMP level of 116 
pmollmg protein on day 4, and this decreased 
sharply by day 5 to about 41; there was a grad
ual further decline to 9.4 pmollmg protein, 
which is about the adult level, by day 16. Re
naud et al. {67} found a cAMP level of 33.6 
pmol/mg protein on day 4 and 11. 7 on day 16. 

The relationship between changes in mem
brane properties and changes in cAMP levels 
during development of heart remains to be 
clarified. In cultured skeletal muscle, however, 
the cAMP level decreases sharply as the myo
blasts fuse into myotubes, i.e., when the cells 
further differentiate. In addition, increase in 
cAMP level is associated with increase in the 
number of available slow channels. Therefore, 
it is tempting to speculate that the decrease in 
number of available slow channels during de
velopment of chick heart, as described above, 
results from the concomitant drop in cAMP 
level. This would allow positive inotropic 
agents that increase the cAMP level to increase 
the number of available slow channels tran
siently back toward the density present in 
young embryonic hearts. In other words, the 
developmental change in steady-state level of 
cAMP allows the fraction of slow channels that 
are available for activation to be modulated by 
inotropic agents. 

It appears that the cAMP level in cultured 
hearts cells is either about the same (e.g., 16 
pmol/mg protein in cells derived from 16-day 
hearts) {66} or reduced (e.g., 4.5 pmol/mg 
protein) {67}. A reduction in cAMP was ob-
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served in cell cultures prepared from four-day
old chick hearts. The cAMP level of young 
(four-day) hearts placed into organ culture for 
two weeks declines (to 5.6 pmollmg protein), 
even though the cells do not further differen
tiate electrically or ultrastructurally [67]. A 
similar decline in cAMP level (to 5.3 pmol/mg 
protein) was observed in organ-cultured 16-
day-old chick hearts. 

Isoproterenol was capable of markedly ele
vating the cAMP level in all cases-young or 
old, cultured or noncultured-thus demon
strating the presence of functional beta-adren
ergic receptors. For example, 10 -6 M isopro
terenol raised the cAMP level of seven- to 

eight-day hearts from a control level of 35 
pmol/mg to 80 pmollmg protein at 3 min 
(time of peak effect) [66]. Isoproterenol ele
vated the cAMP level of four-day-old hearts 
from 34 pmollmg to 119 pmollmg protein, 
thus clearly showing that young hearts prior to 

innervation have functional beta-adrenergic re
ceptors. The organ cultures and cell culrures of 
four-day-old and 16-day-old hearts also re
sponded markedly to isoproterenol. 

In rat heart, the cAMP level was reported to 

FIGURE 26-7. Developmental changes in cAMP-depen
dent protein kinase and adenylate cyclase activity in 
mouse hearts. The ordinate shows percent changes (ex
pressed as percent of adult level (6-12 months old)) in 
rotal cAMP-dependent protein kinase activity (type I and 
type II {DJ) and basal (.) and isoproterenol 00- 6 M)
stimulated adenyl ate cyclase activities (0). Values for 
cAMP-dependent protein kinase were recalculated from 
the values given in the papers by Haddox et al. PIJ. and 
those for the basal and ISO-stimulated adenylate cyclase 
activity from Chen et al. P2J. The author thanks Dr. 
Michio Kojima for preparation of this figure by recalcu
lation of data in the original articles. 

increase during the period from just before 
birth to postnatal day 10 [68}. The changes in 
cAMP in rat skeletal muscle were similar to 
those for the heart. Likewise, in embryonic 
chick skeletal muscle, there was an increase in 
cAMP level between days 7 and 15 [69, 70}. 

In mouse hearts, Haddox et al. [71} found 
that there was an increase in activity of the 
cAMP-dependent protein kinase from prenatal 
day 16 to postnatal day 10, following which 
activity gradually declined to the adult level 
(fig. 26-7, squares). Chen et al. [72} found 
that the basal adenylate cyclase activity was 
very low at prenatal day 14 and progressively 
increased through postnatal day 45 (fig. 26-7, 
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filled circles). The isoproterenol (10- 6 M)
stimulated adenylate cyclase activity increased 
in parallel to the basal activity (fig. 26-7, un
filled circles). 

Glucose Uptake, Amino Acid Uptake, and Mem
brane Fluidity. Changes in other membrane 
properties also occur during development. For 
example, glucose uptake is very high in young 
hearts and decreases during development. A 
carrier-mediated saturable glucose transport 
system appears on about day 7, and an en
hancement of glucose uptake by insulin can be 
first demonstrated shortly thereafter {7 3}. 
Thus, insulin had no effect on glucose uptake 
of five-day-old embryonic chick hearts, but did 
on seven-day-old hearts. Glucose uptake by 
hearts five days old and younger seems to be by 
simple diffusion across the membrane {74, 75}. 
Ouabain stimulates glucose uptake in ten-day
old hearts, but not in five-day hearts {76}. As 
development proceeds, the heart myocytes also 
become progressively less permeable to sorbi
tol. 

Amino acids are actively transported against 
concentration gradients in five-day-old embry
onic chick hearts, and insulin enhances the rate 
of amino acid transport {n}. The amino acid 
uptake decreases with development. 

There are also changes in membrane fluidity 
(microviscosity) during development of chick 
hearts [75}. There is a trend toward increase in 
fluidity as development proceeds. The choles
terol-phospholipid ratio of the sarcolemma in
creases during development, concomitant with 
an increase in the number of unsaturated fatty 
acid residues. In general, the changes seem to 
be too complex to correlate with changes in the 
electrical properties, as, for example, with 
changes in K+ permeability. The membrane 
fluidity of cultured chick skeletal myoblasts in
creases concomitant with fusion and myotube 
formation {78}. 

Metabolic Changes. Young (two- to three-day
old) embryonic chick hearts have large pools of 
glycogen, and their metabolism is mainly by 
anaerobic glycolysis. The circulation to the 
chorioallantoic membrane under the eggshell 
for gas exchange is not established until day 5. 

Following this event, there is a shift toward 
aerobic metabolism, accompanied by changes 
in various enzymes. For example, there is an 
increase in pyruvate kinase activity [79, 80}. 
Many of the biochemical changes that occur in 
hearts during development have been summa
rized in a review by Harary {8I}. 

Hearts of young chick embryos utilize the 
phosphogluconate pathway to a greater extent, 
relative to the tricarboxylic acid cycle pathway, 
than do hearts of older embryos or adults {82}. 
Proliferating cells in general are characterized 
by high activity of pentose cycle enzymes [83}' 
Enzymes of the pentose shunt pathway, such as 
glucose-6-P dehydrogenase and 6-P-gluconic 
dehydrogenase, decrease from day 4 to day 20, 
whereas enzymes of the Krebs cycle, such as 
isocitric dehydrogenase and a-ketoglutaric de
hydrogenase, increase during development 
{84}. In addition, hexokinase activity increases 
severalfold. The capacity to metabolize long
chain fatty acids appears late in development 
(after day 12) {85}. 

In rat hearts, lactic dehydrogenase (LDH) 
shifts from the embryonic M-form isoenzyme 
(which catalyzes the reduction of pyruvate to 
lactate) to the adult-like H form (which facili
tates pyruvate oxidation to CO2 and H 20) 
{86}. Similar changes were shown to occur in 
embryonic chick skeletal muscle {87}. When 
old embryonic chick myocardial cells are cul
tured in monolayers, they begin to synthesize 
the early embryonic M-LDH {88}. Isoenzyme 
transformation also occurs during rat heart de
velopment with respect to creatine phosphoki
nase {89}. 

Consistent with the fact that young embry
onic hearts have a low rate of aerobic metabo
lism, being mainly dependent on glycolysis, 
the young hearts are relatively resistant to met
abolic interventions. For example, hypoxia 
does not block the slow APs of young embry
onic chick hearts [90}. Similarly, ventricular 
cells of seven-day-old chick embryonic hearts 
are much less sensitive than those of 15-day
old hearts to a variety of metabolic poisons 
{91}. In mammalian atrial muscle, which has a 
high glycogen content, the isoproterenol-in
duced slow APs are only slightly depressed by 
hypoxia en}. 
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FIGURE 26-8. Cell ultrastructure of young (three days in ovo) and old (19 days in ovo) embryonic chick hearts in situ. 
(A) Three-day ventricular cell demonstrating paucity and nonalignment of myofibrils. Ribosomes are abundant in the 
cytoplasm. The contiguous cells are held in close apposition by desmosomes. (B) 19-day ventricular cells with abundant 
and aligned myofibrils . A convoluted intercalated disc appears between contiguous cells. Taken from Sperelakis et al. 
(49}, Sperelakis and Mclean (l31}, and Sperelakis and McLean (l32}. 

ULTRASTRUCTURAL CHANGES 

Thin myofilaments are clearly present at 30 h, 
and they begin to collect into groups at about 
36 h {93}' Thin filaments are found without 
thick filaments, but thick filaments usually oc
cur in association with thin filaments. The 
myofibrils in the two- to three-day hearts are 

relatively sparse and in various stages of for
mation (fig. 26-8A). The myofibrils are not 
aligned, and they run in all directions, includ
ing perpendicular to one another. Bundles of 
myofilaments attached to one Z line often ra
diate in several directions (fig. 26-8A). The 
sarcomeres are usually incomplete early in their 
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formation, and the myofibrils are short. H 
zones first become obvious at day 8, and M 
lines do not appear until about day 18. Free 
cytoplasmic polyribosomes are abundant and 
rough ER tubules lined with ribosomes are 
prominent in young hearts; ribosomes are fre
quently in close association with the develop
ing myofibrils. Large pools of glycogen are ob
served in the young (two- to three-day-old) 
hearts. 

Organ-Cultured Embryonic Hearts 

YOUNG EMBRYONIC HEARTS 

Cultivation of embryonic hearts in vitro aids in 
the analysis of the changes that occur during 
normal development in situ. When young 
(three-day-old) embryonic chick hearts, which 
have not yet become innervated by either cho
linergic or adrenergic fibers, are placed into or
gan culture, they fail to gain TTX-sensitive 
fast Na + channels (94, 951. Instead, the APs 
continue to be generated by TTX-insensitive 
slow Na + channels, the rates of rise remain 
slow, and pacemaker potentials precede the 
APs (fig. 26-9) . These APs resemble those re
corded from three-day-old hearts in situ. Simi
lar findings were obtained when young hearts 
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FIGURE 26-9. Failure of appearance of fast Na + channels 
in a three-day-old heart organ-cultured for six days. The 
APs recorded from one cell prior to (A) and another cell 
after (B), the addition of tetrodotoxin (TTX) are almost 
identical; dV/Dt values (upper traces) are similar for the 
twO cells. Subsequent addition of Mn2+ (1 mM; panel B) 
in the presence of TTX had no effect on the maximal rate 
of rise of the AP, thus indicating that the inward current 
during the APs is not predominantly carried by Ca2 + ion. 
Modified from Sperelakis and Shigenobu [l3}. 

were grafted on to the chorioallantoic mem
brane of host chicks for blood perfusion (961. 
Thus, organ-cultured young hearts do not dif
ferentiate further in vitro, but appear to be ar
rested in the young embryonic state. 

When young hearts which have been ar
rested in the early developmental state are 
treated with RNA-enriched fractions obtained 
from adult chicken hearts, they gain fast Na + 

channels and become completely sensitive to 

TTX (97-991; that is, young hearts in vitro 
can be induced to undergo further membrane 
differentiation. Cultured young hearts thus 
provide a useful model for studying the regu
lation of membrane differentiation. 

INTERMEDIATE AND OLD 
EMBRYONIC HEARTS 

Organ-cultured intermediate (five- to seven
day-old) hearts have both fast and slow Na + 
channels, just as in situ (94-961. The APs have 
moderate rates of rise (40-70 Vis), and TTX 
reduces the maximal rate of rise of the AP to 
about 10 Vis. Cultured 17-day hearts tend to 
retain their fast-rising APs and complete sen
sitivity to TTX, but survival is limited to a 
few days. Thus, in organ culture, the embry
onic hearts tend to retain the state of differen
tiation achieved at the time of placement into 
culture. 

Cultured Heart Cells 
Various stages of cardiac electrical differentia
tion can be simulated in vitro using cell cul
tures, and their study may facilitate elucidation 
of the mechanisms operating during normal 
cardiogenesis . The electrophyisologic properties 
observed depend to a large extent on the age of 
the hearts from which the cells are isolated and 
on the method of cell culture. 

OLD EMBRYONIC HEARTS 

Monolayer Cultures. When cells are dispersed 
from old embryonic hearts using trypsin and 
standard monolayer cultures are prepared, the 
cells are found to possess slowly rising TTX
insensitive APs with pacemaker potentials (fig. 
26-lOC and D); that is, the APs are similar to 
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FIGURE 26-10. Comparison of the electrophysiologic properties of the intact old (16-day) embryonic chick heart in situ 
(A and B) with those of trypsin-dispersed old ventricular myocardial cells in cultures prepared by three different methods 
(C-H) . (A and B) Intact heart; control AP (A) was rapidly rising (150 VIs), had a high stable resting potential (about 
- 80 mV), and was completely abolished by tetrodotoxin (TTX; 0 . 1 g/ml) (B). (C and D) Standard reverted monolayers; 
control AP was slowly rising (10 VIs) and was preceded by a pacemaker potential; the resting potential was low (about 
-50 mV) (C), and TTX did not alter the AP (D). (E and F) Partially reverted cells cultured as mono layers in media 
containing elevated K + concentration (25 mM); control AP had a rate of rise of 30 VIs (E) , lacked a pacemaker potential, 
had a moderately high resting potential (-60 mV), and was completely abolished by TTX (F). (G and H) Highly 
differentiated cells in spherical reaggregate culture; control APs were rapidly rising (150 VIs), the resting potentials 
were high (-80 mV) (G), and TTX abolished the APs (H) . Taken from Sperelakis et aJ. (49}, Sperelakis and McLean 
[131}, and Sperelakis and McLean [132} . 

those recorded in young (two- to three-day-old) 
hearts, rather than in old hearts from which the 
cells were taken (fig. 26-lOA and B). It thus 
appears that cell separation results in a rapid 
reversion toward the young embryonic state (3, 
55, 62, 100, 1OI}. 

This reversion can be partially prevented (or 
reversed) by separating the cells in trypsinizing 
solutions containing elevated K + concentra
tions (12-60 mM; by isomolar substitutions of 
K+ for Na +) and 5 mM ATP (39} . Action po
tentials recorded from cells prepared in this 
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manner are initiated from moderately high sta
ble resting potentials of about - 60 m V, and 
they are completely sensitive to TTX; however, 
the maximal rate of rise of the AP is still rather 
slow, averaging about 30 Vis (fig. 26-1OE and 
F). The mechanism whereby elevated K + and 
ATP helps to minimize reversion of the cul
tured cells is not known, although {Kl is re
duced in the reverted cells to about 90-100 
mM and this does not occur in highly differ
entiated cultured cells. 

Jones et al. {102} reported that multilayer
cultured ventricular cells can be made to ex
hibit highly differentiated morphology (e.g., 
densely packed and aligned myofibrils with mi
tochondria between the fibrils), as well as ad
vanced electrical properties, if the fetal calf 
serum concentration is lowered from 10% to 
0.1% after the first few days, presumably to 
remove growth-promoting factors, and the cells 
are subsequently allowed to age in vitro for sev
eral weeks. 

Renaud et al. {I03} recently demonstrated 
that monolayer heart cells maintained in a li
poprotein-deficient serum differentiate electri
cally compared to cells cultured in normal me
dia. The cells in lipoprotein-deficient media 
had greater resting potentials, faster-rising APs 
that were greatly decreased by TTX, and mus
carinic agonists now blocked automaticity. The 
authors found that the cholesterol content of 
the cell membranes was decreased in monolayer 
culture, and that the lipoprotein-deficient me
dium returned it to normal levels. It was also 
reported that the TTX receptor and muscarinic 
receptor remained stable for over 25 h after 
protein synthesis was blocked in the highly dif
ferentiated cells, whereas in the reverted cells 
these receptors were rapidly degraded (with 
half-times of 9-14 h). 

Spherical Reaggregate Cultures. Cells with high
ly differentiated electrophysiologic properties 
can be obtained following trypsinization (in so
lutions containing elevated K + and 5 mM 
ATP) and subsequent reaggregation to form 
small spheres (0.1-0.5 mm in diameter) in vi
tro {39}. (It must be emphasized that not all 
reaggregates contain cells that are highly differ
entiated, i.e., many are reverted.) Reaggrega-

tion is achieved either by gyrotation for 24-48 
h or by plating the cells on cellophane to which 
the cells adhere poorly. Action potentials re
corded from cells in such reaggregates possess 
rapid rates of rise (up to 200 Vis) and are ini
tiated from high stable resting potentials 
(about - 80 m V), and TTX completely abol
ishes all excitability (fig. 26-1OG and H). The 
intracellular records are indistinguishable from 
those made from the intact 16-day ventricle 
(fig. 26-lOA and B). As in the case of the in
tact old embryonic hearts, positive inotropic 
agents induce slowly rising APs in the highly 
differentiated cultured cells following blockade 
of the fast Na + channels with TTX {39, 104, 
105}. Acetylcholine was without noticeable ef
fect on the APs of cultured ventricular cells, 
both reverted {106} and highly differentiated 
{39}. 

YOUNG EMBRYONIC HEARTS 

When young (two- to three-day-old) embryonic 
hearts are trypsin dispersed and the cells are 
allowed to reaggregate in vitro, the cells retain 
electrical activity characteristic of the intact 
young heart; that is, the cells have low resting 
potentials, and they fire spontaneous slowly ris
ing APs that are unaffected by TTX. As ob
served in the case of young organ-cultured in
tact hearts, however, the addition of RNA
enriched extracts from adult chicken hearts to 
the reaggregated young myocardial cells in
duces the appearance of rapidly rising (e.g., 
100 Vis) APs, which fire from high stable rest
ing potentials (- 70 to - 80 m V), and which 
are completely sensitive to TTX {96, 97}. This 
further differentiation results in the achieve
ment of adult-like electrophysiologic proper
ties, as normally occurs in situ. The mecha
nism of action of the active principle in the 
extract remains to be elucidated. Nathan and 
De Haan {59} reported that they can achieve 
further differentiation of young cells in reag
gregate culture without the addition of special 
extracts. 

Meaning of Veratridine Depolarization 
It was first shown by Sperelakis and Pappano 
{I07} that veratridine depolarizes the reverted 
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cultured (monolayer) heart cells and that TTX 
prevents this depolarization, even though TTX 
had no obvious effect on the APs. They inter
preted these findings to suggest that veratri
dine opens up a resting type (i.e., time inde
pendent) of Na + channel (i.e., resting PNa is 
increased by veratridine), and that TTX blocks 
this action. (Since veratridine actually hyper
polarized the cells in the presence of TTX, they 
concluded that veratridine also increases the 
resting K+ permeability, PK .) Other investi
gators subsequently saw similar effects of vera
tridine and related toxins (such as batracho
toxin and grayanotoxin) on neurons and 
myocardial cells (see the review by Sperelakis 
{l08}). Because veratridine depolarized and in
creased Na + influx in monolayer culture heart 
cells that were reverted (i.e., exhibited slowly 
rising TTX-insensitive APs), it was suggested 
that there must be "silent" (i.e., inoperable) 
fast Na + channels present in the reverted cells 
that could be opened by veratridine [61, 109J. 
But this conclusion is based on the premise 
that veratridine can only act on fast Na + chan
nels, which seems to be an assumption that is 
equivocal. In support of their conclusion, Re
naud et al. [61J reported that there was some 
specific TTX binding in the young hearts (the 
number of such binding sites increased about 
sixfold during embryonic development), i.e., 
that there were some "silent" fast Na + chan
nels in young hearts. 

However, Pang and Sperelakis {l1OJ showed 
that the veratridine-stimulated 45Ca influx into 
the heart cells, which should reflect a parallel 
Na + influx because of the Ca-Na exchange sys
tem, was independent of embryonic age of the 
developing chick, i.e., the curve was flat. 
These investigators therefore concluded that 
veratridine must act on a second channel (in 
addition to the fast Na + channel) to increase 
Na + influx and Ca2+ influx and depolarize, 
since the number of TTX-binding sites in
creases during embryonic development [61J, as 
does the rate of rise of the APs [8, 13, 62J, 
reflecting the number of fast Na + channels; 
that is, more and more fast Na + channels were 
available to be opened as a function of embry
onic age, and yet the veratridine effect on Ca2+ 
influx was independent of embryonic age. The 

second channel opened by veratridine could be 
the resting PNa channel andlor the voltage-de
pendent slow Na + channel. 

Relevant to the evidence presented above 
that veratridine is not a specific opener of fast 
Na + channels in myocardial cells, Romey and 
Lazdunski [lllJ have now shown that veratri
dine, aconitine, batrachotoxin, and grayano
toxin are not specific for the fast Na + channels 
of neuroblastoma cells either, but also act to 
block the voltage-dependent slow Ca2 + chan
nels, at the same or even lower concentrations. 

Induction and Properties of Myocardial 
Slow Channels 

ACTION OF POSITIVE INOTROPIC AGENTS 

A number of positive inotropic agents exert an 
effect on the myocardial cell membrane to in
crease the number of available slow channels, 
and this action may at least partly explain their 
effect on increasing cardiac contractility. It is 
through the slow channels that Ca2+ influx oc
curs during the cardiac AP, and the amount of 
Ca2 + ion entering the myocardial cell controls 
the force of contraction. The ci+ entering di
rectly helps to elevate [CaJ; involved in activat
ing the myofilaments, and indirectly does so by 
bringing about the further release of Ca2+ from 
the intracellular stores in the SR {l12J. Block
ade of the slow channels, and hence Ca2 + in
flux, by Ca2+ -antagonistic agents, such as ver
apamil, D-600, nifedipine, Mn2+, Co2+, and 
LaH , depresses or abolishes the contractions 
without greatly affecting the normal fast AP, 
i.e., contraction is uncoupled from excitation. 

The positive inotropic agents which have 
been shown to affect the number of available 
slow channels include: catecholamines (beta-ad
renergic receptor agonists), histamine (H2 re
ceptor), methylxanthines, angiotensin II, and 
fluoride ion. The action of most of these agents 
is very rapid, the peak effect often occurring 
within 1-3 min. 

One method of detecting the effect of posi
tive inotropic agents on the myocardial slow 
channels is to first block the fast Na + channels 
and excitability by TTX or to voltage inacti
vate the fast Na + channels by partially depo-
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FIGURE 26-11. Induction of slow action potentials by positive inotropic agents in chick embryonic 06-day-old) hearts 
whose fast Na + channels have been inactivated by elevated [K]o (A-C) or tetrodotoxin (TTX) (D and F, G-I). (A - C) 
K + inactivation of the fast Na+ channels, and induction by catecholamine. (A) Control fast AP. (B) Abolition of 
excitability by elevation of [K]o ro 20 mM, despite a tenfold increase in stimulus intensity. (C) Slowly rising electrical 
response produced rapidly (1 min) after addition of epinephrine (Epi, 1 X 10- 5 M); contractions (not shown) accom
panied the electrical responses. Addition of Mn2+ or La3 + (1 mM) blocked the slow APs within 5 min (not shown). (D 
and F) TTX inactivation of the fast Na+ channels. (D) Control fast AP. (E) Abolition of APs 2 min after exposure to 
TTX (4 tJ.g/ml) . ( F ) Restoration of electrical (and contractile) activity by addition of caffeine (1 mM). (G-I) Induction 
of the slow channels by cAMP. (G) Control fast AP. (H) Abolition of excitability in TTX. (I) Resroration of slowly 
rising electrical responses 20-60 min after addition of cAMP (3 mM). The insets in G-I give the contraction recorded 
on a penwriter at slow speed. Note that the contractile force in I is about equal to that in G. Modified from Sperelakis 
and Shigenobu [13]. 

larizing the cells (e. g., to - 40 m V) in ele
vated {K}o (e.g., 25 mM) [52}. 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 (fig. 26-
llC and F). The slow APs are accompanied by 
contractions, and it has been shown that both 

Ca2 + and Na + inward currents partlClpate in 
the slow AP [53, 113}. The slow APs are 
blocked by agents which block inward slow 
C 2+ . I d' M 2+ L 3+ a current, mc u mg n , a ,verapa-
mil, and D-600 {56, 113, 114}. 

RELATIONSHIP TO CYCLIC AMP 

Histamine and beta-adrenergic agonists, sub
sequent to binding to their specific receptors, 
are known to lead to rapid stimulation of aden-
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ylate cyclase with resultant elevation of cAMP 
levels [114, 115}. The methylxanthines enter 
into the myocardial cells and inhibit phospho
diesterase, thus causing an elevation of cAMP 
[114}. These positive inotropic agents also rap
idly induce the slow APs by making more slow 
channels available in the membrane. Hence, 
cAMP is somehow involved in the functioning 
of the slow channels [53, 113, 114, 116, 117}. 

Consistent with this, cAMP itself and its di
butyryl derivative also induce the slow APs, 
but only after a much longer lag period (peak 
effect in 15-30 min), as would be expected 
from slow penetration through the membrane 
[53, 113}. Another test of the cAMP hypoth
esis was done by using a GTP analogue 
(5' -guanylimidodiphosphate [GPP(NH)P}), an 
agent known to directly activate adenylate cy
clase in a variety of broken cell preparations. 
The addition of GPP(NH)P (10 - 5 -lO - 3 M) 
induced the slow APs in cultured reaggregates 
of chick heart cells within 5-30 min [lIB}. 
These results support the hypothesis that the 
intracellular level of cAMP controls the avail
ability of the slow channels in the myocardial 
sarcolemma. 

In another test of the cAMP hypothesis, 
cAMP was microinjected intracellularly into 
dog Purkinje fibers and guinea pig ventricular 
muscle [l19}. It was found that cAMP injec
tions induced the slow APs in the injected cell 
for a transient period of 1-2 min; the ampli
tude and duration of the induced slow AP was 
a function of the amount of cAMP injected. 
When a slow AP was induced by theophylline, 
cAMP injections increased their rate of rise and 
amplitude also for a transient period. 

METABOLIC DEPENDENCE 

The induced slow APs are blocked by hypoxia, 
ischemia, and metabolic poisons (including cy
anide, dinitrophenol, and valinomycin), ac
companied by a lowering of the cellular ATP 
level [54}. This suggests that interference with 
metabolism somehow leads to blockade of the 
slow channels. This effect is relatively rapid; 
for example, the blockade occurs within 5-15 
min. In contrast, the fast APs are unaffected, 
thus indicating that the fast Na + channels are 
essentially unaffected. Thus, there is a depen-

dence of the functioning of the slow channels 
on metabolic energy. The contractions accom
panying the fast APs are depressed or abol
ished, indicating that contraction is uncoupled 
from excitation, as expected if the slow chan
nels were blocked. 

In addition to the effect of metabolism on 
the slow channels, with prolonged metabolic 
intervention, e.g., 60-120 min of hypoxia, 
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 [54, 91}. Thus, metabolic 
interference exerts a second, but much slower 
effect on the membrane, namely, to increase 
the kinetics of gK turnon, thereby shortening 
the AP. This effect could be mediated by a 
gradual rise in [Cali, since a steady-state eleva
tion in [Cali can cause an increase in gK, by 
turning on the Ca2+ -activated gK [120}. 

The myocardial slow channels are selectively 
blocked by acidosis [121}. For example, the 
slow APs induced by isoproterenol (in 25 mM 
[K}o) are depressed in rate of rise, amplitude 
and duration as the pH of the perfusing solu
tion is lowered below 7.0 [l22}. Complete 
block occurs at about pH 6.1, and 50% inhi
bition occurs at about pH 6.6. The contrac
tions are depressed in parallel with the slow 
APs. Acidosis has little or no effect on the fast 
APs, but the accompanying contractions be
come depressed and abolished as a function of 
the degree of acidosis [l23}; that is, excita
tion-contraction uncoupling occurs, as ex
pected from a selective blockade of the slow 
channels. Since the myocardium becomes aci
dotic during ischemia and hypoxia, it is likely 
that the effects of these metabolic interventions 
on the slow channels are partly mediated by the 
accompanying acidosis [l23}. 

PHOSPHORYLATION HYPOTHESIS 

Because of the relationship between cAMP and 
the number of available slow channels, and be
cause of the dependence of the functioning of 
the slow channels on metabolic energy, it has 
been postulated that a membrane protein must 
be phosphorylated in order for the slow channel 
to become available for voltage activation [53, 
54, 116, 124-127} (fig. 26-12). The only 
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Phosphorylation Hypothesis for Slow Channel 
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FIGURE 26-12. Cartoon model for a slow channel in myocardial cell membrane. Two hypothetical forms of the channel 
are depicted: dephosphorylated form (left diagram) and phosphorylated form (right diagram). It is postulated that a protein 
constituent of the slow channel must be phosphorylated in order for the channel ro be in a functional state available for 
voltage activation. There are two gates associated with each channel: an activation (A) gate, and an inactivation (1) gate. 
The gates are presumably charged positively so that they can sense the membrane potential. The I gate moves more 
slowly than the A gate. The slow-channel gates are kinetically much slower than those of the fast N a + channel. In the 
resting state, the A gate is closed and the I gate is open. In the active state, both gates are open. Depolarization causes 
the A gate ro open relatively quickly, so that the channel becomes conducting (the active state). However, the I gate 
slowly closes during depolarization and inactivates the channel (the inactive state). During recovery upon repolarization, 
the A gate closes and the I gate opens (returns to the resting state). Verapamil and Mn3+ block the slow channel. 
Tetrodotoxin (TTX) blocks fast Na + channels from the outside, presumably by binding in the channel mouth. Modified 
from Sperelakis (8]. 

well-documented effect of cAMP is the activa
tion of a cAMP-dependent protein kinase (di
mer split into two active monomers), and the 
latter enzyme, in the presence of ATP, phos
phorylates a variety of proteins. Several mem
brane proteins are phosphorylated under appro
priate conditions (l28}, and similar results 
have been shown for cardiac membrane prepa
rations [129, 130}. 

The protein that is phosphorylated might be 
a constituent of the slow channel itself. Phos
phorylation could make the slow channel avail
able for activation by causing a conformational 
change that either allowed the activation gate 
to be opened upon depolarization or effectively 
increased the diameter of the water-filled pore 
so that Ca2+ and Na + could pass through. Re
gardless of mechanism, the phosphorylated 
form of the slow channel would be the active 
(operational) form, and the dephosphorylated 
form would be the inactive (inoperative) form; 
that is, only the phosphorylated form would be 
available to become activated upon depolariza-

tion to threshold. The dephosphorylated chan
nels would be electrically silent. Thus, agents 
that act to elevate the cAMP level, either by 
stimulating the adenylate cyclase or by inhib
iting the phosphodiesterase, would increase the 
fraction of the slow channels that are in the 
phosphorylated form, and hence available for 
voltage activation. Some positive inotropic 
agents that do not elevate cAMP, but yet in
duce the slow channels, may act by inhibiting 
the phosphatase which dephosphorylates the 
slow-channel protein, thereby resulting in a 
larger fraction of phosphorylated channels 
[105]. 

The developmental changes in the auto
nomic receptors of mouse hearts are summa
rized in figure 26-13. Changes in the adrener
gic receptors (l3-adrenergic and ex 1-adrenergic) 
are given in panel A, and changes in the cho
linergic muscarinic receptors are given in panel 
B. The details of the developmental changes in 
the autonomic receptors in chick and mouse 
hearts are summarized in chapter 16. 
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Developmental Changes in Autonomic Receptors and 
in Mouse Hearts 
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FIGURE 26-13. Summary of developmental changes in autonomic receptors in mouse hearts relative to the adult level. 
(A) Changes in cardiac adrenergic receptors, norepinephrine content, and chronotropic response to isoproterenol. Changes 
in number of <XI-adrenergic receptors (e), l3-adrenergic receptors (0), norepinephrine content (0), and heart rate 
responses (as percent of the control level) to isoproterenol 00- 5 M) (.) are plotted. The abscissa gives developmental 
age in days prenatal (10-22 days) and postnatal (0-55 days and adult). <XI-Adrenergic receptors were determined by'H
WB4WI eH-2-N [2,6-dimethoxyphenoxyethyl} amino ethyl-l,4 benzodioxane) binding, and the l3-adrenergic receptors 
by 'H-DHA eH-dehydroalprenolol) binding. Values plotted are mean ± SE. (The SE was not shown when it was 
smaller than the size of a symbol.) There was no change in binding affinity for the antagonists, ' H-WB4WI and 3H _ 
DHA, during this period (not shown). Values for <XI-adrenergic binding studies and norepinephrine content were recal
culated from the data given in Yamada et al. [133] and those for the l3-adrenergic binding studies and for the chrono
tropic response to ISO from Chen et al. [134]. (B) Changes in cholinergic muscarinic receptors and chronotropic response 
to acetylcholine (ACh). Changes in muscarinic receptor density (0) and heart rate response to ACh 00- 5 M) (e), 
expressed as percent of the adult level and control level, respectively. The cholinergic muscarinic receptors were assayed 
by 3H -QNB ('H-quiniclidinyl benzilate) binding. Values plotted are mean ± SE. There was no change in binding 
affinity for the antagonist ' H-QNB during development (not shown). The values were recalculated from the data given 
in Roeske and Yamamura [135]. The author wishes to thank Dr. Michio Kojima for preparation of this figure by 
recalculation of data in the original articles. 
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Summary and Conclusions 
Striking changes occur in the electrical proper
ties of the myocardial cell membrane during 
embryonic development of chick hearts. The 
young tubular hearts (2-3 days old) have a low 
resting potential of about -40-50 mV, even 
though (Kl is nearly as high as the adult 
value. The low resting potential is caused by a 
low K + permeability (PK ). The low PK can also 
account for the high degree of automaticity ob
served in the ventricular cells of young embry
onic hearts. PK increases rapidly during devel
opment, attaining nearly the final adult value 
by day 12; the resting potential increases to 
about - 80 m V, and automaticity of the ven
tricular cells is suppressed. The young heart 
has a low (Na,K)-ATPase activity, and this en
zyme activity increases during development 
along with PK . 

The young (two- to three-day-old) hearts 
have action potentials (APs) with slow maximal 
rates of rise (+ V max) of 10-30 Vis. The slowly 
rising APs are not affected by tetrodotoxin 
(TTX) , and hyperpolarization does not greatly 
increase the rate of rise. The APs are dependent 
mainly on (Nalo. Thus, it appears that fast 
Na + channels are absent or relatively few in 
number in young hearts, the inward current 
during the AP being carried predominantly 
through TTX-insensitive slow Na + channels. 
The slow Na + channels are blocked by verapa
mil, but not by 1 mM Mn2+. Mn2+ does 
block the contractions, presumably by blockade 
of the Ca2 + influx during the AP. This Ca2 + 
influx presumably occurs through some slow 
Ca2+ channels that are likely to be present. In 
many respects, the young tubular hearts resem
ble pulsating blood vessels, and their electrical 
properties are somewhat similar to those of vas
cular smooth muscle. 

There is a progressive increase in + V max of 
the AP during development. By day 5, + V max 

is about 50-80 Vis, and TTX now reduces 
+ V max to 10-30 Vis, i.e., to the value ob
served in two- to three-day-old hearts. Thus, 
the TTX-sensitive fast Na + channels progress
ively increase in number until they attain the 
final adult level by day 18. Between days 5 and 
7, fast Na + channels and a high density of 
slow Na + channels coexist. After day 8, TTX 

completely abolishes excitability, suggesting 
that the number of functional slow channels 
has decreased sufficiently so as not to support 
regenerative excitation. 

The cAMP level is very high in young hearts 
and decreases during development. The high 
cAMP level in young hearts may keep most or 
all of the slow channels in a phosphorylated 
state, and hence available for voltage activa
tion. Decrease in the cAMP level during devel
opment allows control to be exercised over the 
number of available slow channels. The fact 
that isoproterenol can elevate the cAMP level 
in even young (four-day-old) hearts (that al
ready have high levels of cAMP) indicates that 
functional beta-adrenergic receptors are present 
prior to innervation. 

The slow channels in young hearts are pre
dominantly of the slow Na + type, whereas 
those slow channels induced by some positive 
inotropic agents, e.g., isoproterenol, in older 
hearts are of the slow Ca-N a type. 

Young embryonic rat hearts also have slowly 
rising TTX-insensitive APs. The major differ
ence from the embryonic chick is that the slow 
channels that pass the inward current for the 
AP appear to be predominantly of the slow 
Ca2 + type rather than of the slow Na + type. 

Young embryonic chick hearts (three days 
old), removed prior to innervation and placed 
into organ culture for two weeks or grafted on 
the chorioallantoic membrane of a host chick 
for blood perfusion, do not gain fast Na + chan
nels or otherwise differentiate. This suggests 
that something in the in situ condition, such 
as neurotrophic or other factors, is required for 
triggering further differentiation. If, however, 
these young organ-cultured hearts are exposed 
for several days to an RNA-enriched fraction 
obtained from adult chicken hearts, they do 
gain TTX-sensitive fast Na + channels. This in
duction is blocked by inhibitors of protein syn
thesis, such as cyclohexamide. Thus, the syn
thesis of specific membrane proteins controls 
the appearance of fast Na + channels. Hence, 
cardiac myoblasts whose development, with re
spect to some membrane electrical properties, 
has been arrested in vitro can be induced to 
differentiate further. Trypsin-dispersed myocar
dial cells obtained from young embryonic chick 
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hearts and placed in cell culture for several 
weeks also do not proceed with differentiation 
in vitro, unless exposed to the RNA extract 
from adult heart. 

Monolayer cultures of heart cells prepared 
from old embryonic heart (ventricles) rapidly 
revert back to the young embryonic state; that 
is, they lose most or all of their fast Na + chan
nels, gain slow Na + channels, and gain auto
maticity because of a low PK ; they also lose 
many of their myofibrils. If however, the cells 
are allowed to reaggregate into small spheres 
and incubate for a period of 1-3 weeks, they 
often will regain highly differentiated electrical 
properties. These cells also retain their mem
brane receptors for catecholamines, histamine, 
and angiotensin. The cultured ventricular (and 
atrial) cells possess receptors for acetylcholine. 
Thus, highly differentiated myocardial cells can 
be maintained in cell culture under appropriate 
conditions. Exposure of monolayer cultures 
possessing reverted electrical properties to 
media containing lipoprotein-deficient serum 
caused the cells to gain highly differentiated 
electrical characteristics concomitant with in
crease in cholesterol content of the cell mem
brane. 

Based on veratridine-induced depolarization 
of and stimulation of Na + influx and Ca2+ in
flux into monolayer cultured heart cells that 
possess reverted electrical properties, and TTX 
block of the veratridine effect, it has been pos
tulated that there are some silent (nonfunc
tional) fast Na + channels in the reverted cells 
which can be opened by veratridine. Consistent 
with this view, there are some binding sites for 
a 3H _ TTX analogue (for assessing specific bind
ing sites presumably on fast Na + channels) in 
the young (three-day-old) embryonic chick 
hearts. But the number of 3H _ TTX binding 
sites increases about sixfold during embryonic 
development in ovo in parallel with the in
crease in + V max of the AP, thus confirming by 
a different approach the fact that the number 
of fast Na + channels increases during develop
ment. The fact that the degree of veratridine 
stimulation of 45Ca uptake is independent of 
embryonic age argues against the concept of si
lent fast Na + channels in the young hearts, 
and for the likelihood that veratridine exerts ef-

fects on other types of channels, e. g., on slow 
channels or resting PNa channels, as well as on 
fast Na + channels. 

Positive inotropic agents, such as norepi
nephrine, histamine, and methylxanthine, rap
idly induce slow Ca-Na channels in old embry
onic myocardial cells. Following blockade of 
the fast Na + channels with TTX, these agents 
rapidly allow the production of slowly rising 
APs by increasing the number of slow channels 
available for voltage activation. Since norepi
nephrine, histamine, and methylxanthines rap
idly elevate intracellular cAMP levels, these re
sults suggest that cAMP controls the number 
of operational slow channels. Exogenous cAMP 
produces the same effect but much more 
slowly, whereas intracellular injection of cAMP 
increases the number of available slow channels 
within seconds. 

The myocardial slow channels induced by 
the positive inotropic agents are very sensitive 
to blockade by metabolic poisons, hypoxia, and 
ischemia. In contrast, the fast Na + channels 
are essentially unaffected; however, the con
tractions accompanying the fast APs are de
pressed or abolished, i.e., contraction is uncou
pled from excitation, as expected from the 
slow-channel blockade. Therefore, the slow 
channels are metabolically dependent, whereas 
the fast Na + channels are not. The slow chan
nels are also selectively sensitive to blockade by 
acid pH. 

Because of the dependence of the myocardial 
slow channels on cAMP level and on metabo
lism, phosphorylation of a membrane protein 
constituent of the slow channel, by a cAMP
dependent protein kinase and ATP, may be re
quired to make it available for voltage activa
tion. By virtue of these special properties of the 
slow channels, the Ca2 + influx of the myocar
dial cell can be controlled by extrinsic factors, 
such as by autonomic nerve stimulation or cir
culating hormones, or by intrinsic factors, such 
as intracellular pH or A TP level. 
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27. AGING OF THE ADULT HEART 

Edward G. Lakatta 

Introduction 
Both quantitative and qualitative assessment of 
normal cardiovascular function differ with age 
of the organism studied [I-4}. Thus, func
tional studies of the normal heart at a single 
age are incomplete and represent only a point 
on a continuum. A full understanding of heart 
function in stressful or pathologic states must 
consider that age-related changes modify the 
substrate upon which the stress or disease pro
cess is superimposed and that the expression of 
a given pathologic state is not solely due to the 
disease per se, but represents an age-disease in
teraction. Striking examples of this interaction 
can be observed in cardiac overload states [5} 
or in the effect of adaptation of the myocar
dium to chronic physical conditioning [6}. 

The present chapter summarizes the results 
of studies which have investigated the effect of 
aging on some aspects of cardiac function dis
cussed elsewhere in this volume. This approach 
appears optimal for integration of the aging 
variable into our current understanding of the 
function of the heart in normal and pathlogic 
states. Primary emphasis is given to studies of 
cardiac function over the adult range, i.e., 
from adulthood to senescence; in addition, 
since the majority of these studies have been 
implemented in the rat aging model, this spe
cies is the focus of discussion. 

Cardiac Mass and Ultrastructure 
An increase in cardiac mass has been noted to 
occur with advancing age in many species, in-

N. SperelakiJ (ed.), PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
All rights mertltd. Copyright © 1984. 
MartinllJ Nijhoff Publi;hing, Bo!tonlThe Hague/ 
DordrechtlLanCtlSler. 

cluding man [2, 7}. In man, the gradual in
crease in systolic blood pressure likely due to 
progressive stiffening of the central arteries is 
an apparent cause of the cardiac hypertrophy 
[2}. In some rodent strains, while hypertension 
is present in advanced age and may be causally 
related to the cardiac hypertrophy, in others 
hypertrophy occurs even in the absence of an 
elevated blood pressure at rest [7, 8}. In the 
Wi star strain, in which several aspects of car
diac biochemistry and physiology have been 
studied with respect to advanced age, the ex
tent of left ventricular hypertrophy occurring 
between adulthood (six months) and senescence 
(24 months) is 20%-40% depending on 
whether heart mass is referenced to body size, 
i.e., tibial length, or to body weight (fig. 27-
1). Since body weight decreases during senes
cence, the 40% hypertrophy assessed by the 
left ventricular/body weight is probably an 
overestimate [9}. Absolute left ventricular 
weight increases 20%. There is no change in 
water content and, while hydroxyproline con
centration nearly doubles [IO}, the absolute 
amount can account for only 1 %-2% increase 
in mass. The average cell volume increases ap
proximately 20% between adulthood and se
nescence and thus nearly all of the increase in 
heart mass is due to an increase in cell mass 
[9}. The density of subcellular organelles has 
not been precisely quantitated over this age 
range. Coronary atherosclerosis is not present 
in this rat strain and under light microscopy 
the age of the hearts cannot be determined on 
the basis of coronary artery appearance [IO}. 
Quantitative studies of capillary density and fi
ber densities have demonstrated a decrease in 
the former and a reduction in their ratio [11, 
12}. As in most other tissues, lipofuscin gran
ules within the cell increase with advancing age 
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[l3}, but these have no apparent functional 
significance. 

Many functional aspects of the senescent 
heart resemble those in hearts which have hy
pertrophied in response to an experimentally 
increased work load. These include changes in 
myocardial catecholamine content, action po
tential configuration, contraction duration , vis
coelastic properties, velocity of sarcoplasmic 
reticulum Ca2 + accumulation, myofibrillar 
ATPase activity, and protein synthesis [1, 4}. 
As we proceed to discuss age-related changes in 
the heart it is important to determine whether 
these apparent age-related changes in the heart 
can be attributed to hypertrophy per se. 

Exeitation-C ontraetion 

ACTION POTENTIAL 

The effect of adult age on cardiac action poten
tial characteristics has been studied in rat atria 
and ventricles , guinea pig ventricles, and ca
nine Purkinje fibers. Resting membrane poten
tial does not vary with age [I4-19}. In un
stretched rat atria [14, 15}, a substantial 

FIGURE 27-1. The effect of age on the ratios of left ven
tricle to body weight (LVW/BW) and to tibial length 
(LVW/TL) in the Wistar rat . In the lower panel these 
ratios have been normalized to the 6 month value. From 
Yin et al. (9}. 

increase In action potential duration occurs 
during maturation from the neonatal period 
(two months) to adulthood (6-12 months) with 
no further change through senescence (28 
months). Similarly, in unloaded rat ventricular 
endocardium, no changes were observed in ac
tion potential duration or refractory period be
tween adult and senescent hearts [16}, and a 
similar effect of age on the duration of un
stretched canine Purkinje fiber action potential 
has been observed [I7}. 

The characteristics of the cardiac action po
tential are not fixed , but vary with many experi
mental factors . One such factor is the feedback 
interaction between excitation and contraction, 
i. e. , either mechanical factors or Ca2 + loading 
of the cell modulate the action potential dura
tion [20} . To examine the relation between the 
action potential and contraction, the two must 
be studied simultaneously. In isolated guinea 
pig right ventricular papillary muscles [I8}, si-
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FIGURE 27-2. (A) Typical transmembrane action poten
tials measured in right ventricular papillary muscles iso
lated from adult (seven-month) and senescent (24-month) 
rat hearts . Muscles were stimulated ro contract regularly 
at 24 min - I at 29°C in Krebs-Ringer solution containing 
[Ca2+ J of 2 .5 mM. The length of the muscles was that at 
which optimal force development in response ro excitation 
occurred (Lm.x). (B) Typical isometric contractions in 
right ventricular papillary muscles isolated from adult and 
senescent rat hearts and measured under conditions as in 
A. Redrawn from Wei et al. [19J. 

multaneous measurements of the isometric 
twitch and transmembrane action potential 
made over a wide range of stimulation frequen
cies (30-400/min) indicate that both the pla
teau phase of the action potential and the con
traction duration were prolonged in muscles 
from three- to four-month versus 26- to 40-
month animals. With respect to the considera
tion of adult aging it cannot be determined 
whether the age changes observed in this study 
occur over the adult to senescent period or, like 
the studies in unloaded rat cardiac tissues [14], 
occur mainly over the maturational period in 
this species. In right ventricular papillary mus
cles contracting isometrically at the peak of 
their length-tension curve, prolongation of 
both action potential and contraction duration 
were observed in muscles from senescent (24-
months) versus adult (6-8 months) animals 
[19]. Typical action potentials from a senescent 
and adult muscle are illustrated in figure 27-
2A, and typical isometric contractions in figure 
27-2B. Greater overshoot and substantially 
greater area above 0 m V and repolarization 
times were observed in the senescent versus 
adult [19] muscles, and these differences per-
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sisted across a wide range of perfusate (Ca2+]. 
The particular alterations in ionic currents dur
ing the "slow" and repolarization phases of the 
action potential that change with age in each 
of the studies cited remain to be established. 
Plausible hypotheses include that with advanc
ing age: (a) slow inward current is enhanced, 
or (b) electrogenic Na + -ci+ exchange or out
wardly directed K + current is retarded, possi
bly due to a delay or other differences in the 
excitation-induced increase myoplasmic Ca2 + 

transient. 
Prolongation of the isometric twitch with 

advancing age (fig. 27-2B) has been observed 
in a variety of preparations from a variety of 
species [16, 21, 22]. The precise relationship 
between the prolongation of the action poten
tial and contraction duration in the senescent 
heart also remains to be established. Plausible 
explanations include that with advancing age: 
(a) prolonged depolarization retards the resti
tution of myoplasmic Ca2 + to is preexcitation 
level, and this retards relaxation; (b) a delayed 
cellular Ca2 + transient causes a delay in out
wardly directed currents; or (c) prolongation of 
the electrical and mechanical parameters are 
unrelated and independently reflect prolonged 
restitution of preexcitation ionic gradients at 
the cell membrane and within the myoplasmic 
space. The prolonged excitation-contraction 
cycle observed in the senescent rat myocardium 
is of particular functional significance when the 
interval between the two successive stimuli be
comes progressively shortened (fig. 27-3). 
Note that when the interstimulus interval is re
duced to 160 ms, a contraction can be elicited 
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in only 20 % of senescent muscles while at 120 
ms all senescent muscles studied fail to con-
tract. This could be due primarily to electrical 
refractoriness, e.g., delayed restitution of those 
aspects of excitation required to trigger the re-
lease of Ca2+ within the cell andlor to delay 
restitution of Ca2 + cycling within the cell from 
the previous contraction, possibly representing 
electromechanical dissociation which can be 
elicited in this species {23}. 

SARCOPLASMIC RETICULUM 

In isolated cardiac cells or mechanically 
skinned cell fragments, a small increase in my
oplasmic Ca2 + effects the release of Ca2 + from 
the sarcoplasmic reticulum {24, 25} and this 
has been referred to as Ca2 + induced-Ca2 + re
lease. Once initiated, the cycle of Ca2+ release 
and reuptake can perpetuate itself without re
quiring additional Ca2+ input into the cell, 
. d C 2+ I d' d ' . I.e . , un er some a - oa 109 con 1tlOns, 
spontaneous Ca2 + _Ca2 + release occurs {24, 
25}. Recent evidence that sarcoplasmic-reticu
lum-generated Ca2 + induced-Ca2 + release oc
curs in intact preparations of a wide variety of 
species has been recently obtained using laser
spectroscopic methods {26, 27}. The rat, in 
particular, demonstrates spontaneous sarco
plasmic-reticulum-generated Ca2 + oscillation 
under experimental conditions similar to those 
in figures 27-2 and 27-3, i.e., those usually 
employed in studies of excitation-contraction 
mechanisms in cardiac muscle in vitro. 

Age differences in Ca2 + uptake or release by 
sarcoplasmic reticulum could in part explain 
the failure to generate a contraction in response 
to a premature stimulus (fig. 27-3). Indeed, 
under some conditions, cell fragments from the 
senescent rat heart require a greater trigger 
concentration of {Ci +} to release Ca2 + from 
the sarcoplasmic reticulum (28}. In addition, 
the rate of Ca2 + accumulation in isolated sar
coplasmic reticulum over that range of pCa ex
pected to occur within the cell subsequent to 
excitation is substantially reduced in vesicles 
isolated from senescent versus adult hearts (fig. 
27-4). A similar result was obtained compar
ing isolated sarcoplasmic reticulum from mat
urational (3-4 months) hearts to that from se
nescent (24-25 months) hearts {29}. In 
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addition, since no age difference was observed 
in the (Mg2 + ,Ca2+)-ATPase activities in that 
study, it has been suggested that the diminu
tion in CaL + transport resulted from an age ef
fect on the efficiency of coupling of ATP hy
drolysis to Ca2 + transport {29}. However, 
since sarcoplasmic reticulum from adult , i .e., 
six- to 12-month rat hearts was not examined 
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FIGURE 27-4. The velocity of Ca2+ accumulation in sar
coplasmic reticulum isolated from six- to eight-month 
(0 ) and 24- to 25-month (e) rat hearts. The curves are 
different at the P < 0.001 by analysis of variance. From 
Froehlich et al. DO). 
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in this study, it cannot be determined whether 
this conclusion pertains to adult aging of the 
heart or reflects a maturational process. 

A reduced rate of sarcoplasmic reticulum 
Ca2 + sequestration could result in delayed re
laxation not only in a given contraction (fig. 
27-2B), but also in response to a subsequent 
premature stimulus (fig. 27-3), since the ex
tent of Ca2 + reloading within the sarcoplasmic 

6,2 

pCA 

6.0 5.8 5.6 

reticulum might not be sufficient to respond to 
a trigger for its release {28}. Thus, both pro
longed contraction duration and delayed resti
tution of the excitation-contraction cycle in the 
senescent heart could be explained by age dif
ferences in the rate of sarcoplasmic Ca2 + trans
port or in requirements for its release. Al
though the fundamental mechanisms for the 
age differences evident in figures 27-2 to 27-
4 require further elucidation, these differences 
are so striking that the rat-aging model would 
appear to be an important tool for studies of ex
citation-contraction coupling in the heart {30}. 
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Force Production, Stiffness, and Shortening 
In Ca2+ -activated muscle, force and stiffness 
are determined by the interaction between the 
myofilaments (i. e., number of cross-bridges) 
and their geometric linkage to nonactivation
dependent structures, e.g., collagen and mem
branes. The force and stiffness properties of the 
latter, i.e., passive properties, can be separated 
from activation-dependent force and stiffness 
under conditions in which ci + activation of 
the myofilaments is assumed to be absent. In 
classic mechanics this assumption has been 
made during the interval between stimuli (i.e., 
diastolic period) or in the unstimulated state. 
Some recent studies, however, suggest that this 
assumption may not be valid in cardiac muscle, 
especially that from the rat, where intermittent 
random asychronous Ca2 + activation of the 
myofilaments in the unstimulated state results 
from spontaneous ci + oscillations and ac
counts for a small portion of resting force [26, 
31}. 

Under conditions when the purely passive 
properties of muscle might be measured, pre
cise characterization of myofilament activation 
from force and stiffness measurements requires 
modeling of the geometric arrangement or 
linkage of myofilaments and passive viscoelastic 
structures. Measurement of force or stiffness 
over a range of Ca2+ activation rather than at a 
single level can circumvent this problem to a 
certain extent and may provide information re
garding myofilament interaction. 

In muscle preparations chemically skinned 
with detergent, steady-state force production 
across the range of pCa that is likely to occur 
subsequent to excitation is not altered by age 
(fig. 27-5A). That the shape of the relative 
force-pCa curve is not age-related (fig. 27-5B) 
also suggests that sensitivity of troponin C to 
Ca2 + also may not be age-related. 

In muscles with intact membranes, because 
of the sarcolemmal barrier and sequestration of 
ci + within the cell, force production in re
sponse to an excitation varies over a higher 
range of perfusate [Ca2+}, [Ca2+}e. In intact 
adult rat cardiac muscle, force development 
varies over a rather relatively narrow range of 
[CaH}e compared to most other species (fig. 
27-6). This marked shift of the [CaH}e-devel-

oped force relationship in the rat to lower 
[CaH}e cannot result from a difference in the 
force-pCa relationship as in figure 27-5, be
cause this is fairly constant among species [28}. 
Rather it is most likely attributable to a species 
difference in cellular CaH loading. Since the 
frequency and amplitude of Ca2 + oscillations 
referred to earlier vary with the extent of cel
lular CaH loading, changes in the intensity 
fluctuations in scattered light which result 
from these oscillations can monitor changes in 
cellular Ca2 + loading even in the absence of 
stimulation [26, 33}' As illustrated in figure 
27-6A, a marked shift in Ca2+ loading as 
monitored by this technique is observed in the 
rat and likely determines the shift in the 
force-[CaH}e relationship observed in this 
species (fig. 27-6B). It is also important to 
note that in isolated cardiac muscle, when 
[Ca2+}e exceeds a maximum, force production 
falls (see rat in fig. 27-6B) and, thus, studies 
of the effect of [CaH}e or other inotropic per
turbations that enhance [CaH}e loading 
should be performed over the optimal range of 
[CaH}e, i.e., less than 3mM in the rat muscle 
stimulated at low frequencies at moderately 
low temperatures; when [Ca2+}e is kept low, 
the response in rat cardiac muscle to inotropic 
perturbation is qualitatively similar to that of 
other species [21, 31, 34}. Over the adult 
range, aging does not affect the [Ca2+}e-devel
oped force relationship over the optimal range 
of [CaH}e (fig. 27-7A). In addition, at opti
mal [CaH}e, the effect of resting muscle 
length, which also modulates the extent of 
myofilament activation at a given [CaH}e [35, 
36}. on developed force production is not al
tered by age (fig. 27-7B). 

While peak twitch force is not altered with 
advancing age, other characteristics of the 
twitch do exhibit age-related changes. The pro
long twitch time (fig. 27-2B) is accompanied 
by prolonged stiffness (fig. 27-8A). Both the 
time to peak stiffness and force as well as the 
time for their relaxation times are prolonged. 
These findings have consistently been observed 
in several studies [6, 7, 37} and suggest that 
the time course of activation is prolonged with 
adult aging of the myocardium [4}. In addi
tion, the slope stiffness coefficient, a, as deter-
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FIGURE 27-6. The effect of [Ca2+ }, on scattered light in
tensity fluctuations caused by spontaneous diastolic cellu
lar Ca2+ oscillations (AJ measured prior to an excitation 
and force developed in response to that excitation (B J is 
isolated rat (n = 3) and cat (n = 3) cardiac muscles. 
Stimulus frequency was 2 min - I and temperature was 
29°C. It is important to note that the curves in the figure 
are not unique, but vary with stimulation frequency, par
ticularly in the cat. Also, the frequency of scattered light 
fluctuations is greater than the frequency of the underly
ing cellular Ca2+ oscillations because the amplitude of 
cellular motion caused by the Ca2+ oscillations is up to 
severalfold greater than the wavelength of the laser beam 
(0.5 nm) used to detect the microscopic motion . 

mined from the relationship of stiffness to force 
during the twitch is increased with advancing 
age (fig. 27-8B) . This apparently does not re
sult from an age difference in passive (i.e., 
nonmyofilament activation related) viscoelastic 
properties, since prior to excitation in "resting" 
muscle, the slope stiffness coefficient is not 
age-related [7, 3 7}. 

The prolonged time-course twitch of force 
and stiffness and the enhanced slope stiffness 
coefficient during twitch observed in cardiac 

3C 35 40 45 50 

muscles from senescent versus adult rats are not 
fixed, but can be modified by chronic physical 
conditioning [6}. Figure 27-9 illustrates the 
effect of mild daily exercise (treadmill running) 
for five months (approximately 20% of the rat's 
lifespan) on contraction duration as a function 
of length (figure 27-9A) and [Ca2 +}e (fig. 27-
9B). Note that this mild exercise protocol had 
no effect on twitch characteristics or contrac
tion duration in muscles from adult animals . In 
muscles from senescent animals, however, con
traction duration was reduced to those levels 
observed in their younger adult counterpart. 
Similarly, the time course of stiffness and the 
slope stiffness coefficient, a, were reduced by 
exercise in the senescent, but not in the adult 
muscles [6}. In addition to demonstrating that 
certain properties commonly observed in the 
myocardium from aged rats can be modified by 
exercise, these results also provide a striking 
example on the influence of age on the effects 
of physical conditioning in cardiac muscle. 
Since physical conditioning does not alter the 
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collagen content in the heart {38, 39), reversal 
of prolonged contraction duration and altered 
stiffness properties in the senescent heart sug
gests that these properties of the senescent 
heart are not attributable to enhanced collagen 
content (l0). In addition, it is important to 

note this level of physical conditioning did not 
alter heart weight or heart weight/body weight 
either group of animals, but did obliterate the 
prolonged time-course twitch force and stiff
ness in the senescent heart. This indicates that 
these properties of senescent myocardium can
not be attributed to the cardiac hypertrophy 
per se of the senescent heart. This point is also 
clearly illustrated by the results of another 
study, which created the same extent of hy
pertrophy present in the senescent heart in 
middle-aged adult rats by banding the aorta 
{n. Although muscles from the hypertrophied 
left ventricles of the banded animals exhib
ited a prolonged twitch and increased ex com
pared to controls, the magnitudes of these were 
not as great as those observed in the senescent 
heart. 

While one major function of cardiac muscle 
is to stiffen to produce force, the other major 
and ultimate function is to shorten in order to 
eject blood. The speed of shortening, according 
to the cross-bridge, sliding-filament, theories 
of muscle contraction, is ultimately determined 
by the kinetics of cross-bridge cycling. The ve-
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FIGURE 27-7. (A) The effect of [Ca2 +], on twitch force 
in left ventricular trabeculae carneae isolated from adult 
(6-8 months), ., and senescent (25 months), 0, Wistar 
rats . Muscles were stimulated ro contract isometrically at 
24 min - 1 at 29°C. From Lakatta and Yin [4]. (B) The 
effect of resting muscle length on resting force (circles) 
and twitch force (triangles) in left ventricular trabeculae 
carneae from adult (closed symbols) and senescent (open 
symbols) rat hearts. Stimulation rate was 24 min - 1 and 
[CaH ] , was 2.5 mM. Lmw< is that length at which twitch 
force was optimal. Redrawn from Yin et al. [7] . 

locity of shortening is inversely related to the 
load which the filaments bear. At very light 
loads (or zero load if this experiment were fea
sible) the maximum velocity of shortening will 
occur and will reflect the maximum cross
bridge cycling rate. The maximum velocity of 
shortening also depends on the level of myofil
ament CaB activation , which is not constant 
but varies with time during the twitch. Studies 
of the effect of age on velocity of shortening 
have documented a decline over the matura
tional period {22, 40, 41) and have suggested 
that a further decline may occur with adult ag
ing {40). It is important to note that these 
measurements of the effect of age on shortening 
velocity have not taken into consideration that 
the time course of Ca2 + activation may be al
tered with age. Thus, differences in shortening 
velocity observed in muscles from different 
aged rats following a release (i .e. , permitted to 

shorten) at a given time following stimulation 
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FIGURE 27-8. (AJ The average time course of stiffness in left ventricular trabeculae carneae isolated from senescent (n 

= 17, dotted) and adult (n = 8, solid) rats. To permit the measurement of stiffness during an isometric twitch, a 
servomoror system capable of producing fine gradations in length superimposed on the basic isometric preparation was 
designed. By means of this system a length perturbation with any forcing function desired up to a peak amplitude of 
0.24 mm at frequencies from DC to 100 Hz could be superimposed on the study length. These particular studies 
employed a sinusodial length function with maximum amplitude limited to 0.025 mm. Control circuits limited the 
application of perturbation to 20 successive cycles at the probing frequency (25 Hz in this case) and generated a syn
chronization pulse field stimulation of the muscle via platinum electrodes (5 ms, supramaximal voltage) by a Grass SD5 
stimulator after precisely 1. 5 perturbations. The sequence was repeated at 5-s intervals. An additional reference contrac
tion (devoid of perturbations) was evoked midway between each of the perturbed cycles. By subtracting unperturbed 
twitches, an approximation of force development due only to the length of perturbation throughout the time course of 
the muscle contraction was derived. Combining the force and length data, a resulting dynamic stiffness, defined at dTI 
dL is obtained. (B J Slope stiffness coefficient derived from the relationship of stiffness to force during the twitch in 
muscles in A. Active contraction stiffness is a linear function of force (stiffness = 0: F + B) and is given for both age 
groups. The age difference is in 0: or the slope (0.41 ± 0.14 in the adult muscles, n = 8, versus 0.76 ± 0.05 in the 
senescent muscles, n = 17, P < 0.03) while the intercept, B, is not age-related (12.9 ± 0.14 in the adult versus 12.7 
± 1.3 in the senescent muscles). Redrawn from Spurgeon et al. [37}. 

may in part be due to age-related differences in 
Ca2 + activation at that time rather than indic
ative of specific age-related differences of in
trinsic cross-bridge kinetics. 

Parameters of the isometric twitch in some 
instances can provide indirect assessment of 
cross-bridge cycling rate. The maximum rate of 
force production, dF/dt) is determined in part 
by the velocity of cross-bridge cycling. How
ever, other factors, i.e., both active and passive 
stiffness, and the synchrony of activation 
among cells comprising the muscle, also deter
mine maximum dF/dt and, since these may 
vary with age, the observation that maximum 
dF/dt maximum is unaffected by age (fig. 27-
lOA) over a broad age range does not necessar
ily indicate that the cross-bridge cycling rate at 
a particular level of Ca2 + activation is unal-

tered by aging. Time to peak force and con
traction duration, which have been observed to 
vary inversely with shortening velocity [42, 
43}, increase with age over a broad range (fig. 
27-lOA), but these are also determined by the 
time courses of the myoplasmic Ca2 + transient 
and myofilament activation, which are appar
ently prolonged with age. The fact that short
ening velocity is dependent on the level of 
Ca2 + activation precludes the interpretation 
that prolonged time to peak tension or contrac
tion duration necessarily indicate a diminished 
cross-bridge cycling rate in senescent versus 
adult cardiac muscle. 

The maximum myofilament ATPase activity 
correlates directly with shortening velocity and 
inversely with contraction times [42, 43}. Ac
tomyosin, myosin, and myofibrillar ATPase 
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(fig. 27-lOA) do decline with age, but the ma
jor portion of this decline occurs during the 
maturational period, with very little additional 
change from midlife to senescence. The Ca2 + 

dependence of myofibrillar ATPase activity 
over that range of pCa expected to occur during 
a twitch does not vary with age (fig. 27-lOB). 
It is noteworthy that while expressed as ATPase 
activity of a given preparation, ATP hydrolysis 
per se is not the rate-limiting step of the cross
bridge cycle, and that the methods employed 
measure the overall sequence of intermediate 
reactions that occur in the enzyme hydrolytic 
cycle from Ca2 + binding to product release 
[44}. In this regard, the off rate of Ca2 + from 
troponin may be a determinant both of cross
bridge kinetics of the duration of activation. 
The effect of age on Ca2 + dissociation from the 
myofilaments remains to be determined. 

Adrenergic Modulation 
A substantial literature in man and intact ani
mals suggests that adrenergic responsiveness of 
the cardiovascular system diminishes with ad
vancing age [45}. Studies in isolated tissue 
demonstrate a diminished postsynaptic compo
nent of the beta responsiveness with age [46-
48}. Two main aspects of beta-adrenergic mod
ulation of the cardiac cell are to increase con-

%Lmax 

FIGURE 27-9. The effect of chronic daily wheel exercise 
on contraction duration (time from stimulus artifact to 
half-relaxation of force) in left ventricular trabeculae car
neae from adult and senescent rats as a function of resting 
muscle length (A), and {Ca2 +}, (B): S, senescent (24 
months); A, adult (6-8 months); C, control; E, exer
cised. Muscles were stimulated at 24 min - I at 29°C, 
{Ca2+}, = 2.5 mM in A and muscle length is Lmax in B. 
The exercise protocol did not significantly change devel
oped force or maximal rate of force development in either 
age group. Reprinted from Spurgeon et al. {6}. 

tractility and to reduce contraction duration 
(the relaxant response). Figure 27-11 illus
trates that in the myocardium the contractile 
response to isoproterenol decreases with adult 
age, while relaxant response is unaltered with 
aging. Similar results were observed in re
sponse to norepinephrine [46}. In isolated sar
coplasmic reticulum, in the presence of exoge
nous protein kinase, the increase in Ca 2 + 

velocity in response to a wide range of cAMP 
(cyclic AMP) concentrations is not age-related 
[49, 50}. Since stimulation of the Ca2+ accu
mulation rate in sarcoplasmic reticulum is a 
potential mechanism to explain the relaxant ef
fect of beta-adrenergic stimulation in cardiac 
muscle, these results in isolated sarcoplasmic 
reticulum are in accord with the results ob
tained in figure 27-11A. That the contractile 
and relaxant effects of beta-adrenergic stimula
tion can be separated in the senescent heart 
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FIGURE 27-10. (A) The effect of age on the maximum rate of myofibrillar ATPase activity, time to peak twitch force, 
and maximum rate of twitch force development. Myofibrillar ATPase activity was measured in detergent-purified myo
fibrils at pCa of 5.8 (see 8). Mechanical parameters were measured at Lmax at [Ca2+}, = 2.5 mM in right ventricular 
papillary muscles stimulated to contract regularly at 24 min - 1 at 29°C. Reprinted from Bhacnagar et al. [32}. 
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FIGURE 27- 11. (A) The contractile (dF/dt) and relaxant (CD) effects of isoproterenol in vascularly perfused interventri
cular septa from adult (e) and senescent (0 ) rats . Prior to isoproterenol, dF/dt was not age-related, but CD was 
significantly greater in the septa from senescent hearts . (B) The effect of dibutyryl cAMP on the maximum rate of force 
production (dF/dt) and contraction duration (CD) . Redrawn from Lakatta et al. [46}. 
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suggests that this model may be useful for 
studies designed to elucidate further the mech
anism of catecholamines at the subcellular 
level. The mechanism for the diminished effect 
of beta-adrenergic agonists on contractility can
not be explained solely by diminished myofila
ment or energetic responses to enhanced myo
plasmic Ca2 + resulting from beta stimulation, 
because when Ca2 + is enhanced without stim
ulation of the beta-adrenergic pathway, the 
contractile response does not differ with age 
(fig. 27-7). Age differences in the extent of 
myofilament phosphorylation which would al
ter Ca2+ binding and ATPase activity at a given 
pCa may be a potential mechanism to explain 
the age difference. Conversely, age differences 
in phosphorylation or the change in Ca2+ 
transport resulting from cAMP-dependent 
phosphorylation of the sarcolemma are also vi
able hypotheses to explain the results in figure 
27-11. In either case, the mechanism of the 
age difference in contractile response is appar
ently distal to cAMP-dependent activation of 
protein kinase, since isoproterenol increases 
cAMP and activates protein kinase to the same 
extent in adult and senescent hearts [47}. This 
suggests that age differences at the beta recep
tor do not occur or are not implicated in the 
diminished response. That the age deficit in 
contractile response is still observed when di
butyryl cAMP rather than Isoproterenol is em
ployed as the agonist (fig. 27-11B) provides 
additional support for this hypothesis. 

Measurements of beta-receptor numbers and 
affinity by agonist and antagonist binding in
dicate that these are not altered with adult ag
ing [47, 51}. However, a difference in beta
receptor affinity for catecholamine agonist was 
observed when senescent rats (24 months) were 
compared to rats in the maturational stage of 
development [52}. Furthermore, a diminution 
in adenylate cyclase activity in response to 
guanine nucleotides, NaF, and isoproterenol 
has been observed to occur with maturation 
[52, 53}. This age difference in adenylate cy
clase stimulation occurs apparently somewhere 
between maturation and adulthood, i.e., be
tween three and 12 months of age, because no 
difference was observed between preparations 
from 12- and 24-month animals [53}. It is of 
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FIGURE 27-12. The effect of isoproterenol and nitrogly
cerin on relaxation of thoracic aorta isolated from neonatal 
(46-59 days) and adult (279-294 days) rats. Note that, 
while the response to isoproterenol is markedly reduced 
in the older rats, the response to nitroglycerin remains 
intact. Redrawn from Fleisch and Hooker [56}. 

interest to note also that the hyperthyroid state 
stimulates an increase in beta-receptor density 
in the rat at all ages, including senescence [54, 
55}. 

Several studies have indicated that a loss of 
beta-adrenergic-induced relaxation of systemic 
vasculature occurs with aging [48, 56}. The 
extent of this decline is marked, occurs over 
the maturational period (fig. 27-12), and per
sists into advanced age [57, 58}. Treatment of 
animals with large quantities of thyroxine for 
three months restored a significant portion of 
the relaxant response to beta-adrenergic stimu
lation in those elderly (22 months) rats [58}. 

Not many studies have focused on the age
related changes in cholinergic modulation of 
the heart at the cellular level. Vagotomy failed 
to increase heart rate in senescent versus adult 
anesthetized rats [59}. It has been observed 
that concentrations of acetylcholine in rat atria 
become markedly depressed with adult aging 
[60}. In addition, threshold responsiveness to 
vagal nerve stimulation declines [61} and re
sponse to high-frequency stimulation is dimin
ished in senescence [59}. Direct application of 
methacholine in vagotomized rats resulted in a 
diminished slowing of heart rate in senescent 
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FIGURE 27-1 3. (A) The inotropic (dP/dT/P) response to 

acute bolus infusion of acetylstrophanthidin (ACS) in 
awake unanesthetized adult (13 years and senescent e 
01-13 years) 0 beagles. (B) The contractile (dT/dt) re
sponse to ouabain in left ventricular trabeculae carneae 
from adult (0 ) and senescent (e) rat hearts. Muscles were 
stimulated at 24 min - I at 29°C at Lmax in {Ca2 + J. of O. 25 
mM. dT/dt prior to ouabain was not age-related. Redrawn 
from Gerstenblith et al. {34J. (C) The effecc of ouabain 
inhibition of (Na, K)-ATPase in membrane preparation 
from adulc and senescent beagles studies in A. No age 
difference was present in the absolute activity of ouabain
sensitive (Na, K)-ATPase. Redrawn from Guarnieri et al. 
(66]. 

versus adult and neonatal anesthetized rats 
[59}. While acetylcholine in low concentra
tions affected a greater change in guanosine 
monophosphate in tissue slices from senescent 
versus adult rat hearts, at higher acetylcholine 
concentrations, no age difference was observed 
[62}. 

Cardiac Glycosides 
The sensitivity to cardiac glycosides changes 
dramatically with age in the rat model such 
that at moderate temperatures and low rates of 
stimulation the response virtually disappears af
ter approximately the first 21 days of life [63}. 
Adult rat muscles under these conditions will 
respond to glycosides when Ca2+ loading is 
lowered by a prior reduction in [Ca2+ }e. How-
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ever, the range of concentrations of glycosides 
required to elicit an inotropic response is high 
compared to adult cardiac muscle from other 
species, in part, to decreased ability of the gly
cos ides to bind to rat cardiac sarcolemma [64, 
65}. Studies of the effect of adult age on the 
inotropic response to glycosides demonstrate a 
marked reduction in muscles from senescent 
adult rats (fig. 27-13A), while the inotropic 
response in these same senescent muscles to 
continual paired pacing is greater than that to 
ouabain and equal to that in the adult muscles 
[34}. The effect of adult age on neither the to
tal density of (Na + ,K+)-ATPase sites nor oua
bain binding to these sites has been deter
mined. It is noteworthy that , in purified 
sarcolemmal preparations isolated from senes
cent rats, the density of Na + -K + receptor sites 
is not substantially changed from that in prep
arations from maturational animals [29}. The 
relative ouabain inhibition of (Na + ,K +)
ATPase in rat membrane preparations is not al
tered with adult age [34} . A similar picture 
emerges from studies of the inotropic response 
to acetylstrophanthidin in adult (1-3 years) and 
senescent (11-13 years) beagles [66}, i.e., a 
substantial reduction in the inotropic response 
was observed in the elderly dogs (fig . 27-13B), 
while relative inhibition of ATPase was not 
age-related (fig. 27 -13C). Additional studies 
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to delineate the mechanism(s) of the reduced 
response to glycosides in senescent myocardium 
might provide a useful tool to probe the long
standing enigma of precisely how glycosides al
ter the Ca2+ loading of the cardiac cell. 

Metabolism 

ENERGY METABOLISM 

In order for cyclic actomyosin interaction to oc
cur, energy is required in diastole for intracel
lular pumps to maintain {Na +1 and {Ca2+1 at 
levels far from their thermodynamic equilibria, 
and during systole for contractile protein dis
placement. In order to precisely relate energy 
metabolism to function, the two must be stud
ied simultaneously; this has been accomplished 
in a single study examining the effect of adult 
age on oxidative metabolism in isolated per
fused working rat hearts {67]. In that study 
following 30 min of the most strenuous condi
tions employed, moderate (i.e., approximately 
20%) decrements in oxygen consumption, pal
mitate oxidation, ATP, creatine phosphate, 
and ATP/ADP were observed in hearts isolated 
from 24- to 28-month Fischer rats versus those 
from five- to 12-month animals. An increase in 
the glycolytic flux of about the same magni
tude (though not statistically significant) also 
occurred in the hearts of animals of advanced 
age. Measurements of total work, i.e., wall 
stress during the cardiac cycle, were not made 
and it is impossible to determine whether the 
reduction in aerobic metabolism was actually 
appropriate for decreased external component of 
work in the senescent hearts as estimated from 
heart rate X systolic pressure {67]. An alter
nate hypothesis is that the reduction in maxi
mum coronary flow per gram heart weight of 
approximately 20% observed in this and an
other study {68} compromises maximum oxy
gen supply, which limits oxidative metabolism 
and an increased glycolysis under strenuous 
work loads. A more marked increase in glyco
loy tic rate accompanied by a diminution in 
aerobic metabolism has also been observed in 
homogenates from senescent versus adult rat 
hearts and it has been hypothesized that with 
advanced age a "shift" from aerobic to glycol-

ytic energy production occurs {69}' In that 
study, however, the functional status of the 
hearts was not monitored. Oxidation of palmi
tate is diminished in mitochondria isolated 
from senescent versus adult hearts {70} and this 
represents an additional plausible mechanism 
for the diminution in respiration observed in 
the intact heart when palmitate is employed as 
a substrate. Respiration of other substrates, 
i.e., glutamate-pyruvate, or glutamate-mal
ate, is also reduced, but other substrates, i.e., 
succinate and ascorbate, are oxidized equally 
well in mitochondria from senescent and adult 
hearts. The effect of age on mitochondrial en
ergetics has been recently extensively reviewed 
elsewhere {71}. 

With a reduction of perfusate POb a shift to 
more glycolytic energy production occurs. Se
nescent cardiac muscle is able to withstand ex
tended periods of hypoxia as well as adult mus
cles (fig. 27-14). During recovery from 
hypoxia developed force recovery is equal in 
both age groups. Contraction duration exhibits 
a marked overshoot in both groups, but this is 
much more pronounced in the senescent mus
cles {20}. With reoxygenation, myoplasmic 
{Ca2 +} increases transiently and the exagger
ated contraction duration in the senescent myo
cardium may be attributable to the altered 
Ca2 + sequestration characteristics observed in 
isolated sarcoplasmic reticulum from senescent 
rat hearts (fig. 27-4). 

PROTEIN METABOLISM 

The effect of age on myocardial protein turn
over has been studied in mouse and rat strains, 
in intact animals, isolated hearts, and cell-free 
systems. All studies in either species have dem
onstrated that a decrease in protein synthesis 
occurs from the maturational or growth phase 
to the adult period {72-77}. In hearts from 
three-month versus 24-month animals, the 
older group had a diminution in myocardial 
RNA concentration of 20%, a 50% reduction 
in the rate of RNA synthesis, and a 35% re
duction in protein synthesis {76}. The results 
suggested that, with aging, the number of ri
bosomes decreased, and since RNA degradation 
in the aged hearts was also decreased to 40% 
of that observed in the maturational animals, 
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that the rate of transcription is also reduced, 
Since exogenous transfer RNA was without ef
fect at three months but increased the rate of 
protein synthesis in cell sap preparations from 
the senescent hearts by 40%-50%, a slowing 
down at the translational step was also sug
gested. In toto, these studies clearly demon
strate that the rate of protein synthesis de
creases after the growth phase and suggest that 
this is attributable to decreases in the rate of 
both transcription and translation. The ques
tion of whether protein synthesis or degrada
tion is altered with adult aging in rats has been 
addressed more recently in a study which com
pared the rate of protein synthesis and degra
dation at three points across a broad age range 
{n}. Note that between 12 and 24 months an 
approximate 45% decrease was observed in the 
rates of both protein synthesis and degradation 
(fig. 27-15). In the mouse model a 26% de
crease in the rate of protein synthesis was also 
observed between seven and 26 months; thy
roid injections enhanced the rate of synthesis in 
the older animals to levels near those in youn
ger animals {73}. Thus, even after the growth 
phase ends, a further reduction in the rate of 
protein turnover occurs between adulthood and 
senescence in both mice and rats. The diminu-
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tion in protein turnover rates suggests that the 
"lifespan" of cardiac proteins is increased in the 
senescent heart, but no effects of the rates 
of protein synthesis and degradation on func
tion are currently known. It is noteworthy 
that, in cardiac hypertrophy in younger ani
mals caused by left ventricular pressure over
load, the rate of protein synthesis and degra
dation were, as in the aging heart, also 
diminished, and this has led to the hypothesis 
that this form of hypertrophy represents accel
erated aging [75, 76, 78J. However, additional 
studies are required to substantiate this hy
pothesis [4J. 
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28. HORMONAL EFFECTS ON 

CARDIAC PERFORMANCE 

Eugene Morkin 

Introduction 
Alterations in cardiac function have been de
scribed in a number of experimental and clini
cal disorders of the endocrine system. For the 
most part, however, the mechanisms of these 
effects has been obscure. New insight into the 
problem has been provided by recognition that 
thyroid hormone regulates ventricular myosin 
isoenzyme composition {l, 2J. Now the in
crease in cardiac mechanical performance and 
myosin ATPase in the presence of excess thy
roid hormone can be explained, at least in part, 
by increased synthesis of a myosin isoenzyme 
with high ATPase activity, which normally 
represents only a minor component of the total 
ventricular myosin. A similar change in myosin 
isoenzyme composition has been found in thy
roid-deficient rats treated with triiodothyronine 
(T 3) {3, 4}. In addition, the existence of ven
tricular myosin isoenzymes and the control of 
their expression by thyroid hormone and other 
factors may provide explanations for some oth
erwise perplexing reports of changes in myosin 
ATPase activity in various animal models of 
endocrine disorders. 

Thyroid Hormone and Myosin Isoenzymes 

MYOSIN STRUCTURE AND FUNCTION 

The thick filaments are constructed from par
allel myosin molecules and the actin filaments 
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from repeating units of globular actin that are 
arranged like a double strand of pearls twisted 
on their long axis. Cardiac myosin is a hexamer 
composed of two heavy polypeptide chains of 
210,000 daltons each. The heavy chains coil 
round each other to form an a.-helical tail re
gion, which imparts rigidity and length to the 
molecule, and divide to form two globular 
head regions. Each globular head region has a 
site for ATP binding and hydrolysis and a sep
arate but closely related site for actin binding. 
In addition to its two heavy chains, myosin 
contains two light chains; the precise location 
of the light chains is uncertain, but appears to 
be near the ATP- and actin-binding sites on 
the heavy chains. Three troponin components 
and tropomyosin, proteins involved in the reg
ulation of contraction, lie along a longitudinal 
groove between the actin monomers. 

It is now almost universally accepted that, 
in both cardiac and skeletal muscle, contraction 
involves the sliding of the thick (myosin) fila
ment of the sarcomere past the thin (actin) fil
ament, utilizing energy supplied by hydrolysis 
of A TP. This process is controlled by variations 
in the cystolic concentration of Ca2 +, which 
binds to the troponin complex in the thin fila
ment. As a result, tropomyosin undergoes a 
conformational change which facilitates the in
teraction of myosin heads with the actin fila
ment. The sliding between the filaments is 
thought to be caused by a cyclic interaction be
tween cross-bridges, which are comprised of 
the globular head region of myosin molecules, 
and specific sites on the actin filament. 

Initially, experiments with hydrid myosins, 
in which light chains derived from fast skeletal 
muscle are combined with heavy chains from 
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slow skeletal muscle, and vice versa, appeared 
to show that both myosin ATPase activity, and 
hence muscle-shortening velocity, might be de
termined by the type of myosin light chains. 
Later hybridization experiments have failed to 
confirm the effect of myosin light chains on the 
rate of Ca2+ -ATPase activity or actin-stimu
lated Mg2+ -ATPase activity. Furthermore, full 
ATPase activity of skeletal myosin has been 
found to be retained in the bare heavy sub
units. 

To relate the chemistry of actin-myosin in
teraction to mechanical events during muscle 
contraction, Lymn and Taylor (5) proposed a 
four-step reaction mechanism: (a) binding of 
ATP and rapid dissociation of actomysin, (b) 
hydrolysis of ATP on the free myosin head, (c) 
recombination of actin with the myosin prod
ucts complex, and (d) release of myosin prod
ucts. This mechanism was attractive because it 
could be related easily to the cycling of myosin 
cross-bridges during contraction: (a) dissocia
tion of the myosin head or cross-bridge from 
the filament, (b) movement of the myosin 
cross-bridge, (c) recombination of the myosin 
cross-bridge with actin, and (d) the drive 
stroke of the cycle. 

Subsequent studies [6, 7) indicated that this 
schema had to be made more complex to be 
realistic. Some of these newer concepts are pre
sented in figure 28-1. Rather than a single hy
drolysis step, as proposed in the original Lymn 
and Taylor model, several additional interme
diate states in hydrolysis of ATP by the free 
myosin head have been identified from changes 
in myosin fluorescence. Other evidence sug
gests that the reaction products of ATP hydro
lysis, adenosine diphosphate (ADP) and inor
ganic orthophosphate (Pi), are released sequen
tially from the active site. Furthermore, kinetic 
studies have revealed that association-dissocia
tion between actin and the myosin-products 
complex occurs with great rapidity; this reac
tion is estimated to occur 1000 times more 
rapidly than hydrolysis of ATP. In terms of the 
sliding-filament model of contraction, this 
would imply that cross-bridges (myosin heads) 
cycle on and off the thin filament many times 
during a single turn of the ATP cleavage cycle. 
Presumably, only after myosin heads have un-

Actin 

Myosin 

Actin 

Myosin 

Actin 

ltlros/n 

Actin 

Myosin 

Actin 

Myosin 

FIGURE 28-1. A current model of the relationship be
tween muscle contraction and ATP hydrolysis by acto
myosin. Upon binding of ATP to myosin, actin and 
myosin dissociate, and conformational changes take place 
in the myosin heads (M*) during which there is rapid 
attachment and detachment of the myosin heads to actin 
monomers. The myosin heads or cross-bridges contribute 
to force development only after undergoing conforma
tional changes associated with ATP cleavage. 

dergone the conformational changes associated 
with ATP hydrolysis would the complexes 
formed with actin contribute to force develop
ment. With a mechanochemical mechanism of 
this type, several myosin isoenzymes could co
exist in a single contractile unit (sarcomere) 
and work together, without the differences in 
ATPase activity limiting the speed of contrac
tion. 

CARDIAC MYOSIN ISOENZYMES 

Ventricular muscle consists of a dominant fiber 
type with properties similar to red skeletal 
myosin. Despite their uniform histologic ap
pearance, ventricular muscle cells in most spe
cies contain varying amounts of three myosin 
forms which are designated V], V 2, V 3, in or
der of decreasing electrophoretic mobility and 
ATPase activity. These three myosin forms are 
structurally distinct from one another because 
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Animal Species Electrophoretic Pattern Isoenzyme 
Hyper Normal Hypo Type 

Rabbit 

~ ~ ~ 
V3 
V2 
V, 

Rat 

~ ~ M V3 
V2 
V, 

Calf 

~ H H V3 
V, 

FIGURE 28-2. Effects of thyroid status on the distribution 
of ventricular myosin isoenzymes. In the calf, the faster
migrating band in the hyperthyroid state also may contain 
the V2 form. 

they are formed from several combinations of 
two heavy chains (HC) types, referred to as a
and l3-heavy chains. The light chains appear to 
be the same in all three myosin forms. Thus, 
each molecule of the V 1 isoenzyme consists of 
two HC-a, whereas V3 isoenzyme has two HC-
13. V2 is a heterodimer of HC-a and HC-I3. 
Since myosin plays a major role in the cross
bridge cycle, any alterations in the proportion 
of myosin isoenzymes would be expected to al
ter the mechanical performance of the ventri
cle. 

EFFECTS OF THYROID STATUS ON MYOSIN 
ISOENZYME PATTERN 

The influence of the thyroid status of the ani
mal on the composition of ventricular myosin 
isoenzymes is illustrated schematically in figure 
28-2. In normal adult rats, thyroid deficiency 
induced by hypophysectomy or thyroidectomy 
stimulates synthesis of the V 3 myosin form and 
depresses synthesis of the V 1 form. By contrast, 
in adult euthyroid rabbits, thyroid hormone 

administration stimulates synthesis of the VI 
form and depresses synthesis of the V3 form. 
Since, in both these animal species, myosins 
differ only by virtue of their heavy-chain struc
ture, these results were interpreted to indicate 
that thyroid hormone must stimulate synthesis 
of a chains and depress synthesis of 13 chains. 
This conclusion has been confirmed by the 
demonstration that thyroid hormone adminis
tration stimulates synthesis of mRNA specific 
for a chains and depresses synthesis of the 
mRNA for 13 chains [8}. 

The extent of species differences in ventric
ular myosin isoenzyme composition when 
quantified are quite striking. In rats, about 
80%-85% is in the VI> 5 %-10% V 2> and 
10%-15% V3 . After thyroidectomy followed 
by treatment with 1311 to ablate residual thy
roid tissue, V 3 represents essentially all of the 
myosin present. In euthyroid adult rabbits, 
about 85% of myosin is in the V3 form and 
administration of thyroid hormone causes a 
complete reversal with 85% becoming the VI 
form. 

The extent of myosin isoenzyme changes due 
to thyroid hormone may prove to be less dra-



596 I. CARDIAC MUSCLE 

matic in other species. For example, in the 
calf, ventricular myosin migrates in pyrophos
phate-containing gels as a single band, thought 
to represent V 3. After thyroxine is adminis
tered for two weeks, a faster-migrating band 
appears (V 1) representing about 50%-60% of 
the total myosin. Thyroid deficiency induced 
by treatment with propylthiouracil for two 
weeks has no discernible effect on the normal 
predominance of the V 3 form. 

Human ventricular tissue obtained at post
mortem shows a pattern closely similar to that 
in rabbit. All three myosin forms are seen, but 
there is a strong predominance of the low-ac
tivity V3 isoenzyme. To date, the effects of 
thyroid status on ventricular myosin isoenzyme 
composition have not been documented. There 
may be further isoenzyme forms to be discov
ered. If not, this distribution may restrict the 
potential for change or for redirection of human 
myosin genes. Since the V 3 content is near an 
upper limit, it cannot increase much further. 
However, the amount of V 1 might increase if 
properly stimulated. 

CORRELATION BETWEEN CHANGES 
IN MYOSIN ISOENZYMES AND 
MECHANICAL PERFORMANCE 
Cardiac output, heart rate, and systemic blood 
pressure are generally elevated in thyrotoxicosis 
[9}. These alterations have been attributed, in 
part, to changes in the peripheral circulation 
mediated by the metabolic effects of thyroid 
hormone. However, there also are now known 
to be direct chronotropic and inotropic effects 
on the heart. 

A positive chronotropic effect of thyroid hor
mone was established nearly 50 years ago by 
experiments demonstrating that isolated hearts 
or excised atria from animals administered thy
roid hormone beat at a faster rate than similar 
control preparations. Direct inotropic effects of 
thyroid hormone have been shown by measure
ments of the mechanical performance of iso
lated papillary muscles from thyrotoxic cat 
hearts [lO}. In isotonic experiments, muscles 
from thyrotoxic cats showed a significant in
crease in the velocity of shortening compared 
to euthyroid muscles. In isometric experi
ments, the rate of tension development was in-

creased without much change in maximum ac
tive tension. These findings occurred in the 
presence and absence of intact norepinephrine 
stores and over a wide range of temperature and 
contraction frequency. An increase in the rate 
of isometric tension development also has been 
found in both intact and glycerinated muscles 
from thyrotoxic rabbits, which is consistent 
with a direct effect of thyroid hormone on the 
contractile proteins. 

Although the results of these experiments on 
isolated cardiac muscle seem consistent with a 
positive inotropic response to excess thyroid 
hormone, extrapolation to the intact circulation 
has been uncertain because of the increases 
which occur in heart rate and ventricular di
mensions. To gain a clearer description of the 
effects of the hormone on the intact heart , LV 
mechanical performance has been assessed re
cently in calves with implanted sonomicrome
ter crystals and pressure transducers [II}. As 
would be expected, heart rate, LV systolic pres
sure and dP/dt are increased significantly after 
treatment. LV internal diameter is increased in 
both systole and diastole, but fractional short
ening is unchanged. The increases in LV end
diastolic diameter and systolic blood pressure 
combine to increase peak wall stress by about 
30%. Despite the increase in afterload, mean 
velocity of circumferential fiber shortening (Vc() 

remains normal. Thus, in the intact heart at 
rest, the direct inotropic effect of thyroid hor
mone does not produce a greater speed of short
ening; speed of shortening remains normal de
spite a greater afterload. 

The cardiovascular effects of hypothyroidism 
are often viewed as the opposite of thyrotoxi
cosis, yet, according to the hypotheses devel
oped here, thyroid deficiency would not be ex
pected to alter myosin isoenzymes or cardiac 
performance in species such as man, calf, and 
rabbit, which have a marked predominance of 
the V3 isoenzyme. Nevertheless, reductions in 
cardiac output, stroke volume, and heart rate 
have been reported in hypothyroid subjects and 
thyroid-deficient animals [9}. Changes in these 
parameters could reflect alterations in periph
eral oxygen demands, rather than direct nega
tive inotropic effects on the myocardium. 
However, experimental studies of hypothyroid-
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ism in open-chested dog preparations [12} or 
isolated papillary muscles [1O} also have found 
depressed myocardial mechanical performance. 
It is perhaps noteworthy that in these studies 
the differences between hypothyroid and con
trol hearts generally were smaller than between 
euthyroid and hyperthyroid hearts and not al
ways statistically significant. Particularly in 
isotonically contracting papillary muscles the 
velocity of contraction may have been 
underestimated because of the slower activation 
process in hypothyroid muscles. Under these 
circumstances contraction would begin later in 
the cycle than usual, which would tend to re
duce the speed of shortening. More accurate as
sessments of contraction velocity probably 
could be obtained in quick-release experiments. 

These explanations may not be adequate to 
encompass all the evidence of reduced contrac
tile performance in hypothyroid hearts, partic
ularly in human subjects. Pericardial effusion is 
clinically quite common in hypothyroidism, 
and can be easily recognized by echocardiogra
phy. In addition, several other explanations 
should be considered, including a defect in ex
citation-contraction coupling, impairment in 
myocardial performance related to myxedema
tous infiltration, hypertrophy secondary to hy
pertension, and severe coronary atherosclerosis. 

CARDIAC MYOSIN ISO ENZYMES 
IN OTHER CONDITIONS 

Recently, alterations in ventricular myosin iso
enzyme composition have been noted in a num
ber of conditions not clearly associated with 
an alteration in thyroid status. In some cases, 
there seem to be subtle changes in plasma thy
roid hormone concentration. For example, a 
switch from the V 3 to the V 1 form has been 
described in the rat ventricle during the first 
two weeks after birth (13}. At about the same 
period of development, rabbit ventricular 
myosin changes from a predominance of the V 3 

to the VI form (14}. In both instances, the 
changes in myosin isoenzyme composition co
incide with a postnatal elevation of plasma T 4 

concentration. It seems well established that 
expression of certain other enzymes during the 
neonatal period is related to changes in plasma 
thyroid hormone concentration [15}. 

As another example, streptozotocin-induced 
diabetes in the rat causes depression of myocar
dial performance in association with reduction 
in myosin ATPase activity and a switch in 
myosin isoenzymes from the V 1 and the V 3 

form (16, l7}. Plasma thyroid hormone con
centrations are reduced in this model and ad
ministration of the hormone returns myosin 
ATPase activity toward normal. 

Changes in myosin isoenzyme composition 
from the V 1 to the V 3 form also have been re
ported in the rat in association with aging (18} 
and hypertrophy secondary to pressure-volume 
overload (19, 20}. With aging in the rat, de
creases in mechanical performance and myosin 
ATPase activity have been described. There 
also is a decrease in plasma T 4 concentration 
[2l}, but plasma-free T 4 concentration remains 
normal. No information is available with re
gard to the effects of hemodynamic overload on 
plasma thyroid hormone concentration. How
ever, administration of T 4 has been shown to 
prevent the decrease in myosin ATPase activity 
that occurs after aortic coarctation in the rat 
[22}. 

These examples suggest that plasma thyroid 
hormone concentration may play some role in 
mediating the changes in cardiac myosin isoen
zymes that have been described in various ani
mal models. In some cases, however, the hor
mone may exert only a permissive action, with 
other factors playing a more direct role in the 
isoenzyme changes. It should be emphasized 
that these actions of thyroid hormone, as well 
as most other effects of the hormone, are highly 
species specific. Many of the changes in myosin 
isoenzymes that have been reported in experi
mental models, particularly the rat, may have 
no direct counterpart in man. 

REGULATION OF MYOSIN ISOENZYMES BY 
THYROID ANALOGUES AND OTHER FACTORS 

The effects of thyroid hormone analogues, non
thyroidal hormones, and dietary carbohydrate 
on expression of ventricular myosin analogues 
recently have been studied by Sheer and Mor
kin [23}. First, they determined the relative 
ability of thyroid analogues to stimulate the VI 
myosin form in thyroid-deficient rats relative to 

their ability to stimulate oxidative metabolism. 
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For this purpose, ventricular myosin isoenzyme 
patterns, myocardial 14C02 production from 
14C-Iabeled glucose or palmitate, and hepatic 
a-glycerolphosphate dehydrogenase (GPDH) ac
tivity were studied in thyroidectomized and 
hypophysectomized rats using L-3, 5,3' -triio
dothyronine (T 3), D-3, 5,3' -triiodothyronine 
(dT3), L-3,3' ,5'-triiodothyronine (rT3), L-

3,5,3'-triiodothyroacetic acid (Triac), and 3,5-
diiodothyronine (T2). The results showed no 
clear separation of the effects of these analogues 
on myosin isoenzyme expression relative to 
their stimulation of CO2 production and 
GPDH activity. However, since the maximum 
effect of the analogues was much less than T3, 

that is, they act as partial agonists, it might be 
possible to induce small increases in VI with
out much risk of undesirably large stimulation 
of CO2 production. 

Also, cardiac myosin composition was found 
to be subject to modification by several other 
factors. High carbohydrate feeding (74% total 
calories as fructose or glucose) in hypophysec
tomized rats, which is known to induce a num
ber of respiratory enzymes, increased VI from 
12% to 36%; myocardial CO2 production and 
hepatic GPDH activity also were stimulated to 
a similar extent. An even more impressive 
myosin isoenzyme switch occurred in thyroid
ectomized animals fed a high fructose diet. In 
this model the V 1 myosin form increased from 
undetectable levels to 28% of total myosin. 
Partial replacement with T 3 and fructose feed
ing in these animals had synergistic actions on 
myosin isozyme expression, GPDH activity, 
and CO2 production. With respect to nonthy
roidal hormones, isoproterenol, a l3-adrenergic 
agonist, and proparanolol, a l3-adrenergic an
tagonist, had no effect on T3 dose-response 
curves. Adrenalectomy in normal rats caused a 
33% decrease in VIand a corresponding in
crease in V 3. 

These results were interpreted to indicate 
that the relative rates of ventricular myosin a
and l3-chain synthesis are regulated by two dis
tinct mechanisms: (a) thyroid hormone acting 
through nuclear receptors to stimulate a-chain 
synthesis and depress l3-chain synthesis, and (b) 
an independent mechanism involving dietary 
carbohydrate, glucocorticoids, and perhaps 

other factors which have been implicated in 
modulating myosin isoenzyme expression. 

In the case of malic enzyme, which also is 
induced by thyroid hormone and high-carbo
hydrate diet, it has been proposed that T3 acts 
to amplify a primary glucose-induced signal 
{24}. Whether or not the latter possibility is 
correct, it seems likely that the signal created 
by the T rreceptor complex probably interacts 
with the signal created by high-carbohydrate 
diet, glucocorticoids, etc., at a pretranslational 
level. 

Other Mechanisms of Thyroid 
Hormone Action 

CATECHOLAMINES 

Before 1960, several investigators found sup
port for the hypothesis that excess thyroid hor
mone enhances or potentiates the cardiovascular 
actions of catecholamines {9}' Subsequently, a 
large amount of evidence has accumulated to 
refute this contention. For example, the posi
tive inotropic and chronotropic responses to 
epinephrine, norepinephrine, and cardiac sym
pathetic nerve stimulation were comparable in 
T4-treated and normal dogs {25, 26}. Similar 
results were obtained with catecholamine infu
sions in thyrotoxic human subjects {27}. The 
enhanced contractile performance of isolated 
papillary muscles from thyroxine-treated cats 
was not influenced by depletion of catechol
amine stores with reserpine {1O}. No increase 
was found in myocardial concentration of nor
epinephrine or epinephrine or in urinary excre
tion of catecholamines and their metabolites. 
Furthermore, low levels of plasma catechol
amines and dopamine l3-hydroxylase activity 
has been reported in thyrotoxic subjects. 

This evidence indicates that thyrotoxicosis is 
not associated with increased l3-adrenergic ac
tivity or supersensitivity to l3-adrenergic stim
ulation. However, there have been suggestions 
of a more subtle interplay between thyroid hor
mone and catecholamines. For example, thy
roid hormone has been found to increase the 
number of cardiac l3-adrenergic receptors in rat 
heart. As with many of the other actions of 
thyroid hormone, this increase in l3-adrenergic 
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receptors seems to be species specific and is not 
found in rabbit or calf. In addition, amplifica
tion by thyroid hormone of the intracellular 
system for expression of [3-adrenergic stimula
tion was suggested by experiments showing an 
increase in myocardial phosphorylase-a activa
tion by catecholamines in rats pretreated with 
T4 . Despite extensive further study, the mech
anism responsible for this interesting observa
tion has not come to light. 

Experiments making use of [3-adrenergic an
tagonists also have failed to reveal a clear role 
for catecholamines in mediating the cardiovas
cular effects of thyroid hormone. Recently, the 
effects of [3-adrenergic blockade have been ex
amined in conscious animals {28}, thereby 
avoiding some of the problems associated with 
anesthesia or the use of isolated heart prepara
tions. Intravenous treatment with full [3-adren
ergic-blocking doses of propranolol had no ef
fect on hemodynamic parameters or LV 
mechanical performance. However, the average 
dose of propranolol required to achieve [3-ad
renergic blockade was twice that needed in the 
euthyroid state. 

MEMBRANE ACTIONS 

A second possible site of thyroid action is on 
the membrane properties of the heart. Thus, 
there are effects on heart rate, rhythm, and 
electrical excitability. The most striking elec
trophysiologic abnormality in experimental hy
perthyroidism is a decrease in the duration of 
the action potential recorded from individual 
atrial muscle cells. In contrast, the duration of 
the action potential is prolonged in hypothy
roidism. A reduction in action potential dura
tion increases the electrical excitability of the 
atrium, as shown by a reduction in stimulation 
threshold for a given coupling interval. This 
may explain the tendency of thyrotoxic patients 
to develop atrial fibrillation. 

Several possible mechanisms have been of
fered by way of explanation for these effects of 
thyroid hormone on myocardial membrane 
properties. Since both diastolic depolarization 
and repolarization of the action potential are 
thought to be related in part to changes in 
transmembrane K + conductance, it has been 
proposed that thyroid hormone may selectively 

influence these changes. A decrease in Na + 
conductance relative to the increase in K + con
ductance also could explain the changes in di
astolic depolarization. In addition, thyroid hor
mone administration appears to increase 
sarcolemmal (Na + ,K+)-ATPase activity. The 
numbers of (Na + ,K+)-ATPase molecules in 
the membrane are reported to increase without 
changing the specific activity of the enzyme. 
Consistent with increased Na + -K + pump ac
tivity, there is evidence of a decrease in intra
cellular Na + concentration. Also, thyroid hor
mone has been reported to stimulate Ca + 
uptake by isolated sarcoplasmic reticulum, pos
sibly by a cAMP-mediated increase in the ex
tent of phosphorylation of a 22,OOO-molecular
weight regulatory protein (phospholamban). 

Nonthyroidal Hormones and 
Cardiac Performance 
Secretions from several endocrine organs, in
cluding the anterior pituitary and adrenal cor
tex, may modulate myocardial performance. It 
is difficult in some cases, however, to distin
guish the effects of these hormones on the heart 
from their influences on the peripheral circula
tion. Also, some of their actions may be me
diated through interactions with catechol
amines or thyroid hormone. Cardiac per
formance is sometimes impaired with diabetes 
mellitus, a complex group of disorders charac
terized by an absolute or relative lack of insu
lin. Whether this represents a distinct cardio
myopathy is controversial, but recent 
experimental evidence lends some support to 
the view. A number of hormones, including 
parathyroid hormone (parathormone), aldoste
rone, angiotension II, and vasopressin have im
portant peripheral effects, but there is little 
evidence that they have major actions on the 
heart. With these caveats in mind, the actions 
of several non thyroidal hormones on cardiac 
performance are reviewed briefly below. 

ANTERIOR PITUITARY HORMONES 

The anterior pituitary gland secretes at least 
seven polypeptide hormones. Four (ACTH, 
FSH, LH, and TSH) primarily produce their 
biologic effect indirectly by altering hormonal 
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secretions from specific target organs (adrenal 
cortex, gonad, and thyroid). Thus, their effects 
on the cardiovascular systems will be the same 
as those of the hormones secreted by the target 
gland. There are no known clinical cardiovas
cular manifestations of altered secretion of pro
lactin or isolated growth hormone deficiency. 
However, excessive secretion of growth hor
mone produces a syndrome known as acromeg
aly, which may be associated with signs and 
symptoms of cardiac dysfunction. An increase 
in cardiac mass usually is present, occasionally 
to an extreme degree (29}. Also, there appears 
to be an increased incidence of hypertension, 
coronary arteriosclerosis, and cardiac dysrhyth
mias. Since 10%-20% of these patients exhibit 
overt congestive heart failure in the absence of 
other explanations, the suggestion has been 
made that a specific acromegalic cardiomyopa
thy exists. At postmortem, subendocardial fi
brosis and septal hypertrophy have been found 
in addition to biventricular dilation and hyper
trophy [30}. 

The incidence of acromegalics with subclin
ical evidence of cardiac dysfunction is contro
versial. Jonas et al. [31} reported shortening of 
LV ejection time (1 VET), prolongation of the 
preejection period (PEP), and elevation of PEPI 
1 VET ratio in seven out of ten patients stud
ied. On the other hand, Mather et al. (32} 
found a normal ejection fraction by echocar
diography in all but one of 23 patients, and in 
those with increased LV mass there was no de
tectable impairment of LV performance by 
noninvasive techniques. They also pointed out 
that the abnormal PEP/1 VET ratios reported 
by Jonas et al. [31} were largely the result of a 
shortened 1 VET with a relatively normal pree
jection period, which would not be a typical 
pattern of subclinical cardiac dysfunction. Pos
sibly, some of the variability noted in these and 
other studies may be related to the duration of 
the disease before institution of definitive treat
ment. 

The effects of growth hormone on cardiac 
growth, ventricular performance, and blood 
pressure have been studied experimentally in 
the rat [33}' It was found that hypophysectomy 
prevents development of cardiac hypertrophy in 
response to aortic banding. In the absence of 

banding, cardiac atrophy and low blood pres
sure were observed. The decrease in cardiac 
weight relative to body weight in hypophysec
tomized rats was not corrected by growth hor
mone, but the weight of the heart increased 
after aortic constriction to about one-half of the 
expected weight. Growth hormone treatment 
did not influence cardiac output and work of 
hypophysectomized rats, but after aortic con
striction these values were higher in hypophy
sectomized rats treated with growth hormone 
than in untreated controls. Treatment of hy
pophysectomized rats with thyroxine restored 
the weight and rate of the heart, the blood 
pressure, cardiac output, and work to near nor
mal levels. After aortic constriction, on the 
other hand, no significant further increase in 
the weight of the heart took place. These re
sults indicate that, in the rat, growth hormone 
is essential to cardiac growth and maintainence 
of normal cardiac mass, but thyroid hormone is 
principally responsible for the reduction in car
diac performance after hypophysectomy. 

A significant reduction in the activity of car
diac myofibrils from hypohysectomized or thy
roidectomized rats also has been found [34}. It 
was possible to completely restore myofibrillar 
ATPase activity by treatment with T4, al
though it did not stimulate general body 
growth or return the heart-weight-body
weight ratio to normal. This conclusion with 
regard to the effect of hypophysectomy on 
myofibrillar ATPase was later confirmed using 
purified myosin (35}. 

ADRENAL CORTICAL HORMONES 

The most common cardiovascular manifestation 
of adrenal cortical insufficiency (Addison dis
ease) is arterial hypotension. Orthostatic hypo
tension and syncope are common. These are 
thought to be secondary to marked hypovole
mia and electrolyte abnormalities. In severe 
cases, the heart size may be small, perhaps re
flecting a reduction in work load. In experi
mental adrenal insufficiency in the rat, similar 
changes in blood pressure and heart weight are 
found. In addition, as pointed out above, a de
crease in the high ATPase activity VI myosin 
form occurs which can be reversed by glucocor
ticoid replacement [23}. 
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Hypertension is present in 80%-90% of pa
tients with glucocorticoid excess (Cushing syn
drome). Hemodynamic, electrocardiographic, 
and x-ray examinations of patients with this 
condition have revealed no specific cardiac ab
normalities except those that are usually asso
ciated with either hypertension or electrolyte 
disturbances. 

Hypersecretion of aldosterone (Cohn syn
drome) is associated with arterial hypertension 
and hypokalemia. Both in the clinical disorder 
and a related experimental model, hypertension 
induced by desoxycorticosterone acetate and 
salt in the rat, there is no evidence that miner
alocorticoids directly affect cardiac function. 

DIABETES MELLITUS 

The incidence of congestive heart failure IS 10-

creased in diabetics even when such factors 
as age, blood pressure, plasma cholesterol, 
weight, and coronary artery disease are taken 
into account (36}. These data, together with 
postmortem reports (37, 38} of cardiomegaly, 
interstitial fibrosis, and subendocardial thick
ening of the small coronary arteries in diabetics 
with clinical evidence of congestive failure, 
have led to proposals that diabetes is associated 
with a discrete form of cardiomyopathy. 

Further work has been done to establish the 
pathologic basis for a diabetic cardiomyopathy. 
Regan et al. (39} have reported variable de
grees of interstitial and perivascular fibrosis; 
significant accumulations of acid-Schiff-positive 
material was found in the interstitium. The 
walls of intramural blood vessels were thick
ened in some cases, usually to a mild extent. 
There was no evidence that either large or 
small blood vessel occlusive disease contributed 
to the pathologic alterations in the myocar
dium. 

The study by Regan et al. (39} also included 
hemodynamic assessment of a small group of 
diabetic patients without hypertension or an
giographically significant coronary artery dis
ease. A consistent reduction in stroke volume 
index and elevation of LV diastolic pressure was 
found. Increments in afterload caused a signif
icant increase in filling pressure compared to 
normals without a stroke volume response. 
These changes, which are indicative of reduced 

ventricular compliance, were interpreted as sig
nifying a preclinical cardiomyopathy. Nonin
vasive studies (40, 41} also have suggested 
myocardial dysfunction in diabetics; however, 
the type of abnormalities reported have been 
somewhat variable. 

Further support for the concept of a diabetic 
cardiomyopathy has come from experimental 
studies of drug-induced diabetes. Studies by 
Regan et al. [42} in chronically diabetic dogs 
have indicated that the stiffness of the LV is 
increased, possibly because of increased colla
gen content. Regulation of postprandial hyper
glycemia with insulin did not reverse these 
changes [43}. In the early period after induc
tion of diabetes in the rat with large doses of 
alloxan, cardiac function and high-energy phos
phate stores were reduced due to impaired glu
cose utilization (44}. Acute correction of sub
strate deficiency in the perfused hearts with 
insulin or high concentrations of glucose re
stored ATP levels and returned ventricular 
function toward normal. Work on chronically 
diabetic rats, employing both isolated LV pap
illary muscles and perfused hearts, has shown 
slowing of relaxation and depression of contrac
tility in diabetic hearts [45, 46}. Efforts have 
been made to correlate these mechanical 
changes to alterations in calcium uptake by the 
sarcoplasmic reticulum [4 7} and to a change in 
myosin isoenzymes toward a predominance of 
the low-activity V 3 form {l7}. These latter ex
perimental changes were reversible with insulin 
(48}, but as pointed out above, thyroid hor
mone levels also are depressed in this model 
and could be responsible for some of the abnor
malities. 

References 
1. Flink IL, Morkin E: Evidence for a new cardiac 

myosin species in thyrotoxic rabbit. FEBS Lett 
81:391-394, 1977. 

2. Flink IL, Rader JH, Morkin E: Thyroid hormone 
stimulates synthesis of a cardiac myosin isozyme: 
comparison of the two-dimensional electrophoretic 
patterns of the cyanogen bromide peptides of cardiac 
myosin heavy chains from euthyroid and thyroroxic 
rabbits. J Bioi Chern 254:3105-3110, 1979. 

3. Hoh JFY, McGrath PA, Hale PT: Electrophoretic 
analysis of multiple forms of rat cardiac myosin: ef-



602 I. CARDIAC MUSCLE 

fects of hypophysectomy and thyroid replacement. J 
Mol Cell Cardiol 10: 1053-1076, 1978. 

4. Hoh JFY, Egerton LJ: Action of triiodothyronine on 
the synthesis of rat ventricular myosin isozymes. 
FEBS Lett 101:143-148, 1979. 

5. Lymn RW, Taylor EW: Mechanism of adenosine tri
phosphate hydrolysis by actomyosin. Biochemistry 
10:4617-4624, 1971. 

6. Taylor EW: Mechanism of actomyosin ATPase and 
the problem of muscle contraction. CRC Crit Rev 
Biochem 6:103-165,1979. 

7. Stern LA, Chock PB, Eisenberg E: Mechanism of the 
actomyosin ATPase: effect of actin on the ATP hy
drolysis step. Proc Nat! Acad Sci USA 78: 1346-
1350, 1981. 

8. Sinha AM, Umeda PK, Kavinsky CJ, Rajamanickam 
C, Hsu H-J, Jakovcic S, Rabinowitz M: Molecular 
cloning of mRNA sequences for (X- and J3-form 
myosin heavy chains: expression in ventricles of nor
mal, hypothyroid, and thyrotoxic rabbits. Proc Nat! 
Acad Sci USA 79:5847-5851, 1982. 

9. Morkin E, Flink IL, Goldman S: Physiological and 
biochemical effects of thyroid hormone on cardiac 
performance. Prog Cardiovasc Dis 25:435-464, 
1983. 

10. Buccino RA, Spann JF, Pool PE, Sonnenblick EH, 
Braunwald E: Influence of the thyroid state on the 
intrinsic contractile properties and energy stores of 
the myocardium. J Clin Invest 46: 1669-1682, 
1967. 

11. Goldman S, Olajos M, Friedman H, Roeske WR, 
Morkin E: Left ventricular performance in conscious 
thyrotoxic calves. Am J Physiol 242:H1l3-HI21, 
1981. 

12. Stauer BE, Schulze W: Experimental hypothyroid
Ism: depression of myocardial contractile function 
and hemodynamics and their reversibility by substi
tution with thyroid hormone. Basic Res Cardiol 
71:624-644, 1976. 

13. Zak R, Chizzonite RA, Everett AW, Clark WA: 
Study of ventricular isomyosins during normal and 
thyroid hormone induced cardiac growth. J Mol Cell 
Cardiol (Suppl 3) 14:111-117, 1982. 

14. Dussault JH, Labie F: Development of the hypotha
lamic-pitituary-thyroid axis in the neonatal rat. En
docrinology 97:1321-1324, 1975. 

15. Greengard 0, Jaindar SC: The prematurely promoted 
formations of liver enzymes in suckling rats. Biophys 
Biochem Acta 237:476-483, 1971. 

16. Dillman WH: Diabetes mellitus induced changes in 
cardiac myosin of the rat. Diabetes 29:579-582, 
1980. 

17. Malhotra A, Penpargkul S, Fein F, Sonnenblick EH, 
Scheuer J: The effects of streptozotocin induced dia
betes in rats on cardiac contractile proteins. Circ Res 
49: 1243-1250, 1981. 

18. Lompre AM, Mercadier JJ, Wisnewsky C, Bouveret 
P, Pantaloni C, d'Albis A, Schwartz K: Species and 
age-dependent changes in the relative amounts of 

cardiac myosin isoenzymes in mammals. Dev Bioi 
84:286-290, 1981. 

19. Rupp H: The adaptive changes in the isoenzyme pat
tern of myosin from hypertrophied rat myocardium 
as a result of pressure overload and physical training. 
Basic Res Cardiol 76:79-88, 1981. 

20. Mercadier JJ, Lompre AM, Wisenewsky C, Samuel 
JL, Bercovici J, Swynghedauw B, Schwartz K: 
Myosin isozyme changes in several models of rat car
diac hypertrophy. Circ Res 49:525-532, 1981. 

21. Frolkis VV, Valueva GV: Metabolism of thyroid hor
mones during aging. Gerentology 24:81-94, 1978. 

22. Litten RA III, Martin BJ, Low RB, Alpert NR: Al
tered myosin isozyme patterns from pressure overload 
and thyrotoxic hypertrophied rabbit hearts. Circ Res 
50:856-864, 1982. 

23. Sheer D, Morkin E: Effects of thyroid hormone ana
logs, non-thyroidal hormones, and high carbohydrate 
diet on cardiac myosin isozyme expression the rat. 
Fed Proc 42:2212, 1983. 

24. Mariash CN, McSwigan CR, Towle HC, Schwartz 
HL, Oppenheimer JH: Glucose and triiodothyronine 
both induce malic enzyme in the rat hepatocyte cul
ture. J Clin Invest 65: 1126-1134, 1981. 

25. Margolius HS, Gaffney T: Effect of injected norepi
nephrine and sympathetic nerve stimulation in hy
pothyroid and hyperthyroid dogs. J Pharmacol Exp 
Ther 149:329-335, 1965. 

26. Van der Shoot JB, Moran NC: An experimental eval
uation of the reputed influence of thyroxine on the 
cardiovascular effects of catecholamines. J Pharmacol 
Exp Ther 149:336-345, 1965. 

27. Aoki VS, Wilson WR, Theilen EO: Studies of the 
reputed augmentation of the cardiovascular effects of 
catecholamines in patients with spontaneous hyper
thyroidism. J Pharmacol Exp Ther 181:362-368, 
1972. 

28. Goldman S, Olajos M, Pieniaszek H, Perrier D, 
Mayersohn M, Morkin E: Beta-adrenergic blockade 
with propranolol in conscious euthyroid and thyro
toxic calves: dosage requirements and effects on heart 
rate and left ventricular performance. J Pharmacol 
Exper Ther 219:394-399, 1981. 

29. Heljtmancik MR, Bradfield JY, Herman GR: Acro
megaly and the heart: a clinical and pathologic 
study. Ann Intern Med 34:1445-1456, 1951. 

30. Rossi L, Theine G, Caregaro L, Giordano R, Lauro 
S: Dysrhythmias and sudden death in acromegalic 
heart disease: a clinicopathological study. Chest 
72:496-498, 1977. 

31. Jonas EA, Aloia JF, Lane JF: Evidence of subclinical 
heart muscle dysfunction In acromegaly. Chest 
67: 190-194, 1975. 

32. Mather HM, Boyd MJ: Jenkins JS: Heart size and 
function In acromegaly. Br Med J 41:697-701, 
1979. 

33. Beznak M: Effect of growth hormone and thyroxin 
on cardiovascular system of hypophysectomized rats. 
Am J Physiol 204:279-283, 1963. 



28. HORMONAL EFFECTS ON CARDIAC PERFORMANCE 603 

34. Lifschitz MD, Kayne HL: Cardiac myofibrillar 
ATPase activity in hypophysectomized or thyroidec
tomized rats. Biochem Pharmacol 15:405-407, 
1966. 

35. Rovetto M], Hjalmarson AC, Morgan HE, Barrett 
M] , Goldstein RA: Hormonal control of cardiac 
myosin adenosine triphosphatase in the rat. Circ Res 
31:397-409, 1972. 

36. Kannel WB, Hjortland M, Castelli WP: Role of di
abetes in congestive heart failure: the Framingham 
study. Am] Cardiol 34:29-34, 1974. 

37. Rubler S, Diugash ], Yuceoglu YZ, Kumral T, 
Branwood A W, Grishman A: New type of cardio
megaly associated with diabetic glomerulosclerosis. 
Am] Cardiol 30:595-602, 1972. 

38. Hamby RI, Zoneraich S, Sherman L: Diabetic car
diomyopathy. ]AMA 229:1749-1754, 1974. 

39. Regan T], Lyons MM, Ahmed SS, Levinson GE, 01-
dewurtel HA, Ahmad MR, Haider B: Evidence for 
cardiomyopathy in familial diabetes mellitus. ] Clin 
Invest 60:885-899, 1977. 

40. Amed SS, ]afferi GA, Narang RM, Regan T]: Pre
clinical abnormalities of left ventricular function in 
diabetes mellitus. Am Heart] 89:153-158, 1975. 

41. Rubler S, Sajadi RM, Araoye MA, Holford FD: 
Noninvasive estimate of performance in patients with 
diabetes. Diabetes 27: 127-134, 1978. 

42. Regan T], Ettinger PO, Khan MI, ]esranc MV, 
Lyons MM, Oldewurtel HA, Weber M: Altered 
myocardial function in chronic diabetes without isch
emia in dogs. Circ Res 35:222-237, 1974. 

43. Regan T], Wu CF, Yeh CK, Oldewurtel HA, 
Haider B: Myocardial composition and function in 
diabetes: chronic insulin use. Circ Res 49: 1268-
1277, 1981. 

44. Miller TB ]r: Cardiac performance in isolated per
fused hearts from alloxan diabetic rats. Am] Physiol 
236:H808-H812, 1979. 

45. Fein FS, Kornstein LB, Strobeck ]E, Capasso ]M, 
Sonnenblick EH: Altered myocardial mechanics in 
diabetic rats. Circ Res 47:922-933, 1980. 

46. Penpargkul S, Schaible T, Yiptinsoi T, Scheuer ]: 
The effect of diabetes on performance and metabo
lism of rat heart. Circ Res 47:911-921, 1980. 

47. Penpargkul S, Fein F, Sonnenblick EH, Scheuer J: 
Depressed cardiac sarcoplasmic reticular function 
from diabetic rats. ] Mol Cell Cardiol 13:303-309, 
1981. 

48. Fein FS, Strobeck ]E, Malhotra A, Scheuer], Son
nenblick EH: Reversibility of diabetic cardiomyopa
thy with insulin in rats. Circ Res 49:1251-1261, 
1981. 



29. CARDIOPLEGIA 

Principles and Problems 

Hans Jiirgen Bretschneider 

Martha Maria Gebhard 

and Claus Jiirgen Preusse 

The Globally Ischemic Heart 
Interruption of the coronary circulation with 
ensuing depletion of cardiac oxygen reserves 
and shift from aerobic to anaerobic energy gain 
leads to disturbances of contractile function, to 
acidosis and changes in electrolyte and water 
distribution between intracellular and extracel
lular compartments, and thereby to distur
bances of basic electrophysiologic processes, to 
structural alterations, and, finally, to organ 
death. Irreversible damage to the left ventricu
lar myocardial muscle occurs much more rap
idly than in the right ventricle, the atria, and 
the central and peripheral conductive system. 
In considering partial or complete reversibility 
of an ischemic stress by reperfusion and reoxy
genation, three phases of global ischemia can 
be defined using the terminology originally ap
plied to functional changes in the brain under 
global ischemia [I}: 

The first phase of undisturbed function or la
tency period is identical with the duration of 
myocardial aerobic energy supply from the ox
ygen reserves available at the time of coronary 
circulatory arrest, oxyhemoglobin, oxymyoglo
bin, and physically dissolved oxygen, which to
tal about 1-2 mlllOOg left ventricular myocar-
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dium. Depending on the level of myocardial 
performance and O2 demand prior to ischemia, 
these reserves last for no more than 1-20 s un
der normothermic conditions. 

When the level of O2 reserves becomes crit
ical, at partial pressures of O2 of less than 5 
mmHg, myocardial energy is derived from an
aerobic glycolysis and high-energy phosphate 
bonds. The initial drop of creatine phosphate 
(CP)---to approximately 3 j-Lmol/g left ventric
ular muscle in the canine heart-is accompa
nied by functional disturbances to complete 
cardiac arrest as well as by first minute ultra
structural changes in the myocardial muscle of 
left ventricle. Reperfusion and reoxygenation in 
this phase, however, immediately result- in re
sumption of full preischemic function. For this 
reason, we call this phase "survival period" or, 
after its biochemical criteria, CP time (tcp). It 
lasts for about 5 min in the hypothermic isch
emic dog heart following coronary circulatory 
arrest at 2SoC (fig. 29-1). 

If one exceeds the survival period, myocar
dial adenosine triphosphate (ATP) is utilized in 
addition to anaerobic energy sources. Ultra
structural alterations now increase significantly. 
Reperfusion and reoxygenation lead to recovery 
of preischemic function only after a latency pe
riod which exponentially increases with increas
ing duration of global ischemia and becomes 
infinite in the canine heart at an ATP level of 
approximately 2 j-Lmoll g left ventricular myo
cardium. The phase from the beginning of 
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ischemia to the limit of reversibility of isch
emic damage is called revival time. We distin
guish from it the so-called practical period of 
revival which correlates with a recovery latency 
of about 20 min and in the dog heart with an 
ATP content of 4 J..lmol/g left ventricular myo
cardium. We therefore call it ATP time (tATP)' 

Depending on preischemic cardiac O2 de
mands, tATP is approximately 40 min in the hy
pothermic dog heart at 25°C (fig. 29-1). 

Cardioplegia: Principles and Results 
Generally, any method which prolongs cardiac 
tolerance to global ischemia is called cardiople
gia. Theoretically, this can be reached in each 
of the three phases by improving the energy
supply-energy-demand ratio in the heart, 
which following coronary circulatory arrest 
drops below 1, indicating an increasing and 
finally irreversible energy deficit under a given 
limitation of O 2 supply (1, 2J. The ratio may 
be improved by: (a) decreasing cardiac energy 
demands which prior to ischemia can be 
equated with oxygen consumption (MV02) but 
during ischemia must be assumed to equal or 
exceed the anaerobic energy turnover E = (1.5 
X 6lactate + ~ ~ P) : ~t; (b) increasing myo-
cardial energy reserves in the form of oxygen, 
of glycogen, or of high-energy phosphate 
bonds; or (c) improving the metabolic yield of 
energy by improving the ATP gain per mole
cule of oxygen (ATP/O quotient) under aerobic 
conditions or the energy-gain-energy-turnover 
ratio 'Yl = (1.5 X ~lactate): (1.5 X 6lactate 
+ ~ ~ P) under anaerobic conditions. 

The energy demands of any organ are the sum 
of its basal energy requirement and those dur
ing work. In the heart the latter is essentially 
determined by the level of performance of the 
contractile system. It varies by a facto~ of ap
proximately 15 when comparing MV02 at 
maximum work with that of the empty beating 
or fibrillating heart [2, 3 J, and by a factor of 
100 in comparison to that of the heart arrested 
in diastole (fig. 29-2). The membranous ion 
pumping systems, however, contribute rela
tively little to this [3J . The basal energy re
quirement of the heart results from the needs 
for structural preservation and for metabolic 
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FIGURE 29-1. Metabolites and extracellular pH in the left 
ventricular myocardium of dog hearts during ischemic 
cardiac arrest. 

and electrophysiologic readiness for function. 
The differing functional reversibility of global 
ischemia during the aerobic latency, during 
tcp , or after tcp indicates that energy-consum
ing systems determining work output can be 
temporarily "switched off ' without ill effects. 
However, a fall of the basal energy turnover 
below the minumum requirement is always ac
companied by at least reversible damage of the 
organ. 

Suspension of the work output of the heart 
can be achieved by any elecrrophysiologic or 
pharmacologic intervention which inactivates 
the electrophysiologic mechanisms and the con
tractile system and leads to diastolic cardiac ar
rest. Of the numerous known methods, we 
mention only those currently in clinical use (for 
review, see Hearse et al. [4J): 
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FIGURE 29-2. Temperature dependence of MV02 of ca
nine hearts during ventricular fibrillation (1) data from 
Buckberg et al. {6} and during cardioplegic coronary per
fusion with the sodium-poor, calcium-free, histidine-buff
ered solution {In. 

1. The elevation of extracellular potassium 
concentration {K}o which-depending on 
its degree-leads to inactivation of the 
rapid as well as the slow Na and Ca-Na 
channels and thereby to electrical and me
chanical cardiac arrest {5}. 

2. The elevation of extracellular magnesium 
concentration {Mg}o primarily causing dis
placement of calcium from its loci in the 
outer membrane and particularly in the 
contractile system and thus leading to me
chanical arrest and relaxation of the heart 
{5}. 

3. The reduction of extracellular sodium con
centration {Na}o to a cytoplasmic level with 
simultaneous minimizing of free extracellu
lar calcium concentration {Ca}o in order to 

effect not only electrical but also complete 
mechanical inactivation of cardiac muscle 
cells according to the well-known efficacy of 
{Ca}o in the contractile system inversely 
correlating with the square of {Na}o {5}. 

4. Pharmacologic cardiac arrest by administra
tion of beta blockers, local anesthetics, or 
calcium antagonists alone or in combination 
with the above-mentioned electrophysiolog
ically acting principles. 

We have stopped using method 4 because of 
an unusually firm binding of these substances 
in the myocardium during anaerobic ischemia, 
leading the prolongation of their effects into 
the postischemic phase and delaying functional 
recovery of the heart. Method 1 or a combina
tion of 1 and 2, or method 2 or a combination 
of 2 and 3 has generally to be preferred. The 
efficacy of these latter in comparison to purely 
ischemic cardiac arrest as well as their equiva
lence in minimizing cardiac energy demand for 
work is shown by the comparison of MV02 

during ventricular fibrillation with that during 
cardioplegic coronary perfusion with our low
Na, Ca-free, histidine-buffered solution (fig. 
29-2) or with data from the literature on 
MV02, e.g., during hyperkalemia coupled 
with beta blockade {6}. 

The basal metabolism of the heart like that 
of other organs can be increased by catechol
amines, thyroid hormone, or similarly acting 
pharmacologic agents. But if these special met
abolic situations are excluded, MV02 is iden
tical with the minimal value necessary for pres
ervation of structural integrity and readiness for 
function, i.e., the MV02 under the conditions 
of complete electrical as well as mechanical in
activation of the heart during coronary perfu
sion with cardioplegic solution (fig. 29-2). 
This minimum MV02 is only temperature de
pendent in regard to its absolute value (QIO 
around 2.0). The much higher temperature de
pendence of MV02 of the fibrillating heart
with QIO values of more than 2.5-shows that 
under such conditions a decrease in tempera
ture also means decrease in work output, e. g. , 
a decrease in frequency of fibrillation (fig. 
29-2). 

During the anaerobic phase of global isch-
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emia, the energy turnover E of cardioplegically 
arrested hearts is lower than that of hearts ar
rested by pure ischemia (fig. 29-3). With QlO 
values around 2.0, the temperature dependence 
is comparable to that of MY-Oz during the 
aerobic phase of cardioplegic coronary perfusion 
and likewise clearly lower than the temperature 
dependence of E of hearts arrested in pure isch
emia (figs. 29-2 and 29-3). This again is due 
to the much higher degree of activation of con
tractile systems even during anaerobiosis of 
pure ischemia which is clinically apparent by 
the increased myocardial tone of those hearts. 
The high standard deviation of these results, 
moreover, indicates that the individually vari
able preischemic level of turnover can be exten
sively equalized by complete cardioplegia, but 
remains effective into anaerobiosis under con
ditions of pure ischemic cardiac arrest. 

For principal reasons there are only limited 
possibilities of prolonging the revival time of 
the heart under global ischemia by direct or 
indirect increase 0/ myocardial energy reserves. 
When maximizing myocardial Oz reserves in 
the effort to achieve an increase in aerobic la
tency after coronary circulatory arrest, the fol
lowing has to be considered: 

1. Only the intravascular space is available for 
adding O2 carriers in the form of oxyhemo
globin or oxyfluorocarbons. But only 40%-
50% of it-the capillaries, venules, and 
small veins-is effective for supplying O 2 

to the myocardium by diffusion. In the ca
nine heart this usable vascular space totals 
maximally 10 mll 100 g left ventricular 
myocardium. 

2. Even a manifold increase of Oz reserves can 
achieve significant prolongation of aerobic 
latency only when combined with an MY-Oz 
which is decreased to a minimum level by 
optimal cardioplegia (table 29-1). 

3. Hyperbaric partial pressures of oxygen, par
tially in the presence of minimum MVOz 
values, have toxic effects by inducing free 
radical and peroxide formation [7} and by 
this or other yet unknown mechanisms in
crease the basal energy requirement of the 
heart (unpublished results). 
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FIGURE 29-3. Temperature dependence of anaerobic en
ergy turnover during t ATP in dog hearts ischemically ar
rested or cardioplegically perfused prior to ischemia. 

4. In myocardial preservation under deep hy
pothermia with hyperbaric POz, moreover, 
quantitative considerations of the penetra
tion depth of Oz by diffusion from the ex
ternal and internal myocardial surfaces are 
demanded. According to Warburg's diffu
sion equation, only approximately two
thirds to three-fourths of an unhypertro
phied left ventricular wall can be reached 
even under the most favorable conditions 
(temperature of the heart 5°C, MY-Oz 0.1 
mll mini 100 g, POz 5 atm). In an overall 
analysis of the myocardial ATP content we 
thus may obtain extremely prolonged tATP 

and good structural preservation of the sub
epicardial as well as of the subendocardial 
regions with simultaneous irreversible dam
age of the core. 
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TABLE 29-1. Calculation of under different experimental conditions maximally reachable aerobic latency 

Myocardial Myocardial MV02 Myocardial O2 reserves (mllmin/100 g) Aerobic 
Experimental temperature O2 pressure 

(min :;1100 J latency 
conditions (OC) (mm Hg) (= Hb-02 + Mb-02 + solved O 2) (min) 

Pure ischemia 40 5.0 
Cardioplegia 35 150 0.8 
Cardioplegia 700 0.8 

Pure ischemia 40 2.4 
Cardioplegia 25 150 0.4 
Cardioplegia 700 0.4 

Pure ischemia 40 1.2 
Cardioplegia 15 150 0.2 
Cardioplegia 700 0.2 

Pure ischemia 40 0.5 
Cardioplegia 5 150 0.1 
Cardioplegia 700 0.1 

The high-energy phosphate bonds in the 
myocardium are not energy reserves in the 
strict sense of the word, because they are nec
essary for preservation of structure and func
tion. There appears to be no constant tissue 
level of CP and adenine nucleotides. Rather, 
depending on energy demands, there is a 
changing equilibrium between CP and the pool 
of linked adenine nucleotides. From this it also 
follows that at the onset of global ischemia in 
hearts arrested by pure ischemia the initial con
tents of CP and ATP are clearly less than after 
cardioplegic coronary perfusion (figs. 29-1 and 
29-7). 

The reserves of glycogen, which in regard to 
the yield of ATP under anaerobic conditions is 
the most favorable substrate for glycolysis, are 
never the factor limiting t ATP in all presently 
used methods of cardiac arrest and cardioplegia 
(fig. 29-7). In contrast, methods which raise 
myocardial glycogen content prior to ischemia 
increase E andlor reduce membrane permeabil
ity to protons produced intracellularly during 
anaerobiosis and thereby diminish the effective
ness of cardioplegic methods which are com
bined with an increase of buffer capacity of the 
heart (unpublished results). 

The possibility of improving the efficacy of met
abolic energy gain under aerobic conditions is in
dicated by the quotient ATP/O during oxida-

1.5 + 0.5 + 0.1 0.4 
0.5 + 0.4 1.1 
0.5 + 1.8 2.9 

1.5 + 0.5 + 0.1 0.9 
0.5 + 0.5 2.5 
0.5 + 2.1 6.5 

1.5 + 0.5 + 0.1 1.8 
0.5 + 0.5 5.0 
0.5 + 2.5 15 

1.5 + 0.5 + 0.2 4.4 
0.5 + 0.7 12 
0.5 + 3.2 37 

tion of various substrates. The oxidation of glu
cose residues from glycogen yields an ATP/O 
ratio of 3.2 and that of palmitate of 2.8 (8). 
Such a theoretical and in vitro attainable in
crease in ATP gain of 15% per molecule oxy
gen, however, cannot be reached in vivo be
cause of the necessarily mixed substrates. 
Therefore it can be neglected for prolongation 
of aerobic latency during global ischemia. 
However, it may be important in the balance 
of energy of underperfused margins of regional 
myocardial ischemia (8). 

Under anaerobic conditions, glycolysis is the 
essential metabolic pathway for ATP gain. The 
efficacy of anaerobic energy gain 'Y] in pure isch
emia as in all cardioplegic methods mentioned 
above is on the average 0.65 or 65% (fig. 29-
4) [9, 10). The adaptation of glycolytic energy 
production to anaerobic energy turnover always 
leaves a deficit of 35% under these conditions, 
which fundamentally limits tATP • Up to now 
the only possibility of favorably influencing 'Y] 
in order to prolong tATP lies in the increase of 
buffer capacity of the myocardium. Mean val
ues of'Y] obtained during tATP under these con
ditions are around 80% (fig. 29-4). This in
crease of 'Y] by about 25% over that in pure 
ischemia effects a prolongation of tATP by a fac
tor of approximately 2 (fig. 29-4). 

The artificial increase of myocardial buffer 
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FIGURE 29-4, Mean efficacy of anaerobic energy gain dur
ing tATP in the left ventricular myocardium of dog hearts 
at 25°C, depending on preischemic treatment. For sym
bols, see figure 29-6. 

capacity 13 under conditions of global ischemia 
calls for (a) the identification of the critical pH 
range in need of buffering for the ischemic 
myocardium, and (b) an evaluation of the 
quantitative limits for an increase of 13. 

From the physiologic cytoplasmic pH of 
around 7.0 [il}, the specific sensitivity of the 
myocardium to alkaline pH and, at the same 
time, marked limitation of the activity of cer
tain key enzymes of glycolysis near pH 6.0 (9, 
1O}, one can conclude that the critical pH 
range lies between 7.0 and 6 . O. Thus, buffer 
substances with a pk near 6.5 are suitable. 

From osmotic considerations additional in
troduction of a buffer is limited to the extra
cellular compartment of the myocardium. 
Buffer substances which significantly diffuse 
into myocardial cell simultaneously cause cel
lular edema by the accompanying water shifts. 

In limitation to the extracellular space, how
ever, even with best use of this compartment 
by optimal equilibration with the bti"ffer solu
tion {12}, the increase of J3/kg myocardial mus
cle can only attain one-fourth to maximally 
one-third of J3/kg buffer solution used. 

The nonbicarbonate buffer capacity of the 
left ventricular myocardium within the physi
ologic pH range amounts 20-30 mmollkg/pH 
[il}. In order to double 13 of the left ventric
ular myocardium between pH 7.0 and 6.0, one 
therefore needs an approximately 100-mM so
lution of a buffer with pk of 6.5 or a solution 
well in excess of 200 mM of a buffer with pk 
5.5. Thus, an effective artificial increase of 
myocardial buffer capacity can be achieved at 
the present only in combination with the car
dioplegic concept of low {Na}o and minimum 
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[Ca}o, since such a cardioplegic solution alone 
offers the necessary osmotic margin. The accu
racy of these quantitative considerations is 
shown in dog hearts in which an excellent cor
relation was found between the time interval 
from the onset of global ischemia until pHo 
6.0 and f3 of the cardioplegic solution used 
prior to ischemia (fig. 29-5). The prolongation 
of t ATP thus attained is coupled with a pro
longed glycolysis of slightly increased intensity 
(figs. 29-1, 29-6, and 29-7). It seems there
fore plausible to consider phosphofructokinase, 
the glycolytic enzyme with specific pH depen
dence which is almost inactivated at pH 6.0, as 
playing an essential role in effective protection 
[10, 13}. 

The low-sodium, calcium-free, histidine
buffered cardioplegic solution, developed from 

the considerations detailed above {2, 17}, pro
longs tATP between normothermia and 15°C al
ways by a factor of 6-7 as compared to pure 
ischemia, while the same solution without 
buffer, just as all other unbuffered cardioplegic 
solutions, increases it by a factor of 3-4 (fig. 
29-8) [2}. The particularly large increase of 
t ATP by the histidine-buffered solution at tem
peratures decreasing from normothermia to 
25°C (QIO ~ 2.7) is due to the largely tem
perature-dependent pk2 of histidine (approxi
mately 5.9 at 35°C, 6.1 at 25°C, and 6.3 at 
15°C). Therefore, the buffering capacity of the 
solution between pH 7.0 and 6.0 and hence 
the additional tATP gained by increasing the 
role of glycolysis during anaerobic energy turn
over at 35°C are less than at 25° or even 15 Dc. 

With the considerable increase in t ATP, ex-
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dium of dog hearts during global ischemia after protec
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ered cardioplegic solution [I7}. 
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perimental ischemia of 300 min at a mean 
myocardial temperature of 23°C and a recovery 
latency of 20 min is reversible in dog hearts 
without significant structural or functional 
damage (figs. 29-9 to 29-11) (l4}. When ap
plying the revival time achieved under optimal 
myocardial protection and global ischemia in 
dog hearts to the hearts of patients undergoing 
cardiac surgery, one has to take into consider
ation the various kinds and extent of preexist
ing damage . If one corrects the experimental 
results by a factor of 2 for such possibly limit
ing factors, an ischemic period of ISO min at 
approximately 23°C of mean myocardial tem
perature is available to the surgeon [2}. This 
has now been proven by clinical results (IS}. 

Problems 0/ Cardioplegia 
In pure ischemia as well as in ischemia under 
cardioplegic conditions, there is a close corre-

!at ion between the state of energy of the heart , 
the degree of structural alteration, and the 
functional reversibility . Nevertheless, this cor
relation is by no means absolute. Preliminary 
results of the analysis of the passive electrical 
properties of the myocardium in comparison 
with its state of energy during ischemia indi
cate that there are variations in protection of 
myocardial energy state and structure, depend
ing on treatment of the heart before ischemia 
(fig. 29-12) (I6}. Moreover, under special ex
perimental conditions, an ischemic stress can 
become irreversible because of rather specific al
terations of functional integrity of cellular and 
subcellular membranes and despite optimal 
protection of at least the energy state of the 
heart. For example: 

1. If one reduces the amount of calcium bound 
to the surface coat of myocardial cell mem
branes below a certain minimum level, 
abrupt reintroduction of calcium results in 
irreversible damage to the heart even at 
physiologic levels of CP and ATP in the tis
sue, i.e . , the so-called calcium paradox 
(I7}. 

2. If one substitutes carnosine with its more 
favorable pk of approximately 6.7 at 2SoC 
for histidine as buffer substance in a low
sodium, calcium-free, cardioplegic solution 
(I8}, tATP remains the same (fig. 29-6). 
Nevertheless, the same ischemic stress of 
300 min at a mean myocardial temperature 
of 23°C is not reversible (fig. 29-10). Se
vere intracellular edema immediately fol
lows post ischemic reperfusion (figs. 29-11 
and 29-13), while the myocardial ATP 
content decreases from approximately 4 .7 
j.Lmollg left ventricular myocardium at the 
end of ischemia to a level of 3.0 j.Lmoll g 
during 20 min of postischemic reperfusion 
(fig . 29-10). 

Preliminary experimental as well as clinical 
results indicate that even specific "protection of 
structures" can be afforded, e.g., by the addi
tion of quinine to our histidine-buffered cardio
plegic solution (I9}. Its effect becomes appar
ent by accelerating of the metabolic recovery of 
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FIGURE 29-9. Electron micrograph of left ventricular sub
endocardium of a dog heart after protection with the so
dium-poor, calcium-free, histidine-buffered cardioplegic 
solution, 300 min of global ischemia at 23°C, and 21 min 
of reperfusion with a modified Tyrode solution: almost 
normal mitochondria, sufficient glycogen granules be
tween the sarcomeres, minute cellular edema. Original 
magnification X 20,000. 
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FIGURE 29-13. Electron micrograph of left ventricular subendocardium of a canine heart after protection with sodium
poor, calcium-free, carnosine-buffered cardioplegic solution [18], 300 min of ischemia at 23°C, and 21 min of reperfu
sion with a modified Tyrode solution: severe intracellular edema and laceration of myofibrills; in the major part of 
mitochondria edema, fragmentation of cristae, and loss of matrix structure, in some tendency of recovery. Original 
magnification X 20,000. 
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the heart, by lowering the incidence of arrhyth
mias, and by optimizing minimal coronary re
sistance during post ischemic reperfusion. The 
possibility of such a specific intervention rep
resents a decisive improvement in protection 
of the heart during global ischemia, because 
it reduces untoward postischemic phenomena 
which otherwise-in the manner of a vicious 
cycle-aggravate the metabolic, structural, and 
functional restitution of the organ. 
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30. THE EFFECTS OF THE VOLATILE 

ANESTHETIC AGENTS ON THE HEART 

Margaret G. Pratila 

and Vasilios Pratilas 

Introduction 
It took only just over a year after William Mor
ton showed the feasibility of surgical anesthesia 
to demonstrate the marked effects of volatile 
anesthetic agents on the heart. On 28 January 
1848, Hannah Greener, aged 15, was the first 
patient to die during chloroform anesthesia 
(presumably of ventricular fibrillation). 

Increasing amounts of research at the cellular 
level and in intact animals in addition to clin
ical studies have emphasized this effect. The 
many hundreds of papers that have been writ
ten on the cardiac effects of the anesthetic 
agents and the many millions of dollars spent 
on monitoring the heart in the perioperative 
period attest to the importance of the effects of 
anesthetic agents on the heart. 

One of the exciting advances in understand
ing the effects of anesthetic agents on the heart 
has been the application of microelectrode tech
niques of electrophysiology which allow us to 
study the effects of anesthetic agents on the cell 
uninfluenced by uncontrolled autonomic ner
vous system activity. It is to these studies that 
we shall mainly direct our attention. Anes
thetic effects influencing the coronary circula
tion have also become increasingly important 
with the advent of coronary bypass surgery. 

The Sinoatrial Node 
Hauswirth and Schaer (I} in 1967 described 
the effects of halothane on action potentials 

N. Spere/akir (ed.). PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
All rlghtJ reserved. Copyright © 1984. 
Mar/inN! Nijhoff PNhlishing. Bruton/The Hague! 
DfI1'drechtlLancaster. 

from single rabbit sinoatrial (SA) nodal fibers. 
They showed a decrease of the maximal dia
stolic potential (MDP) and a decreased rate of 
diastolic depolarization. These effects were con
firmed by Reynolds and his colleagues (2}. At 
1 % concentration, halothane had a moderate 
negative chronotropic action on the SA nodal 
fibers. This was the result of a reduced rate of 
diastolic depolarization and an increase in 
threshold potential. At 2% halothane the rate 
of diastolic depolarization was further reduced 
and maximal diastolic potential, overshoot, and 
amplitude of the action potential were also de
creased. At 4% halothane a progressive reduc
tion in maximal diastolic potential, overshoot, 
and amplitude occurred. Arrest of the fiber fol
lowed. The arrest did not follow progressive 
slowing of rate, but was associated with 
marked loss of maximal diastolic potential, in
crease in the threshold potential, and ultimate 
loss of excitability. These fibers were unre
sponsive to electrical stimulation. The arrest 
was completely reversed when halothane was 
washed out. The effects are summarized in fig
ure 30-1. 

Maylie et al. (3} have recently indicated that 
generation of the pacemaker potential in the 
SA node is related to the activation of an in
ward current with high equilibrium potential 
rather than decreasing potassium ion conduct
ance. Kampine and his colleagues (4} have fur
ther examined the SA nodal suppression caused 
by halothane in the light of the findings of 
Maylie et al. Halothane has been shown to in
hibit inward Ca2+ current through the slow 
ionic channel in myocardium, demonstrated by 
depression of the maximum rate of rise 

617 
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(+ V maJ of the slow action potential [5}. The 
negative chronotropic action of halothane and 
the dose-dependent depression of + V max in 
phase 4 and phase 0 demonstrated by Kampine 
et al. are consistent with inhibition of slow 
calcium channels in the SA node. Introduc
tion of calcium (2 X concentration) produced 
a parallel shift in the dose-responsive curve in 
an upward direction and blunted the overall 
depression of phases 4 and o. Introduction 
of a calcium-channel blocker (verapamil) pro
duced a parallel depression of the dose-response 
curve and potentiated depression of the heart 
rate and + V max of phase o. It would appear 
that halothane interacts with calcium competi
tively. 

Halothane 0.5 % and initial exposure to 1 % 
halothane resulted in hyperpolarization of the 
transmembrane potential in guinea pig and cat 
SA nodal fibers [6}. Initial exposure to 1.12% 
and 2.25% enflurane did not produce the same 
effect. Enflurane 2.25% and 4.50% produced a 
significant negative chronotropic action, an in
crease in duration of phase 4, and a decreased 
rate of rise in phase 4. The rate of rise of phase 
o was decreased and the duration of the action 
potential prolonged at 4.5% enflurane (fig. 30-
2). The effects of enflurane are obviously less 
marked than those of halothane. 

The clinical use of methoxyflurane has de
creased markedly due to its adverse renal effects 
and its slow uptake and elimination. However, 
it is the prototype of the halogenated ethers. 
Reynolds and his co-workers [2} demonstrated 
a biphasic effect on the SA node. There is a 
decrease in rate which is preceded by a brief 
initial acceleration. This acceleration is due 
chiefly to a slight loss in maximal diastolic po
tential. It is not reversed by propranolol. The 
decrease in rate is associated with a further de
crease in maximal diastolic potential and an in
crease in threshold potential. Overshoot is re
duced. An arrest of activity invariably occurred 
at 1% methoxyflurane and frequently occurred 
at 0.5%. Arrest followed a loss of MDP, in
crease in threshold potential, and finally a loss 
of excitability. As with the other volatile 
agents this effect was reversible. When the rate 
was increased by epinephrine, exposure to me
thoxyflurane had little effect. 
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FIGURE 30-1. A schematic presentation of the effects of 
halothane on the SA nodal action potential [1, 2}. The 
effects of concentration and time are shown. MAC values 
allow comparison between agents. 

THE ATRIA 

Hauswirth [7} has shown that single rabbit 
atrial fibers are not very sensitive to even 2% 
halothane. Although the overshoot was signifi
cantly decreased and repolarization slightly 
prolonged, there was no marked change in rest
ing potential or amplitude of the action poten
tial as is seen in the SA node. Similar effects 
are seen with 1% methoxyflurane [8}. Enflu
rane [9} also produced a decreased overshoot 
and prolonged repolarization, but 6% enflurane 
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SA NODE ENFLURANE 
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----- 3.7 5 MAC (4 .5%) 
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FIGURE 30-2. A schematic presentation of the effects of 
enflurane on the SA nodal action potential [6}. 
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FIGURE 30-3. The effects of enflurane on rabbit atrium at 
1.5 % (1.25 MAC), 4% (3.3 MAC), and 6% (5 MAC). 

(a dose far in excess of clinical values) was nec
essary before reduction in amplitude occurred. 
Resting potential was virtually unchanged (fig. 
30-3). 

THE ATRIOVENTRICULAR NODE 

There is no doubt clinically that the presently 
used volatile anesthetic agents have a marked 
effect on the atrioventicular (A V) node. It is 
not uncommon to see P waves unrelated to 
QRS complexes on the monitoring ECG during 
anesthesia. With the termination of anesthesia 
there is termination of the dysrhythmia. 

Scherlag et al. {lOJ and Damato et al. {lI] 
described a method of studying A V nodal con
duction in intact dogs by His bundle stimula
tion and recording. This His bundle electro
gram allows subdivision of the PR interval into 
two components {l2, 13J. Conduction time 
between the atrial depolarization potential and 
the His bundle deflection (AH interval) pri
marily represents impulse propagation in the 
region of the A V node. Conduction to the dis
tal bundle of His and Purkinje network (HV 
interval) is measured from the His deflection to 
the beginning of the QRS complex. 

The effects of the anesthetic agents on A V 
nodal conduction have mainly been studied by 

1.5 % 

6% 

His stimulation and recording. Atlee and Rusy 
{l4J in their initial studies utilizing catheter 
electrocardiography found a concentration-de
pendent depression of A V conduction by halo
thane. This depression was most marked prox
imal to the bundle of His (intraatrial and A V 
node, AH recording). Since atropine did not 
significantly alter the effect of halothane, vagal 
stimulation was not felt to be a factor. Beta
blockade with propranolol further slowed con
duction, indicating sympathetic enhancement 
of AV conduction was present even at 2% hal
othane. Rapid atrial pacing also slowed con
duction. The arrival of an impulse during the 
absolute refractory period with no transmission 
or during the relative refractory period when 
decremental conduction occurs was felt to be 
the probable cause. Prolongation of the refrac
tory period was considered the most likely 
mechanism of halothane-produced depression of 
A V conduction. 

In a later study [15J, Atlee and Alexander 
showed that an increased concentration of hal
othane prolonged A V nodal and His-Purkinje 
conduction time in spontaneously beating 
hearts in which heart rate was constant and rate 
did not influence conduction time. The func
tional refractory period was prolonged at slow 
heart rates (120 beats/min), but unaffected at 
rapid rates (200 beats/min). 
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Atlee et al. [l6} also studied the effects of 
the antidysrhythmics lidocaine and diphenylhy
dantoin in the presence of halothane. There was 
further prolongation of A V conduction to that 
produced by halothane. AV conduction was 
more sensitive to drug affect than His-Purkinje 
or total intraventricular conduction. They be
lieved this might represent potentiation of the 
normal slowing of conduction through the A V 
node in response to increases in heart rate (fa
tigue response). They concluded that the anti
dysrhythmics failed to reverse the depressant 
effects of halothane on A V conduction. This 
may explain their ineffectiveness in the treat
ment of certain dysrhythmias during halothane 
anesthesia. 

The problem with these early studies is that 
light anesthesia with halothane was used as a 
control. In a more recent study, chronically in
strumented dogs were used and the true awake
to-anesthetized state obtained {17}. The results 
of these studies with halothane seem to indicate 
that halothane-induced prolongation of A V 
nodal conduction is more apparent at light lev
els of anesthesia (1 %-l. 5% halothane) and is 
more a function of changes in autonomic tone 
than of increasing concentration. Hantler and 
his colleagues {18} also studied halothane re
lated to an "unanesthetized" control by using 
total spinal anesthesia. Sympathetic nervous 
system activity was thereby eliminated. AH in
terval was prolonged at fast rates following ex
posure to halothane, but not at slow rates. 

In intact unpremedicated dogs, methoxyflu
rane produced a dose-dependent increase in the 
effective refractory period of the A V conduction 
system [l9}. This was not influenced by vagot
omy, which suggests the effect is independent 
of parasympathetic control. 

Methoxyflurane is one of the few agents on 
which microelectrode studies are available. 
Reynolds et al. {8} showed that the activity of 
the AV node remained normal even after com
plete arrest of the SA nodal fiber. This finding 
correlates well with the frequent development 
of nodal rhythm during methoxyflurane anes
thesia [20}. 

His bundle studies in the presence of 1-2 
MAC (minimal alveolar concentration) enflur
ane slowed a prolongation of AV nodal, but 

not His-Purkinje or ventricular, conduction 
times [21}. (Minimum alveolar concentration is 
that concentration (vol/vol) of an inhalational 
anesthetic which prevents 50% of subjects from 
moving in response to a painful stimulus.) A V 
nodal conduction time increased as heart rate 
was increased. This rate dependency was en
hanced by enflurane. His-Purkinje and ventric
ular conduction were not affected by rate or en
flurane. The atrial effective refractory period, 
functional refractory period of the A V node, 
and A V nodal conductivity were depressed by 
enflurane. Halothane does not prolong the 
atrial effective refractory period (22). This may 
be important in explaining the decreased inci
dence of supraventricular dysrhythmias during 
enflurane anesthesia compared to halothane. 
The effects of enflurane on the His-Purkinje 
and ventricular conduction system contrast 
with those the authors report for halothane. 
Since conduction changes are necessary for ven
tricular dysrhythmias caused by reentry of ex
citation, they felt their findings might partially 
explain the clinical impression of a decreased 
incidence of ventricular dysrhythmias with en
flurane compared to halothane. 

Zaidan et al. (23) have shown that 3f4 MAC 
enflurane did not influence ventricular pacing 
employed as treatment of third-degree heart 
block produced by cardioplegic solutions dur
ing cardiopulmonary bypass. This is support 
from a clinical source for the findings at Arlee 
et al. 

Blitt et al. {24] studied the effects of 1. 25, 
2, and 2.5 MAC isoflurane on AV conduction 
by His bundle electrocardiography during 
atrial pacing in dogs. There were no changes in 
AH interval. Atrial pacing to 200 beats/min 
did not influence the AH interval, unlike the 
effects of halothane. The stability of cardiac 
rhythm observed clinically with isoflurane may 
be related to this lack of effect on the A V node. 

Purkinje Fibers 
Reynolds et al. (2) reported that, when quies
cent canine Purkinje fibers were exposed in vi
tro to 1% halothane, the resting membrane po
tential (RMP) was unchanged and the rate of 
phase-4 depolarization virtually unaffected. 
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Hauswirth (7}, however, found in sheep Pur
kinje fibers RMP was increased and overshoot 
and duration of the action potential was de
creased at 1% halothane. This disparity could 
be due to species differences. At 2% halothane 
or above, rate slowed in spontaneously beating 
fibers as a result of increase in threshold poten
tial and a decreased rate of rise in phase-4 de
polarization. A steep increase in the slope of 
phase 2 caused almost a complete loss of pla
teau. Action potential (AP) duration was short
ened. In driven fibers the same effect on the 
plateau was seen. In many fibers, AP duration 
was not shortened due to a decrease in phase-3 
repolarization. Pruett and his co-workers (25} 
have also shown similar results at equivalent 
concentrations-a shortened AP duration, de
creased overshoot, depressed rate of phase-4 de
polarization, and reduced maximum diastolic 
potential. + V max' however, increased and 
membrane responsiveness was enhanced. Am
plitude and + V max were decreased in the slow
response APs of fibers partially depolarized by 
20 mM KCI. 

Quiescent Purkinje fibers exposed to 1% me
thoxyflurane had a slightly less negative resting 
potential, but did not develop automatically. 
In spontaneously beating fibers, 0.5% and 1% 
methoxyflurane caused marked increases in rate 
mainly due to an increase in the slope of phase-
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FIGURE 30-4. The effects of enflurane on spontaneously 
firing canine Purkinje fibers at 1.5% (0.73 MAC) and 3% 
(1.5 MAC). 

4 depolarization. While a sharp increase in 
phase-2 repolarization occurred, the duration of 
action potential remained about the same due 
to a decrease in the terminal part of phase-3 
repolarization. + V max in phase 0 was also 
slightly decreased. 

The actions of enflurane are similar to those 
observed with halothane. In spontaneously ac
tive Purkinje fibers, however, enflurane en
hances the rate of phase-4 depolarization and 
significantly reduces MDP (fig. 30-4). Thresh
old potential also appears to be at a less nega
tive voltage. These findings have also been re
ported by Pruett and his colleagues (25}. These 
authors showed enhancement of membrane re
sponsiveness in Purkinje fibers by both halo
thane and enflurane. Since membrane respon
siveness reflects the fast inward current carried 
by sodium ions, they suggest normalization of 
membrane responsiveness after exposure to hal
othane and enflurane might be due to alteration 
in voltage- and/or time-dependent changes in 
sodium conductance similar to that reported by 
Chen et al. (26} for lidocaine. 

Ventricular Muscle 
Halothane depresses intraventricular conduc
tion, but to a lesser extent than conduction 
through the AV node {l6}. Ventricular auto
maticity is somewhat depressed by halothane as 
shown by studies in isolated cell preparations 
[2, 27} and in intact animals [27, 28}. At 2% 
halothane, Hauswirth (7} found in sheep ven
tricular cells an unchanged resting membrane 
potential, a decreased overshoot, a reduced du
ration of the action potential and a shortened 
effective refractory period. The + V max of 
phase-O depolarization was also decreased. Re
cent work has confirmed Hauswirth's findings 
(5}. Up to 2% halothane had little effect on 
normal APs. At 2% and above, a slight de
crease in amplitude and duration occurred so 
that the plateau was shortened. + V max of the 
normal fast AP was not depressed at any con
centration of halothane. 

Enflurane also has little effect on the resting 
membrane potential of n.ormal guinea pig APs 
(29}. Amplitude and + V max were virtually un
affected by even 6% enflurane. However, loss 
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of plateau and AP duration occurred at higher 
concentrations (fig. 30-5). 

Since the slow inward current is in part re
sponsible for maintaining the plateau of the ac
tion potential [3D}, the decrease in duration 
may be attributed to the depression of the slow 
inward currents by the volatile anesthetic 
agents which we shall discuss later. We can
not, however, exclude the possibility that po
tassium conductance is increased by these 
agents . This also would shorten the duration of 
the action potential. 

Ventricular Contraction 
All volatile anesthetic agents are known to de
press myocardial contractility. Even nitrous ox
ide, for so many years thought to be innocu
ous, is now known to be a cardiac depressant 
[31}. This depressant effect of the anesthetic 
agents has been shown both in clinical situ
ations [32-36] and in the laboratory {37-42]. 

The mechanism of myocardial depression by 
the volatile anesthetic agents has been and con
tinues to be the basis for a great number of 
investigations . It is unlikely that a single factor 
will provide an adequate explanation. 

The volatile agents could influence the car
diac excitation-contraction process in a number 
of ways: 

1. An effect on myocardial contractile pro
teins. 

2. An effect on calcium ion release by the sar
coplasma reticulum. 

3. An effect on myocardial slow channels. 

It has been suggested that the volatile anes
thetic agents interact directly with the myocar
dial contractile protein by changing its shape, 
blocking ionic channels, or preventing struc
tural change in the protein. Evidence for this 
direct action is provided by the work of Seeman 
{43], Halsey [44, 45} Woodbury {46}, Met
calfe {47}, and Cheng [48} and their co-work
ers. Trudell has suggested a change in the flu
idity of the phospholipid bilayer at anesthetic 
concentrations thus affecting the membrane li
poproteins involved in slow channel gating 
{49}' It has been postulated that alterations in 
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FIGURE 30-5 . The effect of enflurane 4% (2 .35 MAC) on 
normal guinea pig ventricular muscle action potential 
showing some loss of plateau and AP duration. 

fluidity would affect fast and slow channel gat
ing equally , and fast sodium channel gating is 
unaffected by both halothane {5} and enflurane 
{29}. However, the work of Rosenberg et al. 
{50} and of Pang et al. {51} showed that varia
tion in structure of phospholipid molecules , 
phospholipid-cholesterol ratio, and anesthetic 
concentration caused an increase or a decrease 
in the internal fluidity of the bilayer. These 
findings may partially explain the differing an
esthetic actions on fast and slow channel gat
mg . 

The sarcoplasmic reticulum (SR) is a mem
branous system in the cardiac muscle that con
trols the amount and duration of calcium ion 
availability for contraction. Lipophilic volatile 
anesthetics have been shown to accumulate in 
the SR {52}. It has been suggested that the SR 
might be an important site at which anesthetic 
agents act to inhibit contractility {53}. Lain et 
al. {54} showed decreased uptake of calcium in 
homogenized and differentially centrifuged 
muscle. Although they showed a decreased cal
cium uptake, their halothane concentration was 
much greater than that which is clinically rel
evant . The work of Lee and colleagues {55] , 
which also shows decreased Ca2+ uptake, suf
fers also from an uncertain concentration of hal
othane. Su and Kerrick have shown inhibition 
of Ca2 + uptake by the cardiac SR in the pres
ence of clinically relevant concentrations of 
both halothane and enflurane {56-58}. They 
used mechanically skinned myocardial fibers, 
which allows free movement of the perfusing 
medium through the outer cell membrane. 
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FIGURE 30-6. Effect of entlurane on slow cardiac action 
potentials from guinea pig ventricular muscle at 2% (1. 2 
MAC), 3% (1.8 MAC), and 4% (2.35 MAC). Note 
marked effects on slow AP at 4% compared to figure 30-
5, the fast AP. 

Price and Ohnishi have expressed contrary 
views {59} . Measurements of La3+ displaceable 
calcium ions in dog trabecular muscle indicate 
that halothane reduces the amount of superfi
cally bound calcium ions {60}. Blanck {61-63} 
and co-workers have also studied the effects of 
halothane, enflurane, and isoflurane. All stim
ulate Ca2+ uptake by the SR in vitro. This oc
curs at low A TP concentrations and clinical 
ranges of the anesthetic agents . Their data sug
gest that all three agents increase the affinity of 
(Ca2+ ,Mg2+)-ATPase for ATP. Since rate of 
uptake is not stimulated beyond maximum ve
locity of the enzyme, the authors suggest that 
ATP availability is improved rather than en
zyme alteration. At higher concentrations of 
ATP (> 5 mM) and higher clinical concentra
tions of the anesthetic agents, inhibition of 
Ca2 + uptake occurs. However, at normal ATP 

levels and clinical concentration, all three 
agents seem to have little effect on Ca2+ up
take. Clinical significance, if any, lies in the 
fact that, if A TP declines as in ischemic heart 
disease or during ischemic arrest during cardio
pulmonary bypass, Ca2 + uptake might be de
pressed. 

Recently Komai and Rusy have concluded 
from their work on the effects of halothane in 
rested-state and potential-state contractions in 
rabbit papillary muscle that transsarcoleminal 
calcium influx and stored calcium are equally 
influenced, resulting in a negative inotropic ac
tion. Halothane reduces the amount of stored 
calcium by inhibiting uptake and accelerating 
the loss of the cation during rest [64}. 

During phase 2 or plateau of the action po
tential, an inward movement of calcium ions 
occurs through the kinetically slow ion trans
port system [65}. If this system is blocked by 
verapamil, a marked negative inotropism oc
curs in the presence of virtually normal action 
potentials {66}. The calcium entering the cell 
through these channels contributes to the con
tractile process {67J. Early workers P, 68} 
showed halothane produced this negative ino
tropism with little effect on cardiac action po
tentials . Electromechanical dissociation is not 
uncommon clinically, and is manifested as se
vere hypotension with a virtually normal elec
trocardiogram. 

The effects of halothane {5}, enflurane {29} 
(fig. 30-6), and methoxyflurane {69] (fig . 30-
7) on the slow channels have been studied by 
simultaneous measurements of action potentials 
and contractions in guinea pig papillary mus
cles. All three agents produce a depression of 
the inward calcium current that enters the 
myocardial cells through the voltage-dependent 
slow channels. Slow-channel action potentials 
were obtained by depolarization to - 40 m V 
with 26 mM K + thus inactivating fast sodium 
channels PO] . Cells at this level of depolariza
tion are inexcitable due to lack of inward cur
rent (1). Slow-channel current can be in
creased by elevating the intracellular cyclic 
adenosine monophosphate (cAMP) level {72-
74]. The + V max of the slow action potential 
reflects the rate of depolarizing current flow 
[75]. The depressant effects of halothane on 
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+ V max are more marked than those of enflu
rane. Halothane is slightly more depressant 
than enflurane also on tension produced by the 
muscle during the slow AP. These findings ap
pear to support investigators who have found 
halothane to be more depressant [34, 35, 39} 
rather than those who have suggested that en
flurane [36, 40-42} was more or equally de
pressant. 

At lower concentrations, halothane 0.5% 
(0.65 MAC) [5} and enflurane 1% (0.6 MAC) 
(29) both produced a negative inotropic effect 
without an effect on the slow AP. Obviously a 
mechanism other than slow-channel depression 
is involved in this early cardiac depression. 

Clinical Implications 
Halothane like many antidysrhythmic drugs 
produces depression of phase-4 depolarization. 
It has been shown to moderate the cardiotoxic 
effects of digitalis [76, 77} and even have ther
apeutic value in ouabain-induced ventricular 
tachycardia [7 8}. Ectopic pacemaker cells in 
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FIGURE 30-7. Effect of methoxyflurane 5% on (AJ the 
slow action potentials of guinea pig papillary muscle and 
(B J tension developed. 

digitalis-induced ventricular tachycardia are 
situated either in the left bundle branch or 
more distal Purkinje fibers with retrograde ac
tivation of the bundle of His [79}. Logic and 
Morrow [80} have shown that halothane can 
suppress glycocide enhancement of these ec
topic pacemakers. Digitalis inhibits the ATP
dependent Na+ -K+ pump [8I}. The resultant 
increase in intracellular sodium ionic concen
tration stimulates the sodium-calcium trans
port system [82}. Intracellular calcium concen
tration increases and myocardial contractility 
improves. Cardiotoxicity of digitalis is a result 
of a greater inhibition of the pump. Halothane 
antagonizes the increased rate of phase-4 depo
larization and may therefore prevent the in
creased automaticity in ectopic pacemaker 
cells. The enhanced membrane responsiveness 
reported by Pruett and Gramling [83} may also 
contribute to the prevention of reentrant dys
rhythmias not only of digitalis toxicity but 
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those produced by ischemia. Finally, the com
petitive action of halothane with calcium on 
the slow channel may also be a factor {4}. 

Diethyl ether, methoxyflurane, enflurane, 
and isoflurane also increase tolerance to digi
talis toxicity when administered prior to oua
bain infusion and restore sinus rhythm when 
administered acutely during ouabain-induced 
ventricular tachycardia {84}. Methoxyflurane 
and enflurane both increase the rate of phase-4 
depolarization in lower centers while decreasing 
the rate of phase-4 depolarization in the SA 
node. This would tend to produce nodal 
rhythm, which is frequently seen during anes
thesia with these agents. Enflurane has also 
been shown to increase membrane responsive
ness {25} so this may in part explain their ac
tion in moderating digitalis-induced dysrhyth
mias. While their effect on the A V node 
remains somewhat unclear, they certainly do 
not antagonize the A V nodal depression of dig
italis. Like digitalis, effective refractory periods 
of the ventricles are also shortened. The sym
pathetic nervous system is thought to be in
volved in the genesis of digitalis-induced ven
tricular dysrhythmias {85}. Halothane {86}, 
enflurane {87}, and isoflurane {88} are thought 
to decrease sympathetic nervous activity and 
thus confer increased tolerance to digitalis. 

While we have discussed the antidys
rhythmic effects of the volatile anesthetic 
agents, in clinical situations dysrhythmias are 
not infrequent. This is particularly true in the 
presence of catecholamines. Initially there was 
discussion as to whether the underlying mech
anism was that of increased automaticity or 
reentry {89-9I}. All evidence now points to 
reentry. In Zink's work there were critical lev
els for both blood pressure and atrial rate. A 
rise in intraventricular systolic pressure causes 
stretch of Purkinje fibers. This in turn slows 
conduction velocity and increases the rate of di
astolic depolarization, both of which favor 
reentry {92}. The bigeminal beat is thought to 
be a fusion beat of a reentrant impulse that has 
its origins in the upper interventricular septum 
with the next normal beat conducted through 
the AV node {93}. The findings of Reynolds 
and Chiz support this work {93}. Epinephrine, 

in concentrations without effect on velocity of 
impulse conduction in Purkinje fibers, mark
edly potentiated a modest slowing of conduc
tion produced by halothane. This effect was an
tagonized by alpha blockade, but not by beta 
blockade. 

Clinically we term these findings "sensitiza
tion of the myocardium by halothane", i.e., 
the dose of intravenous exogenous epinephrine 
needed to produce ventricular premature con
tractions (VPCs) is lower in the presence of 
halothane anesthesia than in the awake state. In 
comparing the presently used volatile agents, 
Joas and Stevens {94} have shown, in dogs, 
that in the presence of isoflurane four times the 
dose of epinephrine necessary during halothane 
anesthesia is required to produce VPCs. Hu
man studies confirm these findings {96}. Dur
ing epinephrine injection the stability of heart 
rhythm is greatest with isoflurane, then enflu
rane, and least with halothane. Both Johnston 
et al. {95} for halothane and Horrigan et al. 
{96} for enflurane have shown it requires larger 
doses of epinephrine when the vehicle of injec
tion is lidocaine. This contradicts the often 
quoted adage that lidocaine should not be 
given during halothane-induced dysrhythmias 
because it depresses an already depressed (by 
halothane) AV conduction. 

Verapamil, a slow-calcium-channel inhibi
tor, has only recently been introduced into 
clinical practice in the United States. We have 
briefly alluded to its actions while discussing 
some of the electrophysiologic findings. It is 
known to inhibit myocardial contractility, de
press the SA and AV nodes, and decrease vas
cular smooth muscle tone {97}. Dysrhythmias 
occurring during anesthesia have been success
fully treated with verapamil {98}. Verapamil 
also produces blockade of the fast sodium chan
nels {99}, which contributes to its depression 
of cardiac output {lOO}. 

The effects of verapamil during halothane 
{IOI}, enflurane {l02}, and isoflurane {l03, 
104} anesthesia have been studied. Verapamil 
produced a rise in the epinephrine dysrhyth
mogenic threshold and epinephrine-induced 
ventricular dysrhythmia in the intact dog dur
ing I MAC halothane anesthesia {IO I}. There 
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was a further depression in mean arterial pres
sure and cardiac function compared to halo
thane alone. Cardiac output, however, varied. 
After a uniform initial rise, cardiac output re
mained high in some dogs or fell in others. 
This may represent an additive effect of halo
thane on the balance of the two cardiovascular 
effects of verapamil, i.e., beneficial afterload 
reduction vs deleterious direct myocardial 
depression [105}. 

Verapamil in the presence of enflurane anes
thesia decreased mean arterial pressure, cardiac 
output, and heart rate, and left ventricular dP/ 
dt decreased. Enflurane caused hemodynamic 
depression below control at 25% of the vera
pami! dosage (102}. Animals receiving 1 MAC 
isoflurane compared to those receiving 1 MAC 
enflurane had a greater sympathetic tone and 
tolerated higher plasma levels of verapamil. 
There was also less reflex increase in epineph
rine (l03}. These findings may indicate isoflu
rane as the inhalational agent of choice in pa
tients taking verapamil. Kates et al. (104} 
confirm the additive myocardial depressant ef
fects of isoflurane and verapamil. They also 
showed only partial reversal by calcium, which 
might indicate depression of the slow channels 
is not the sole mechanism in the cardiac 
depression. 

Coronary Circulation 
Ischemic heart disease has become increasingly 
important to the anesthesiologist for several 
reasons. These include aging population, the 
increased incidence of coronary bypass surgery, 
and the acceptance of patients for noncardiac 
surgery who previously would have been con
sidered too great a risk. The following is a 
highly simplified outline of myocardial oxygen
ation so that we may discuss the effects of the 
volatile anesthetic agents. 

Myocardial oxygen supply is mainly depen
dent upon blood flow through the coronary ar
teries and the oxygen-carrying capacity of the 
blood. Coronary blood flow is greatest in early 
diastole. The pressure gradient across the coro
nary vessels is influenced by the aortic diastolic 
pressure and the left ventricular end-diastolic 
pressure (LVEDP). Heart rate also influences 

coronary blood flow because of its effects on 
length of diastole. If diastolic pressure or 
LVEDP are changed, coronary flow changes un
less coronary vascular resistance also changes. 
In ischemic heart, atheromatous changes pre
clude this decrease in coronary vascular resis
tance and coronary flow depends upon pressure 
and diastolic time. 

Anemia, acid-base balance, and adequate 
ventilation are more important than the anes
thetic agents per se on the oxygen-carrying ca
pacity of the blood. 

Factors influencing myocardial oxygen con
sumption have been well reviewed (105, 106}. 
The most important are heart rate, the myocar
dial contractile state, and myocardial wall ten
sion. Increased heart rate means increased myo
cardial work. N. Ty Smith (107) has listed 58 
indicators in assessing the myocardial contrac
tile state. This itself indicates a lack of agree
ment on both method of evaluation and defi
nition of contractility. L ydP/dt has been 
considered a reasonable index (l08-111}. In
creases are associated with increased myocardial 
oxygen consumption while decreases have the 
opposite effect. The rate-pressure product 
(heart rate X systolic blood pressure) also has 
an adequate correlation with myocardial oxygen 
consumption under clinical conditions (l12, 
113}. A rate-pressure product of + 11,000 oc
curred in patients who developed ischemic 
changes during surgery (114}. Myocardial wall 
tension is determined by ventricular pressure, 
intraventricular volume, and myocardial mass. 
Increases in intraventricular pressure or volume 
increase wall tension and thus myocardial 
work. 

The effects of the inhalational agents on 
myocardial contractility have been discussed in 
the previous section on ventricular contraction 
and also reviewed by Smith [lO7} and Sonntag 
[1l5}. Suffice it to say that halothane, enflu
rane, and isoflurane all caused myocardial 
depression and, therefore, decreased myocardial 
work. 

The restriction of coronary blood flow during 
systole is greatest at the endocardium and least 
at the epicardium (l16}. The endocardium is 
therefore more vulnerable to ischemic changes 
(1l7). Another important facet of the coronary 
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circulation is the division into the larger con
ductance vessels on the epicardial surface and 
the smaller precapillary resistance vessels 
within the myocardium {118}, The larger ves
sels do not play a part in overall coronary resis
tance until neurogenic stimulation occurs 
{l19}. This factor may be of importance in 
view of the effects of volatile anesthetic agents 
on autonomic control of the circulation {l20}. 

Early work performed in anesthetized ani
mals with open chests showed only slight ef
fects on stimulation of adrenergic nerves {l21, 
122}, More recent investigations in chronically 
instrumented animals have shown adrenergic 
stimulation or blockade has profound effects on 
coronary blood flow {l23, 124}. Alpha and 
beta receptors have been demonstrated in the 
coronary vascular bed {l25}. The rather com
plicated and as yet incompletely understood ef
fects of sympathetic influences on the coronary 
circulation have been succinctly reviewed by 
Klocke and his colleagues {l26}. 

The effects of the volatile anesthetics on cor
onary circulation have been investigated in an
imal studies and in man. 

Animal Studies 
Eberlein {l27}, Saito et al. {l28}, and Weaver 
{l29}, utilizing flowmeters, have shown that 
halothane and methoxyflurane decreased coro
nary artery flow while diethyl ether increased 
flow in dogs. Other experiments using washout 
of 85Kr from the coronary vein as an estimate 
of myocardial blood flow have shown decreases 
in ventricular function and oxygen consump
tion accompanied by equivalent decreases in 
myocardial blood flow {l30}, Since the heart of 
Sus scro/a more nearly resembles that of man 
{l31}, Merin et al. studied the effect of halo
thane in pigs {l32}. Dose-related depression in 
left ventricular function by halothane was again 
accompanied by equivalent decreases in coro
nary blood flow and oxygen consumption. 

Decrease in coronary blood flow with halo
thane and increase with diethyl ether are most 
likely due to alterations in cardiac oxygen re
quirements {13 3}' However, Domenech et al. 
studied the circumflex diastolic coronary vas
cular resistance in the working heart and total 

mean coronary resistance in the isolated non
working heart of the dog during 100% oxygen 
and 2%-3% halothane in oxygen. They con
cluded that the decreased resistance they ob
served was due to a direct action of halothane 
on coronary vessels. This action was not modi
fied by beta-adrenergic block {l34}, Sawyer et 
al. {136} were able to contrast local and sys
temic effects of halothane on the vascular bed 
supplied by the right coronary artery by using 
an extracorporeal circuit containing an isolated 
donor lung. Local administration of halothane 
caused marked coronary vasodilation without 
effect on R ydP / dt or systemic pressure. Sys
temic halothane caused marked reduction of 
systemic pressure and RVdP/dt and was without 
effect on coronary resistance. They concluded 
that, while the direct local effect is to produce 
dilation, reflex baroreceptor stimulation and 
decreased cardiac metabolism during systemic 
halothane antagonize local effects. This was 
supported by the finding that systemic halo
thane during alpha blockade produced a signif
icant decrease in coronary resistance. They also 
compared the effects of halothane and enflurane 
on the right coronary circulation in the pig. 
Halothane and enflurane both cause coronary 
vasodilation as a direct effect. Systemically 
halothane and enflurane cause decreases in 
systemic pressure without change in coronary 
resistance, local effects being effectively antag
onized by indirect effects {l36}, 

Verrier and his colleagues {l37J measured 
myocardial blood flow as an indicator of oxygen 
supply during autoregulation and maximal va
sodilation at various coronary arterial perfusion 
pressures at stable oxygen demand. The rela
tionship between pressure and blood flow pro
vided an index of coronary vascular r.eserve. 
Pressure-flow relations in the left circumflex 
coronary artery were compared during halo
thane (approx. 1 MAC) and nitrous oxide anes
thesia. Myocardial oxygen demand and blood 
flow decreased during halothane anesthesia. 
The interesting point was that the pressure
flow relationship during maximal vasodilation 
shifted to the left. This reflects the lower cor
onary arterial perfusion pressure at which flow 
became zero. The authors aptly explain this by 
the vascular waterfall theory. This shift also re-
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flects the lower coronary arterial perfusion at 
which subendocardial ischemia occurs during 
autoregulation of blood flow. Greater coronary 
vascular reserve is present during halothane 
anesthesia than with nitrous oxide. 

The use of lightly anesthetized animals as 
controls may produce erroneous results [120, 
138J. Vatner and Smith, using chronically in
strumented dogs, showed that halothane pro
duced a dose-related decrease in ventricular 
function at 1% and 2% {139J, but coronary 
flow did not decrease with increased concentra
tion. Merin et al. {37J found a dose-related de
crease in myocardial blood flow. The latter 
group felt that the presence of tachycardia with 
its effect on oxygen demand was a factor in the 
conflicting findings. These authors also studied 
the effects of enflurane {41J. Dose-dependent 
depression of ventricular function was accom
panied by depression of myocardial blood flow 
and oxygenation. Comparison with halothane 
in the same dog showed dose-dependent nega
tive inotropic effects accompanied by equiva
lent decreases in cardiac oxygen demand. 

Human Studies 
Sonntag et al. [140J investigated the effects of 
0.7% and 1. 54% halothane in healthy pa
tients. Myocardial function decreased in a dose
related manner without change in heart rate. 
Myocardial blood flow and oxygen consump
tion also showed a dose-related decrease. Myo
cardial oxygenation was adequate as evidenced 
by decreased oxygen extraction and unchanged 
lactate levels. The rate-pressure product corre
lated poorly with myocardial oxygen consump
tion although there was a dose-related decrease 
during halothane anesthesia. Changes in arte
rial blood pressure and contractile function of 
the heart were more closely related to myocar
dial oxygen consumption, but still not ideal. 
They felt an ideal clinical correlate of myocar
dial oxygen demand during anesthesia is still 
unavailable. 

Ischemic Heart Disease 
Ischemic heart disease is a situation where there 
is an imbalance between myocardial oxygen 

supply and myocardial oxygen consumption. 
Experimentally produced ischemia by ligation 
of coronary arteries has been studied in dog un
der halothane [141, 142J and epidural anes
thesia [143J with improvement in myocardial 
perfusion and oxygenation. However, as Merin 
{144J has pointed out, the control state was 
hyperdynamic with rapid heart rates. Anes
thesia reduced heart rate and blood pressure. 
These together with depression of cardiac con
tractility might depress myocardial oxygen de
mand more than a decreased coronary perfusion 
pressure decreased myocardial oxygen supply. 
The work of Prys-Roberts et al. in chronically 
insttumented animals also does not show a 
beneficial effect of halothane on the ischemic 
heart {145]. Nor did halothane at Y2 or 1 MAC 
protect ventricular function following global 
myocardial ischemia {146J. Gerson et al. {147J 
used elevation of the ST segment on epicardial 
electrocardiogram in response to temporary oc
clusion of the left descending coronary artery as 
an index of ischemia. They compared 1% hal
othane to nitroprusside-propranolol and found 
reduction of the ST segment to be significantly 
greater with halothane. 

More recently, investigations have utilized 
narrowed rather than completely occluded ves
sels in an attempt to provide conditions nearer 
to those present in clinical situations. Lowen
stein and his co-workers {148J studied the ef
fects of halothane between 0.5% and 2% upon 
left ventricular myocardium supplied by a crit
ically narrowed coronary artery (left anterior 
descending) and a normal coronary artery (left 
circumflex). An inspired halothane concentra
tion well tolerated by myocardium supplied by 
the normal coronary artery produced dysfunc
tion and paradox (i.e., ischemia) in the myo
cardium supplied by the narrowed coronary ar
tery despite normal global left ventricular 
function. They hypothesized that clinically un
suspected intraanesthetic compromise of such 
an area may be an important cause of periop
erative myocardial infarction despite the ab
sence of an ischemic episode or hemodynamic 
instability. They felt a local decrease in perfu
sion pressure was the cause of the dysfunction. 
This is supported by the work of Behrenbeck 
et al. {149J, which showed no difference in re-
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gional myocardial function in ischemic or non
ischemic areas with increasing concentrations of 
halothane as long as perfusion was maintained. 
The former group also produced critical con
striction of the left circumflex coronary artery 
[150}. Critical constriction of a coronary artery 
supplying a large area of the myocardium may 
cause a severe loss of regional myocardial per
fusion that is accompanied by an equally severe 
loss of global perfusion. The effects of enflurane 
in the presence of critical constriction of the 
left anterior descending coronary artery were to 
produce marked reduction in segmental wall 
function with matching global dysfunction 
[151}. Critical constriction produced slightly 
greater depression of left anterior descending 
segmental function compared with the left cir
cumflex segment and significantly more depres
sion of global function. Hickey et al. [152} saw 
virtually no effect on hemodynamics, metabo
lism, or ECG findings at 40% decrease in left 
anterior descending coronary flow as a result of 
stenosis at 1.2 MAC halothane anesthesia. Low 
arterial pressure and 2.1 MAC produced evi
dence of ischemia. Merin et al. [153} caused a 
60% reduction in flow to the left anterior de
scending coronary artery in swine, which re
sulted in ischemia of the cardiac muscle sup
plied by that vessel. Their object was to 
compare the effects of halothane with fentanyl
supplemented nitrous oxide anesthesia. Neither 
protected against the ischemia and the degree 
of ischemia and depression of ventricular func
tion was not different. They concluded decrease 
in oxygen supply due to coronary stenosis was 
no more deleterious to metabolic function 
when oxygen supply/demand was high as with 
fentanyl or when it was low as with halothane. 
Lowenstein et al. [l54}, however, using values 
from Merin et al. [l53}, Waters et al. [l55}, 
and Verrier et al. {137}, calculated that, with 
the degree of narrowing reported by Merin et 
al. and the hemodynamic state, a low-demand
low-pressure anesthetic (halothane) will be bet
ter tolerated than a high-demand-high-pres
sure anesthetic (fentanyl). 

There are inherent problems in these studies. 
The first is that coronary stenosis is imposed 
upon a preexisting stable anesthetic state un
like the clinical situation where anesthesia is 

imposed upon severe narrowing of one or more 
coronary arteries [l54}. Secondly, such local
ized constrictions are unlikely clinically. More 
widespread coronary artery involvement might 
produce more obvious evidence of global isch
emia with hemodynamic correlates. A recent 
article by Hoffman et al. [156} showed cardio
vascular and regional hemodynamic differences 
in young compared to aged rats. Whether these 
are applicable to man or not is questionable, 
but does point to the fact that further studies 
are needed. 

Clinical Investigations 
Lieberman et al. [157} studied the effect of 
halothane in patients undergoing coronary ar
tery bypass grafting by monitoring a V 5 surface 
ECG. Of their patients, 73% had evidence of 
left ventricular dysfunction prior to surgery. 
No evidence of new ischemic changes occurred 
prior to coronary artery bypass. Slogoff et al. 
[l58} showed a 26% incidence of ischemia in 
patients given a morphine-based anesthetic 
with a markedly higher incidence when beta 
blockade was withheld. Kistner et al. [l59} 
also compared halothane and morphine in pa
tients undergoing coronary artery bypass and 
found in a well-monitored situation that halo
thane was superior in avoidance of ischemic and 
adverse hemodynamic changes. Delaney and his 
colleagues {32} have compared halothane and 
enflurane (% MAC) in patients with coronary 
artery disease. Their findings indicate that 
halothane decreases the contractile state, heart 
rate, and afterload, and therefore presumably 
myocardial consumption, while slightly in
creasing preload. Enflurane reduced afterload 
only. Similar findings have been described for 
isoflurane [l60}, which reduces systemic vas
cular resistance to a greater extent than enflu
rane, while stroke volume and cardiac output 
are less impaired [l61}. Isoflurane causes sig
nificantly less impairment of myocardial con
tractile performance compared to halothane and 
enflurane despite the fact that its effects on 
contractile proteins and their enzyme systems 
are similar [162}. Prys-Roberts et al. have also 
noted the limited effect of halothane on sys
temic vascular resistance [163}. 
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In conclusion, we have summarized the ef
fects of the volatile anesthetics in clinical use 
today on the electrophysiology of the heart and 
their effects on the heart and coronary circula
tion with particular reference to ischemic heart 
disease, the major coincidental pathologic pro
cess faced by an anesthesiologist today. For the 
sake of completeness, we should mention the 
enthusiasm for high-dose opiate (fentanyl) anes
thesia for coronary artery surgery which is pres
ently in vogue. We briefly mentioned this sub
ject above. Interested readers are directed to 
articles by Lowenstein and Philbin [l64}, 
Waller et al. (l65}, Stanley et al. (l66}, Lunn 
et al. (l67), Zurick et al. (l68}, Merin et al. 
(l53}, and Sonntag et al. (l69}' It will be seen 
that there is no single anesthetic agent which 
provides ideal conditions for surgery in patients 
with coronary artery disease. Judicious combi
nation of various pharmacologic agents and 
careful monitoring is the "best" anesthesia. 
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ON THE HEART 

Victor]. Ferrans 

Introduction 
The reactions of the heart to toxic InJury can 
be classified according to whether they repre
sent: (a) a direct toxic effect of the agent, (b) 
the result of an exaggeration of the pharmaco
logic effects of the agent either on the myocar
dium itself or on the coronary or systemic cir
culation, or (c) an allergic or hypersensitivity 
phenomenon. These etiologic distinctions are 
not always clear on anatomic study of the heart 
lesions resulting from toxic injury, as a wide 
spectrum of complex cardiac morphologic 
changes has been associated with the effects of 
toxic drugs and chemicals on humans and on 
experimental animals. 

Most cardiotoxic drugs produce the features 
of either an acute toxic or an acute allergic re
action, and these develop either shortly after 
administration of a single dose of a particular 
drug or during (and even after) a course of 
treatment requiring administration of multiple 
doses. These lesions demonstrate an unequivo
cal cause-and-effect relationship, whether they 
result from an overdose, a side effect, or a hy
persensitivity reaction. The clinical features of 
these reactions usually are those of acute toxic 
phenomena, with electrocardiographic ischemic 
changes, arrhythmias, acute cardiac failure, and 
sudden death. From the morphologic stand
point, drug-induced myocardial lesions usually 
consist of multifocal areas of myocardial degen
eration, necrosis, inflammation, or fibrosis; 
however, large, confluent areas of necrosis and 
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fibrosis resembling myocardial infarcts develop 
in certain toxic reactions. Total absence of an
atomic changes may be found in the case of 
certain agents such as digitalis and quinidine, 
which can cause rapidly fatal changes in cardio
vascular function (particularly arrhythmias) 
without accompanying morphologic altera
tions. Cardiomegaly in these circumstances is 
attributable to preexisting heart disease. Less 
frequently, certain drugs or chemicals may pro
duce long-term cardiac alterations with clinical 
and morphologic manifestations of a chronic 
cardiomyopathy. 

In this review, the morphologic reactions of 
the heart to toxic injury are described under 
the following categories: (1) cardiac hypertro
phy; (2) cardiomyopathies; (3) cardiac necrosis, 
including infarct-like myocardial necroses, hy
persensitivity (allergic) myocarditis, and toxic 
myocarditis; (4) pericarditis; and (5) vascular 
changes, including hypersensitivity vasculitis, 
toxic vasculitis, fibromuscular hyperplasia, and 
thromboembolism. Cardiovascular develop
mental abnormalities also may be produced by 
drugs or chemicals. Considerations of these ef
fects is outside the scope of this chapter. 

Cardiac Hypertrophy 
Cardiac hypertrophy is defined as an increase in 
the mass of the heart muscle beyond the limits 
of normal for age, sex, and body weight. This 
increase in mass usually develops as a compen
satory response to an increase in the work load 
of the heart. Such an increase may result from 
congenital lesions, acquired valvular dysfunc
tion, pulmonary disease (cor pulmonale), sys
temic hypertension, variously mediated drug 
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effects (thyroid hormone, growth hormone, 
catecholamines), or from unknown causes, as in 
the case of the cardiomyopathies. Up to a cer
tain limit, known as the critical heart weight 
(500 g), hypertrophy of human hearts is 
thought to be mediated by an increase in the 
size of the individual cardiac muscle cells. It 
has been suggested that an increase in cardiac 
mass beyond this critical heart weight is asso
ciated with the formation of additional cardiac 
muscle cells; however, the mechanism of for
mation of new cardiac muscle cells under these 
circumstances is not known, and this concept 
remains controversial {I}. 

The rate of mitosis of cardiac muscle cells 
falls to negligible levels within a short period 
of time after birth, and evidence of new cell 
division in greatly hypertrophied hearts has not 
been observed. However, it has been demon
strated that under certain circumstances atrial 
muscle cells in adult hearts can be induced to 
undergo DNA synthesis and mitosis {2}. It is 
also known that pathologic increases in cardiac 
mass during early neonatal life may be associ
ated with hyperplasia of the muscle cells {l}. 

Cardiac hypertrophy can be classified as 
being concentric (pressure overload, character
ized by thick chamber walls and normal or 
smaller-than-normal chamber volumes) or ec
centric (volume overload, characterized by large 
chamber volumes and by walls of variable 
thickness). Hypertrophy also can be classified 
as being symmetric or asymmetric. In most 
types of heart disease, the degree of hypertro
phy is similar in the various regions of a given 
cardiac chamber (symmetric hypertrophy). The 
exception to this is hypertrophic cardiomyopa
thy, in which the ventricular septum becomes 
thickened to a much greater extent than do the 
free walls of both ventricles. 

Cardiac hypertrophy can exist in three stages : 
(a) the stage of developing hypertrophy, which 
is characterized by rapid synthesis of new cel
lular components; (b) the stage of stable hyper
function or compensated hypertrophy; and (c) 
the stage of cellular exhaustion, in which car
diac function deteriorates and various degener
ative changes become prominent in the muscle 
cells. Most of the increment in muscle mass 
that occurs in hypertrophy is mediated through 

IOcreases 10 mitochondrial and myofibrillar 
components. However, the quantitative rela
tions between these two components vary con
siderably according to the cause and stage of 
the hypertrophy. 

Very considerable degrees of cardiac hyper
trophy can be induced in experimental animals 
by the administration of growth hormone {3}, 
thyroid hormone {4}, triiodothyroacetic acid 
(TRIAC) {5, 6}, norepinephrine {7}, and iso
proterenol {8}. The last two agents induce hy
pertrophy at dose levels which are lower than 
those necessary to produce cardiac necroses. In 
fact slow, long-term infusion of norepinephrine 
produces cardiac hypertrophy at doses which do 
not result in elevation of the systemic arterial 
pressure {7}. The hypertrophy produced in 
newborn animals by administration of TRIAC 
to their mothers during pregnancy is of special 
interest in that it resembles in some respects 
the hypertrophy which occurs in hypertrophic 
cardiomyopathy {5, 6}. The types of hypertro
phy produced by growth hormone and thyroid 
hormone in experimental animals have dupli
cated most of the features found in the hyper
trophy occurring in human patients with acro
megaly and hyperthyroidism. 

Cardiomyopathies 
The cardiomyopathies (heart muscle diseases) 
can be classified into: (a) hypertrophic, (b) 
congestive or ventricular-dilated, and (c) re
strictive {9}. 

HYPERTROPHIC CARDIOMYOPATHY 

In hypertrophic cardiomyopathy, the ventricu
lar cavities are abnormally small, the ventricu
lar walls are abnormally thick, and the ventric
ular septum becomes thickened to a greater 
extent than does the posterolateral free wall of 
the left ventricle at the level of the inferior bor
der of the posterior leaflet of the mitral valve. 
In addition, the ventricular septal muscle in 
hypertrophic cardiomyopathy shows consider
able cellular and myofibrillar disarray (as do the 
ventricular free walls). In most patients, this 
disorder is familial; however, in a few in
stances, it is associated with other diseases such 
as Friedreich ataxia, hyperthyroidism, and len-
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FIGURE 31-1. Gross photograph of dilated heart of pa
tient with cardiomyopathy and history of chronic alcohol
ism. Mural thrombi fill the apical region of the left ven
tricle. 

tiginosis [1O} . It also occurs in cats, pigs, and 
dogs, but a suitable model strain of these ani
mals has not been developed yet [11, 12}. The 
nature of the basic defect is unknown, but the 
disease is of great pharmacologic interest be
cause of the many complex ways in which its 
clinical manifestations can be drastically altered 
by l3-adrenergic blockers, various inotropic 
agents, and substances that modify calcium 
transport (verapamil). Nevertheless, at the 
present time, there is no drug-induced model 
of hypertrophic cardiomyopathy. 

DILATED CARDIOMYOPATHIES 

The term congestive or ventricular-dilated car
diomyopathy describes a heterogeneous group 
of muscle diseases (in which congenital, hyper
tensive, valvular, and pulmonary heart disease 
are excluded as etiologic factors) which have 
congestive heart failure (systolic pump failure) 
and dilatation of both ventricular chambers as 
common features (fig. 31-1). Mural thrombi 
and focal endocardial thickening are common, 

as are small foci of myocytolysis and myocardial 
fibrosis [9}. 

The eccentric hypertrophy and cardiac dila
tation that occur in dilated cardiomyopathy are 
mediated mainly through gradual rearrange
ment of the layers of muscle cells forming the 
ventricular walls . The arrangement of these 
layers becomes more and more tangential to the 
wall as dilatation develops. Overstretching of 
sarcomeres does not account for the chronic 
dilatation, although it certainly does occur in 
acute dilatation. The possible contribution of 
longitudinal cell growth (leading to elongation 
of the cells) to eccentric hypertrophy remains 
to be fully assessed. The etiology of the 
changes described above remains unknown in 
many patients with dilated cardiomyopathy 
(idiopathic dilated cardiomyopathy); in other 
patients, the cardiomyopathy is associated with 
chronic alcoholism (alcoholic cardiomyopathy), 
with sequelae of viral infection, or with the ad
ministration of toxic agents. Ethyl alcohol, an
tineoplastic agents of the anthracycline family, 
cobalt, and furazolidone have been identified as 
toxic agents capable of inducing syndromes of 
chronic cardiomyopathy. 

A !coholic Cardiomyopathy. E thy I alcohol has 
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several detrimental effects on myocardial me
tabolism, including: depression of mitochon
drial functions, decrease in the uptake of cal
cium by sarcoplasmic reticulum, accumulation 
of lipid, and indirect effects mediated by ac
etaldehyde (which can inhibit protein synthesi~ 
and promote release of catecholamines), by ac
etate. and by thiamine. Nevertheless, the path
ogenetic mechanisms of alcoholic cardiomy
opathy remain uncertain {13-15]. Cardiomy
opathy develops only in a small percentage of 
alcoholic patients, although a much higher per
centage of these patients shows less obvious 
cardiac anatomic and functional abnormalities. 
Furthermore, the complete clinical picture of 
alcoholic cardiomyopathy seen in humans has 
not been reproduced in experimental animals 
by ethanol feeding, even though various mor
phologic and functional changes have been ob
served in such animals . It appears likely that 
the toxic effect of ethanol on myocardium is 
modified by other factors and that the "alco
holic" cardiomyopathy observed clinically in 
human patients is a multifactorial disease {13}. 

Histologic and ultrastructural studies have 
been useful in the recognition of some of the 
diseases leading to the nonspecific picture of 
progressive cardiac dilatation and failure seen 
in dilated cardiomyopathy {16}. Nevertheless, 
the anatomic findings in patients with conges
tive cardiomyopathy do not differ significantly 
in patients with and without a history of 
chronic alcoholism. Myocardial biopsies in 
these patients have revealed a wide variety of 
nonspecific degenerative changes, which tend 
to reflect the duration and severity of the heart 
disease. Alcoholic patients often show accumu
lations of large numbers of lipid droplets in 
cardiac muscle cells; however, this is a nonspe
cific change. Alcoholic cardiomyopathy in some 
patients is complicated by concomitant defi
ciency of thiamine or other nutrients. It also 
may be complicated by other toxic materials 
ingested along with the ethanol. The most 
striking example of this was illustrated by the 
epidemics of severe, acute cardiomyopathy, of
ten associated with pericardial effusion and lac
tic acidosis, which developed in chronically 
malnourished alcoholic patients who had in
gested large amounts of beer to which cobalt 

FIGURE 31-2. Severe cytoplasmic vacuolization of cardiac 
myocytes is the characteristic finding in anthracycline car
diotoxicity. Plastic-embedded tissue, alkaline toluidine 
blue stain, X 400 . 

salts had been added during the manufacturing 
process to improve the quality of the foam. 
Structural findings in these patients included 
prominent vacuolization, myofibrillar lysis, 
glycogen accumulation, and edema of the mus
cle cells. Experiments in animals showed that 
protein malnutrition was an important factor 
modulating the absorption of cobalt from the 
gastrointestinal tract {l3}. 

Anthracycline Cardiomyopathy. Although an
thracycline antibiotics also can produce acute 
(ventricular arrhythmias and depression of con
tractility) and subacute (pericarditis and myo
carditis) cardiac toxicity, these agents are well 
known for the distinctive type of chronic 
congestive cardiomyopathy that they produce 
in humans and experimental animals. The 
pathogenesis of this complication, which gen
erally is dose dependent (usually at least >400 
mg/m2 total cumulative dose), remains uncer
tain, but a number of possible mechanisms 
have been proposed, including drug binding by 
intercalation into the DNA in cardiac muscle 
cells, inhibition of several enzyme systems, and 
promotion of peroxidative damage, mediated 
by free radicals, to cell membranes, mitochon-
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FIGURE 31 - 5. Fibrinous pericarditis and epicardial hem
orrhage in hean of patient with acute cardiomyopathy due 
to administration of large amounts of cyclophosphamide 
in preparation for bone marrow transplantation , H & E 
stain, X 40. 

drial membranes, DNA, enzymes, and mem
branes of sarcoplasmic reticulum [17-19}. Re
gardless of the causes, the drug toxicity leads 
to two major cardiac morphologic lesions, 
which are ventricular dilatation and myocardial 
cellular degeneration. The degeneration is 
manifested microscopically by myofibrillar loss 
and cytoplasmic vacuolization (fig. 31-2). The 
latter is a prominent but focal finding that in
volves individual cells rather than large, con
fluent areas of myocardium, and is caused by 
massive dilatation of tubules of sarcoplasmic re
ticulum. These changes also can involve the 
conduction system of the heart. The severity of 
the cardiac morphologic changes induced by 
anthracyclines has been evaluated by myocar
dial biopsies, which have been considered use
ful in determining whether or not patients at 
risk of developing anthracycline cardiomyopa
thy can receive additional amounts of the drug 
(20}. Previous radiation to the heart is known 
to be a significant risk factor in the develop
ment of anthracycline cardiomyopathy. This 
cardiomyopathy constitutes a new model sys
tem for the study of idiopathic chronic conges
tive cardiomyopathy; however, other side ef-

fects of anthracyclines, including bone marrow 
toxicity, gastrointestinal toxicity, and cuta
neous lesions, may limit the practical useful
ness of this model. 

The anthracycline antibiotics, particularly 
doxorubicin and daunorubicin, are among the 
most effective antineoplastic agents available at 
the present time. For this reason, considerable 
efforts have been made to diminish their car
diotoxicity without compromising their thera
peutic effectiveness. The most successful results 
in this regard have been obtained with ICRF-
187, a compound which appears to act by che
lating iron (which is needed to mediate the 
peroxidative reactions promoted by anthracy
clines). When given concomitantly with doxo
rubucin, ICRF-187 reduces markedly the se
verity of the cardiomyopathy which develops in 
rabbits, rats, dogs, and pigs [21-24}. Com
pounds which act as free-radical scavengers (vi
tamin E, N-acetylcysteine) have been consider
ably less successful in blocking the cardiotoxic 
effects of doxorubicin [24-28}. Intensive efforts 
are under way to synthesize less cardiotoxic an
tibiotics of the anthracycline family. 

It is important to note that antineoplastic 
agents other than the anthracyclines also are ca
pable, but only rarely, of producing cardiac 
damage . Among these are: cyclophosphamide, 
busulfan, mitomycin C, cisplatinum, 5-fluo
rouracil, vincristine, VP-16, and m-AMSA 
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{29-31}. Cyclophosphamide is cardiotoxic only 
when administered in massive doses {29, 30}. 
This is the case in patients being prepared for 
bone marrow transplantation, in whom cyclo
phosphamide has been reported to precipitate 
an acute cardiomyopathy characterized by hem
orrhagic myocardial necrosis and pericardial ef
fusion (figs. 31-3 and 31-4). Busulfan has 
caused endocardial fibrosis; mitomycin C, myo
cardial fibrosis. Myocardial infarctions have fol
lowed the administration of vincristine, 5-fluo
rouracil, and VP-16. ECG changes have been 
reported after cisplatinum therapy, and severe 
arrhythmias have followed treatment with m
AMSA (however, the solvent used in prepara
tion of the latter is suspected of being the toxic 
agent) {3l}. 

Furazolidone Cardiomyopathy. Furazolidone, an 
antibiotic of the nitrofuran group, produces 
congestive cardiomyopathy in ducks, chickens, 
and turkeys {32-37J. When administered to 
the young of these avian species it causes, in a 
dose-dependent manner, congestive cardiomy
opathy and severe ventricular dilatation with
out microscopic evidence of hypertrophy, ne
crosis, or fibrosis. Ultrastructural study has 
shown that the principal alteration in cardiac 
muscle cells is diffuse myofibrillar lysis {36}. 

'.-
FIGURE 31-4. Same heart as in figure 31-3, showing mi
crothrombi (arrowheads) in left ventricular capillaries. Pe
riodic acid-Schiff stain, X 400. 

The sarcoplasm of affected myocytes contains 
scattered masses of free thick and thin myofil
aments, clumps of Z-band material, and accu
mulations of cytoskeletal filaments. Supple
ments of selenium, vitamin E, and taurine do 
not protect against furazolidone-induced car
diomyopathy {3 7J, but propranolol has been 
reported to be protective {38}. The biochemical 
mechanisms mediating this cardiomyopathy re
main unknown. Ducklings with furazolidone
induced cardiomyopathy offer an attractive 
model for studies of the biochemical and struc
tural alterations of myofibrillar lysis and drug
induced cardiac failure. 

Other Agents which Induce Toxic Cardiomyopa
thies. In addition to the agents mentioned 
above, which cause well-defined syndromes of 
congestive cardiomyopathy, other drugs can in
duce depression of myocardial contractility, 
with or without associated brady- or tachyar
rhythmias, and with or without the morpho
logic changes of toxic myocarditis (see below). 
Important among these are: tricyclic antide
pressants, phenothiazines, lithium carbonate, 
emetine, chloroquine, quinidine, calcium 
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blockers, and radiographic contrast agents {15, 
39-41}. 

Amytriptyline has been responsible for most 
of the cardiovascular reactions attributed to tri
cyclic antidepressants. The cardiotoxic actions 
of these agents usually occur only with preex
isting ischemic heart disease or after drug over
dosage and are manifested by arrhythmias and 
direct depression of myocardial function. Phe
nothiazines also are prone to producing hypo
tension, by virtue of their a-adrenergic-block
ading effects and inhibition of central pressor 
reflexes; in addition, patients on phenothi
azines show a tendency toward prolongation of 
the QT interval, which facilitates the develop
ment of arrhythmias. It has been suggested 
that myocardial changes 'induced by tricyclic 
antidepressants and phenothiazines persist 
after withdrawal of these drugs; however, 
no controlled studies have been made of 
these problems. Emetine, an alkaloid used 
in the treatment of amebiasis and schistoso
miasis, frequently produces electrocardiographic 
changes; these may persist for several months 
after termination of treatment. Rarely, emetine 
causes depression of cardiovascular function 
and death from cardiac failure or arrhythmias 
[39-41}. 

Electrocardiographic alterations are frequent 
in patients receiving lithium carbonate. T -wave 
changes are common; tachyarrhythmias, atrio
ventricular conduction disturbances, and left 
bundle branch block occur at toxic serum lith
ium concentrations. These effects are reversible 
in the majority of patients, but a few patients 
receiving lithium carbonate develop congestive 
cardiomyopathy which does not improve after 
the drug is discontinued [39-41}. 

Chloroquine occasionally produces electro
cardiographic changes, usually bundle branch 
block; impairment of cardiac function also may 
occur. 

Radiographic contrast agents often produce 
electrocardiographic changes and depression of 
myocardial function, particularly when used for 
ventriculography or coronary arteriography. 
This effect seems to be mediated by a calcium
chelating action rather than by osmolarity 
changes. Significant depression of myocardial 
function also can result from the use of other 

agents which interfere with the movement of 
calcium ions, i.e., verapamil and quinidine 
[39-41}. 

OBLITERATIVE AND RESTRICTIVE 
CARDIOMYOPATHIES 

Obliterative cardiomyopathies are a group of 
disorders characterized by endocardial fibrous 
thickening and endocardial mural thrombosis, 
changes which lead to partial obliteration of 
the ventricular cavities. Loffler syndrome and 
endomyocardial fibrosis are the most important 
entities in this group. Restrictive cardiomyopa
thies are those in which infiltrative processes 
(for example, amyloidosis) of diffuse accumula
tion of fibrous tissue in the ventricular walls 
reduce myocardial compliance and interfere 
with ventricular filling. 

Loffler syndrome (fibroplastic parietal endo
carditis) is a disorder of unknown etiology in 
which hypereosinophilia in blood and heart 
(and often also in other tissues) is accompanied 
by marked endocardial fibrous thickening and 
mural thrombosis [42}. These processes also 
can involve the cardiac valves. The eosinophilia 
can be transient, and it is thought that Loffler 
syndrome and endomyocardial fibrosis (in 
which eosinophilia is lacking at the time when 
heart disease becomes clinically evident) repre
sent two parts of the spectrum of endomyocar
dial disease associated with eosinophilia. Evi
dence has been presented to suggest that 
eosinophilic leukocytes can release products ca
pable of inducing endocardial damage by 
mechanisms that remain unclear. 

Endocardial mural thickening of mild degree 
can occur in association with toxic or ischemic 
lesions that cause myocardial necrosis {16}; 
however, marked fibrous thickening of mural 
and valvular endocardium also can be produced 
by methysergide and ergotamine tartrate [43-
46}. The cardiac valves most frequently in
volved are the mitral and aortic, which become 
thickened and distorted by a layer of dense fi
brous tissue. This tissue is devoid of elastic fi
bers and resembles that found in the lesions of 
carcinoid heart disease [47}. In the atrioven
tricular valves, the fibrosis may lead to thick
ening and fusion of the chordae tendineae. 
These lesions can lead to valvular stenosis and 
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regurgitation. Mural endocardial thickening 
also occurs in the late stages of allylamine car
diotoxicity and in radiation-induced myocardial 
fibrosis. 

Cardiac Necrosis and Myocarditis 

CARDIAC NECROSIS 

Although much of the research on the mecha
nisms of cardiac muscle cell necrosis has cen
tered on ischemic injury and its modification 
by pharmacologic agents, many of the princi
ples derived from these studies are applicable 
to toxic myocardial injury. Two basic forms of 
cardiac muscle cell necrosis are recognizable: 
coagulation necrosis and necrosis with contrac
tion bands (myofibrillar damage leading to 
myocytolysis) [l6}. 

Coagulation Necrosis. Ischemia of less than 20 
min duration produces reversible damage char
acterized by glycogen depletion, mitochondrial 
swelling, mild intracellular edema, and relaxa
tion of sarcomeres (reflecting loss of contractil
ity). Irreversible injury with the features of co
agulation necrosis develops when the period of 
ischemia exceeds 20 min. The percentage of ir
reversibly damaged cells increases as the period 
of ischemia is prolonged up to 60 min, at 
which time most of the cells in the ischemic 
areas become irreversibly injured. In addition 
to the changes mentioned above, coagulation 
necrosis is characterized by: (a) intramitochon
drial flocculent precipitates, which are thought 
to be derived from mitochondrial lipids; (b) 
margination of nuclear chromatin, which is re
garded as evidence of irreversible nuclear dam
age; (c) small holes or defects in the plasma 
membrane, signifying loss of its permeability 
barrier function; and (d) various degrees of dis
sociation of the intercellular junctions, leading 
to electrical uncoupling of the cells. These 
changes progress to fully developed coagulation 
necrosis, in which the muscle cells have relaxed 
myofibrils with indistinct myofilaments. For 
these reasons, coagulation necrosis is character
istically limited to central areas of myocardial 
infarcts, in which reflow does not occur after 
ischemic damage develops. 

Necrosis with Contraction Bands. In contrast to 
coagulation necrosis, peripheral areas of infarcts 
show a different type of necrosis, known as ne
crosis with contraction bands, which is charac
terized by: (a) hypercontraction of myofibrils; 
(b) intramitochondrial, electron-dense calcific 
deposits; and (c) progression to myocytolysis. 
The distinctive features of this type of necrosis 
are related to the entry of large amounts of cal
cium ions, which originate from partial perfu
sion of peripheral areas of ischemic lesions, into 
cells which are damaged by ischemia. The pas
sage of calcium through damaged, abnormally 
permeable plasma membranes is responsible for 
the hypercontraction; this passage occurs either 
when severely but temporarily ischemic tissue 
is reperfused with arterial blood or when necro
sis develops because of other factors not related 
to a reduction in coronary blood flow. For these 
reasons, necrosis with contraction bands is seen 
in many forms of cardiac toxic injury, includ
ing the lesions caused by catecholamines and 
vasodilating antihypertensive agents [l6}. Pro
gression of necrosis with contraction bands to 
myocytolysis is mediated through lysis of the 
myofilaments, a change that results in an 
empty appearance of the cells. The time course 
of this progression is highly variable. Of inter
est is the fact that the lysis of contractile ele
ments in infarcted myocytes is retarded by 
therapy with corticosteroids, under which cir
cumstances the cells appear "mummified" (48}. 

As explained above, the morphologic appear
ance of irreversibly injured, ischemic cardiac 
myocytes differs according to whether or not 
cell death occurs with or without the ischemic 
tissue having been reperfused. It should be 
noted, however, that flow through the ischemic 
area often cannot be reestablished when at
tempts are made to reperfuse tissue that has 
been ischemic for a long time (in excess of 90 
min). Under these circumstances, the microcir
culation in the ischemic area may have suffered 
irreversible damage, giving rise to the "no re
flow" phenomenon [16}. 

INFLAMMATION 

Inflammation basically is a protective response 
by which injured tissue is restored to its nor
mal state or damage produced by injury is re-
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paired. However, inflammation also can be the 
cause of additional tissue damage, and modifi
cation of myocardial inflammatory responses 
constitutes an important aspect of cardiac phar
macology. 

Acute Inflammation. Acute inflammation IS 

manifested by vascular dilatation, tissue 
edema, and infiltration by leukocytes. These 
manifestations result from the release of vaso
permeability factors (kinins, vasoactive amines, 
leukokines, anaphylatoxins from complement, 
and prostaglandins) and leukotactic factors 
(these vary in their ability to attract different 
types of inflammatory cells in areas of cellular 
injury or necrosis). The diagnosis of acute myo
carditis (due to infection, drug reaction, or 
many other causes) is dependent on the finding 
of acute inflammatory cells, which have the ca
pacity to neutralize offending chemical and in
fective agents and to destroy remnants of in
jured cells and extracellular components of 
connective tissue [l6}. 

Polymorphonuclear neutrophilic leukocytes, 
which are strongly phagocytic cells, constitute 
the most prominent features of acute inflam
mation in the heart, where they first become 
marginated (i.e., adherent to the luminal sur
faces of capillaries) before passing into the ex
travascular compartment through gaps in the 
junctions connecting endothelial cells. Mono
nuclear cells, i.e., monocytes and lymphocytes, 
invade tissues at somewhat later stages of acute 
inflammation. As they leave the vascular com
partment, blood monocytes undergo a gradual 
transformation into macrophages, thereby also 
participating in phagocytic processes. Lympho
cytes have the capacity of mediating responses 
involving specific humoral (B lymphocytes) or 
cell-mediated (T lymphocytes) immune re
sponses. 

Mast cells, which are abundant in myocar
dium, also participate in acute inflammatory 
and hypersensitivity reactions by serving as me
diator cells capable of releasing histamine, to
gether with other components of mast cell 
granules, either on direct contact of the cell 
with a chemical or through the interaction of 
antigens with IgE bound to the mast cell sur
face. Many of the properties of mast cells in 

tissues are shared by basophilic leukocytes in 
blood. 

Eosinophilic leukocytes, which also are 
phagocytic, can participate in acute inflamma
tion as well as in chronic inflammation, and are 
well known to be associated with allergic and 
parasitic disorders; however, their specific role 
in these processes is not well understood. They 
represent an important component in the in
flammatory reaction associated with allergic 
myocarditis, but they also occur in other, un
related cardiac disorders such as Lamer syn
drome of hypereosinophilia and endomyocardial 
fibrosis. 

Subacute Inflammation. Subacute inflammation 
is a delayed phase of acute inflammation, and 
is characterized by the accumulation of mono
cytes and lymphocytes and by the formation of 
granulation tissue. The latter is composed of 
rapidly proliferating fibroblasts, pericytes, and 
capillary endothelial cells in a matrix of devel
oping connective tissue. The synthesis of con
nective tissue proteins by these cells mediates 
the fibrous tissue deposition by which healing 
occurs. 

Chronic Inflammation. Chronic inflammation is 
characterized by the continuing presence of 
lymphocytes, monocytes (or monocyte-derived 
cells such as macrophages and epithelioid 
cells), and plasma cells in the tissues. It usually 
results from the persistence of material that 
elicits an immunologic reaction, and it causes 
continuing tissue damage either because of im
munologic injury or because of excessive depo
sition of collagen. Chronic inflammation can be 
granulomatous, in which the inflammatory 
cells are associated with multinucleated giant 
cells (of either histiocytic or myogenic origin) 
and form nodular masses. 

CARDIAC CELLULAR DAMAGE PRODUCED 
BY TOXIC AGENTS 

It is obvious that many highly specific bio
chemical and pharmacologic mechanisms can 
mediate the cardiac cellular damage produced 
by toxic drugs and chemical agents. It is diffi
cult to establish structural-functional correla
tions with respect to such lesions; even highly 
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specific, localized disturbances of the delicate 
equilibrium of cell functions can lead rapidly 
to a picture of generalized cell damage or cell 
necrosis. Examples of toxic agents producing 
specific damage to various subcellular organ
elles of cardiac muscle cells include (a) com
pounds which interfere with mitochondrial en
zymes (cyanide [49}, thyroid hormone [4}), 
uncouple oxidative phosphorylation (dinitro
phenol [50}), or bind to mitochondrial DNA 
(acriflavine [51}) and produce a number of al
terations in mitochondrial morphology; (b) 
compounds which induce intracellular calcifi
cation, usually localized within mitochondria 
(dehydrotachysterol [52}, sodium phosphate 
[53}); (c) compounds which primarily cause 
myofibrillar lesions (sympathomimetic amines 
[54-57}, plasmocid [58}, diuretics, or other 
conditions leading to potassium deficiency 
[59}); (d) compounds which cause accumula
tions of electron-dense lamellae (chloroquine 
(60J); ~e) compounds which produce massive 
dilation of sarcoplasmic reticulum (anthracy
clines [l7-20}) (figs. 31-5 to 31-7). 

Although the changes just cited seldom are 
specific, they can provide valuable clues as to 

FIGURE 31-5. Necrosis with contraction bands in left 
ventricular papillary muscle of dog given overdose of mi
noxidil. Plastic-embedded tissue, alkaline toluidine blue 
stain, X 250. 

the mode of action of a given agent. Many of 
the changes in the contractile apparatus, nu
cleus, or membrane systems (plasma mem
brane/T tubules and sarcoplasmic reticulum) 
are associated with complex alterations in the 
overall concentrations of Ca, Mg, Na, and K, 
as well as with changes in the intracellular 
compartmentalization of these ions {61}. Fur
thermore, these ionic alterations, and changes 
in intracellular pH, can be associated with ac
tivation and release of lysosomal hydrolytic en
zymes, including cathepsin D and other pro
teases and phospholipases [62, 63}. These 
variously interrelated changes, together with 
alterations in the permeability of plasma mem
branes, act as determinants of whether or not 
cellular injury progresses to the point of irre
versibility, i.e., cellular necrosis [l6}. 

On the basis of the pathogenesis and mor
phology of the resulting lesions, acute toxic 
cardiac damage can be classified into the fol
lowing categories: (a) myocardial infarcts and 
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FIGURE 31-6. Left ventricular myocardium of rat with 
hydralazine-induced necrosis. Necrotic myocytes are being 
invaded by inflammatory cells. H & E stain, X 400. 

infarct-like lesions, (b) hypersensitivity myo
carditis, and (c) toxic myocarditis. 

MYOCARDIAL INFARCTION ASSOCIATED WITH 
TOXIC REACTIONS 

Grossly evident myocardial infarction may oc
cur when the coronary arteries are involved by 
drug-induced arteritis (as from amphetamines), 
fibromuscular intimal proliferation (oral contra
ceptives), embolization from infective endocar
ditis (associated with intravenous drug abuse), 
or, in patients with normal coronary arteries, 
following exposure to toxic levels of carbon 
monoxide, ni trates, thyroid preparations, 
methysergide or ergot derivatives, and certain 
antineoplastic agents [40}. Large, infarct-like 
areas of necrosis, not related to obstruction of 
large, extramural coronary arteries, have been 
produced in experimental animals by the ad
ministration of large, toxic doses of isoproter
enol [54, 57}. It was originally thought that 
this necrosis resulted from isoproterenol-in
duced increases in cardiac rate, contractility, 
and oxidative metabolism to an extent beyond 
the limits of the oxygen supply system. More 
recently, however, it has become evident that 

isoproterenol also produces other highly com
plex effects, including a marked increase in cal
cium uptake, stimulation of the adenyl-cyclase 
system, aggregation of platelets, and induction 
of the formation of free radicals capable of caus
ing peroxidative damage [15, 64}. Other sym
phathomimetic amines are capable of inducing 
myocardial necroses (norepinephrine, epineph
rine), which are small, patchy, and multifocal, 
and usually localized in left ventricular suben
docardium [54-5 7}. 

Other effects of catecholamines are of prac
tical importance. Catecholamine-induced car
diac lesions in experimental animals have sev
eral human counterparts, as is the case in 
patients with pheochromocytomas, tetanus, 
subarachnoid hemorrhage, and other CNS le
sions [15}. In these conditions, release of large 
amounts of catecholamines can lead to focal 
cardiac damage. Ischemic cardiac damage can 
be aggravated by high circulating levels of 
catecholamines in patients with acute myocar
dial infarction [15}. The ingestion of certain 
foods containing tyramine can produce severe 
hypertensive crises in patients undergoing ther
apy with monoamine oxidase inhibitors [65}. 
Therapy with fj-adrenergic blockers and expo
sure to chloroform and other halogenated hy-
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drocarbons (including a number of fluorinated 
compounds and halogen-containing anesthetic 
and refrigerating agents) can sensitize the myo
cardium to the effects of sympathomimetic 
amines [39}. 

HYPERSENSITIVIlY MYOCARDITIS 

Hypersensitivity myocarditis associated with 
drug therapy is characterized by infiltration of 
the heart muscle with numerous eosinophils 
admixed with mononuclear cells, predomi
nantly lymphocytes and plasma cells [40, 41}. 
The cellular infiltrate may be focal or diffuse 
and is associated with foci of myocytolysis. Fi
brotic changes are absent and all lesions are 
similar in age and appearance. True granulo
matous lesions are not present, although giant 
cells of myogenic origin may be found. Vascu
lar involvement is frequent and consists of a 
bland-appearing vasculitis affecting small arte
ries, arterioles, and venules. The inflammatory 
reaction also may involve the pericardium, but 
characteristically spares the cardiac valves. The 
absence of extensive myocardial necrosis or fi
brosis distinguishes drug-related hypersensitiv
ity myocarditis from other forms of myocarditis 
in which eosinophils are prominent. Endocar
dial fibrosis is not a feature of hypersensitivity 
myocarditis. Hypersensitivity myocarditis rep-

... .- .... 

FIGURE 31-7. Heavily calcified, necrotic myocytes are 
surrounded by moderate inflammatory infiltrate in heart 
of rat given large dose of dehydrotachysterol. Von Kossa 
stain, X 250. 

resents the most common form of drug-induced 
heart disease. The clinical criteria for the diag
nosis of this disorder are: (a) previous use of the 
drug without incident; (b) the hypersensitivity 
reaction bears no relationship to the magnitude 
of the dose of the drug; (c) the reaction is char
acterized by classic allergic symptoms, symp
toms of serum sickness or syndromes suggest
ing infectious disease; (d) immunologic 
confirmation; and (e) persistence of symptoms 
until the drug is discontinued. The following 
drugs have been associated with hypersensitiv
ity myocarditis: methyldopa, hydrochlorothia
zide, sulfadiazine, sulfisoxazole, sulfonylureas, 
chloramphenicol, p-aminosalicylic acid (PAS), 
amitriptyline, carbamazepine, indomethacin, 
penicillin, phenindione, phenylbutazone, oxy
phenbutazone, tetracycline, diphenylhydan
toin, acetazolamide, ampicillin, chlorthali
done, spironolactone, and streptomycin. Many 
of these drugs also have been associated with 
hypersensitivity vasculitis. The pathogenesis of 
drug-induced hypersensitivity myocarditis re
mains unclear, but appears to be immunologi
cally mediated, perhaps as a delayed hypersen-
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sitivity reaction in which the drug or one of its 
metabolites act as haptens and combine with an 
endogenous macromolecule; it is this combi
nation that is antigenic. Hypersensitivity my
ocarditis also has developed after injection of 
horse serum, tetanus toxoid, and smallpox vac
CIne. 

TOXIC MYOCARDITIS 

Drugs can cause myocardial injury not only by 
producing allergic (hypersensitivity) myocardi
tis, but also by direct toxic effects which result 
in cell damage and cell death. This type of 
drug toxicity is dose-related; depending upon 
its rate of progression, it can cause either acute 
toxic myocarditis or a more chronic picture of 
drug-induced cardiomyopathy. In acute toxic 
myocarditis there is interstitial edema, multi
focal areas of cardiac muscle cell necrosis with 
contraction bands, and an inflammatory cell in
filtrate consisting of lymphocytes, plasma cells, 
and polymorphonuclear leukocytes. The areas 
of necrosis show different stages of progression. 
Eosinophils may be present, but seldom are 
prominent. There is endothelial cell damage, 
but not a true vasculitis. Microthrombi have 
been reported in toxicity due to ADP, cyclo
phosphamide (fig. 31-4), catecholamines, and 
thromboxane A. The paucity of eosinophils and 
the presence of various stages of cell death and 
healing by fibrosis serve to differentiate toxic 
myocarditis from hypersensitivity myocarditis. 
Among the drugs and chemicals known to 
cause toxic myocarditis are: daunorubicin, dox
orubicin, 5-fluorouracil, emetine, antimony 
compounds, amphetamines, cyclophosphamide, 
catecholamines, lithium carbonate, phenothi
azines, plasmocid, paraquat, and mitomycin C 
[40, 41}. It should be remembered that a cel
lular inflammatory reaction may be poorly de
veloped or totally absent in toxic myocarditis 
due to antineoplastic or immunosuppressive 
agents. 

Other agents capable of inducing focal myo
cardial fibrosis and necrosis are: monensin, a 
polyether antibiotic that acts as aNa-selective 
carboxylic ionophore (66}; rapeseed oil, the 
most important ingredient of which is erucic 
acid (67}; arsenicals, which also can cause pe
ripheral vascular disease (black leg) (40, 41}; 

and allylamine, a highly toxic aliphatic amine 
used in industry (68}. Corticosteroids produce 
degenerative lesions in the hearts of animals 
and to a lesser extent in those of humans (40, 
69}. Cobalt, copper, tellurium, cadmium, and 
zinc, when given in toxic doses, can precipitate 
systemic lesions, often with cardiac and skeletal 
muscle involvement, which resemble those re
sulting from deficiency of selenium and vita
min E and which can be at least partially pre
vented by dietary supplements of selenium and 
vitamin E (70, 71}. Finally, oral hypoglycemic 
agents have been associated with adverse car
diovascular effects that have not been com
pletely elucidated (15}. 

A peculiar type of chronic inflammatory 
myocarditis associated with marked, grossly ev
ident reddening of the tissue and with hemor
rhage and fibrosis (fig. 31-8) has been observed 
in atrial myocardium of dogs and pigs treated 
with minoxidil, a vasodilating antihypertensive 
agent that also can produce foci of left ventric
ular papillary muscle necrosis (72, 73}' For 
reasons that are not clear, the atrial lesions in 
dogs are localized mainly in the right atrium; 
those in pigs, in the left atrium. The papillary 
muscle necroses (fig. 31-5) are thought to be 
consequences of the tachycardia, hypotension, 
and hypoperfusion which occur when large 
doses of minoxidil are given. The pathogenesis 
of the atrial lesions is unknown. It is of interest 
that similar right atrial lesions are produced in 
dogs by the administration of large doses of 
theobromine (7 4}. 

Pericarditis 
Pericarditis with or without effusion has been 
reported to occur in patients with drug-in
duced systemic lupus erythematosus. In the 
majority of these patients, the pericarditis is 
only one of the many manifestations of the lu
pus-like syndrome. A relatively large number 
of drugs has been implicated in the induction 
of lupus-like syndromes. Among these agents 
are: hydralazine, procainamide, isoniazid, p
aminosalicylic acid, diphenylhydantoin, meth
ylphenylethylhydantoin, mephenytoin, primi
done, trimethadione, ethosuximide, methsux
imide, trimethadone, penicillin, penicillamine, 
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sulfonamides, tetracycline, propylthiouracil, 
methyldopa, barbiturates, griseofulvin, strep
tomycin, quinidine, phenylbutazone, chlor
promazine, methotrimeprazine, perphenazine, 
promazine, and reserpine. It is to be noted 
that, in many of the reports of the agents just 
mentioned, the evidence linking drug usage to 

the lupus-like syndrome is highly circumstan
tial, and, in some instances, the symptoms 
suggestive of lupus have antedated the use of 
the drug in question. The syndromes have been 
most clearly documented in the case of hydral
azine and procainamide (40}. 

Drugs that cause toxic myocarditis, hyper
sensitivity myocarditis, or large areas of myo
cardial necrosis often also cause pericarditis by 
extension of the inflammation to the pericar
dium, particularly the visceral pericardium. 
Pericardial hemorrhage (fig. 31-3) can occur as 
a result of cyclophosphamide toxicity (29, 30} 
and therapy with anticoagulants. The latter 
problem is encountered in some patients with 
uremia who are given heparin during the 
course of hemodialysis (40}. 

Vascular Changes 
Morphologic changes of considerable practical 
importance are induced by drugs or chemicals 

FIGURE 31-8. Extensive subendocardial hemorrhage 
in left ventricle of dog given toxic dose of minoxidil. 
H & E stain, X 100. 

that modify the lesions of atherosclerosis, either 
through changes in plasma lipids and lipopro
teins or through more direct effects on vascular 
walls. Other toxic chemicals exert their effects 
on blood vessels by inducing connective tissue 
changes leading to the formation of nonather
osclerotic aneurysms in the aorta and other 
large arteries. These effects usually are me
diated through biochemical inhibition of spe
cific steps in the synthesis of connective tissue 
proteins, as in the cause of penicillamine and 
l3-aminopropioni trile (75}. 

HYPERSENSITIVITY VASCULITIS 

The anatomic features of hypersensitivity vas
culitis may be summarized as follows: (a) only 
small vessels, primarily arterioles, capillaries, 
and venules, are involved, (b) muscular and 
elastic arteries and large veins are spared, (c) 
aneurysms are not found, (d) all lesions appear 
to be of about the same age, (e) fibrinoid necro
sis is not present, and (t) eosinophils and 
mononuclear cells are the predominant compo
nents of the inflammatory reaction and are 
present in all three layers of the involved vessel 
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FIGURE 31-9. Inflammatory reaction surtounds area of fi
brinoid necrosis and intramural hemorrhage in small ar
tery in right atrial epicardium of dog receiving toxic dose 
of minoxidii. H & E stain, X 80. 

and in adjacent areas of interstitial connective 
tissue [40, 76, 77}. Drugs reported to induce 
hypersensitivity vasculitis include: allopurinol, 
ampicillin, bromide, carbamazepine, chloram
phenicol, chlortetracycline, chlorpropamide, 
chlorthalidone, chromolyn sodium, colchicine, 
dextran, diazepam, diphenylhydantoin , di
phenhydramine, griseofulvin, indocin, isoni
azide, levamisole, methylthiouracil , oxyphen
butazone, phenylbutazone, potassium iodide, 
procainamide, propylthiouracil, quinidine, spi
ronolactone, sulfonamides, tetracycline, and 
trimethadione [40, 76, 77}. 

In contrast to drug-induced vasculitis, the 
lesions of periarteritis nodosa, a collagen-vas
cular disease of unknown origin, are character
ized by: (a) involvement of muscular arteries, 
(b) fibrinoid necrosis of the vascular walls, (c) 
frequent occlusion of the vascular lumina by 
thrombus or granulation tissue, and (d) weak
ening of the media, with formation of aneu
rysms. Vascular lesions in other collagen-vas-

cular diseases have nonspecific features, and 
occasionally may resemble those in periarteritis 
nodosa. The exception is Wegener granuloma
tosis, in which the lesions affect small arteries, 
arterioles, and venules (pulmonary vessels often 
are involved), forming granulomas with acute 
and chronic inflammatory cells and multinu
cleated giant cells. Nevertheless, granuloma
tous lesions are not diagnostic of Wegener 
granulomatosis, and fibrinoid necrosis is not 
diagnostic of collagen-vascular diseases, as 
these lesions occur in other diseases [40}. 

TOXIC VASCULITIS 

Toxic vasculitis is usually necrotlZlng, with 
morphologic features similar to those of periar
teritis nodosa. Medium-sized and small arteries 
are most often affected; however, smaller ves
sels also may be involved. The lesions tend to 
be segmental and to be heavily infiltrated by 
polymorphonuclear leukocytes. Fibrinoid ne
crosis, superimposed thrombi, and aneurysm 
formation are usually found in various stages of 
evolution. These lesions are most frequently asso
ciated with the use of penicillin or sulfonamides; 
less frequently, with organic arsenicals, gold 
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FIGURE 31-10. Fibromuscular intimal proliferation, pre
sumed to be due to oral contraceptives, has caused consid
erable luminal narrowing in small renal artery. Movat 
pentachrome stain, X 80. 

FIGURE 31-11. Micrograph taken with partially polarized 
light to demonstrate numerous talc deposits around small 
pulmonary blood vessel of patient who had history of in
travenous drug abuse. H & E stain, X 100. 
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salts, minoxidil (fig. 31-9), mercurials, bis
muth, amphetamine, metamphetamine, DDT, 
heterologous serum, and sulfonamides. The 
pathogenesis of drug-induced toxic vasculitis re
mains incompletely understood {40, 41}. 

VASCULAR LESIONS ASSOCIATED 
WITH ORAL CONTRACEPTIVES 

Vascular proliferative lesions, not related to 
atherosclerosis, have been found in women tak
ing oral contraceptives (fig. 31-10), in preg
nant women and immediately postpartal 
women, and in a few men with severe liver dis
ease (the implication in the latter patients 
being that of inadequate inactivation of certain 
steroids). These lesions may be associated with 
thrombosis, and may occur in the systemic, 
portal, or pulmonary circulation. The lesions 
consist of fibromuscular intimal thickenings 
containing smooth muscle cells, collagen, and 
proteoglycans; inflammatory cells and vascular 
necrosis usually are not present. The exact 
pathogenesis of these lesions is uncertain {7 6}. 

OTHER DRUG-INDUCED VASCULAR LESIONS 

Other drug-induced arterial lesions include 
those induced by: (a) ergotamine (intimal pro
liferation, medial hypertrophy, and hyaliniza
tion, with or without superimposed thrombosis 
and gangrene); (b) methysergide maleate (inti
mal proliferation often leading to vascular oc
clusion), a compound which, as mentioned pre
viously, also can aggravate coronary artery 
disease symptoms and produce retroperitoneal, 
endocardial, and mediastinal fibrosis; and (c) 
vitamin D (calcification of arterial elastic lam
ina {40, 41}). In addition, disseminated arte
rial lesions similar to those in periarteritis no
dosa are found in patients using amphetamines 
intravenously; pulmonary arteriolar granuloma
tous lesions (fig. 31-11) occur in patients who 
inject themselves intravenously with suspen
sions of drug tablets containing talc or other 
silicates {77}, and drug-related infective vascu
litis can develop in patients receiving intrave
nously administered drugs. In the latter pa
tients, the infection may be only a localized 
phlebitis or may progress to infective arteritis 
or endocarditis. Drug-induced thrombophlebi-

tis not related to infection also is a common 
complication of intravenous therapy. 
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32. VASCULAR SMOOTH MUSCLE CELLS 

AND OTHER PERIENDOTHELIAL CELLS 

OF MAMMALIAN HEART 

Michael s. Forbes 

Introduction 
The mammalian heart is characterized by a vas
cular supply which is truly prodigious. It is cu
rious that, of the many studies addressed to the 
heart, few have been directly concerned with 
ultrastructure of the medial or periendothelial 
cells of myocardial blood vessels. The term vas
cular smooth muscle cells comes most readily to 

mind when one is describing such cells, but it 
has become apparent that less highly developed 
cells occupy the walls of the heart's microves
sels. Such cells, which include entities known 
as primitive smooth muscle cells and pericytes, are 
the positional and-perhaps-the functional 
equivalents of the definitive smooth muscle 
cells of the larger myocardial blood vessels. 
This chapter describes the structure of true vas
cular smooth muscle cells (VSMC), and consid
ers, in addition, the spectrum of periendothe
lial cells within the vasculature of the heart. 

"Definitive" Vascular Smooth Muscle Cells 

GENERAL FEATURES 

The packing and orientation of smooth muscle 
cells of the major arteries and veins of the heart 
may vary considerably according to the species 
under examination, the particular vessel being 
investigated, and perhaps even the individual 
selected for study. Though the conventional 
picture of arteries is one in which the muscle 
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cells wind in circles or spirals about the endo
thelial cylinder (figs. 32-1, 32-3, and 32-4), 
it is not unusual to find longitudinally running 
bundles of cells at the outermost level of the 
tunica media, for example, in the anterior de
scending {I} and right coronary arteries {2} of 
the dog, and the right coronary artery of shrew 
{2}. It is intriguing, furthermore, to consider 
the orientation of smooth muscle cells in the 
right coronary artery of the vervet (Cercopithecus 
aethiops); in some planes of section an inner 
longitudinal, a central circular, and an outer 
longitudinal muscle layer can be detected (fig. 
32-6). Further observation along lengths of 
this artery indicate that only the central layer 
intrinsically forms a complete covering of the 
vessel. The inner and outer "layers" appear to 
be spiral bundles of cells whose longitudinal 
axes are aligned at an extremely steep pitch 
with respect to the vessel axis. The cells of the 
central layer themselves are slightly canted, 
forming an angle of ca. 30° with respect to true 
circular orientation (fig. 32-4). 

It should be recalled that the physiologic 
state of the blood vessel at the time of fixation 
will be a major factor in the orientation of 
smooth muscle cells which is observed with the 
microscope {e. g. , 3}. Thus the morphologic 
study of the blood vessel wall requires thor
ough appreciation of the conditions under 
which a vessel has been preserved, and benefits 
from the use of techniques which effectively re
construct the three-dimensional architecture (or 
allow its visualization in toto, as with scanning 
electron microscopy of enzymatically digested 
vessels {e.g., 2, 4-6}). 
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FIGURE 32-1. Myocardial blood vessels of squirrel mon
key (Saimiri sciureus). Survey micrograph of wall of ance
rior descending coronary artery, the vessel viewed here in 
transverse thin section. Approximately four layers of vas
cular smooth muscle cells form the tunica media of the 
artery along its largest segmencs. The medial layer is bor
dered on its adluminal side by the tunica incima, the 
complex of a layer of endothelial cells (E) and the elastica 
incerna (EI), and on its abluminal surface by connective 
tissue elemencs including collagen and fibroblasts (FB), 
which together with occasional examples of nerve tissues 
comprise the tunica adventitia. Scale bar represencs 5 fJ.m. 

E-...... .-;; 

E 

FIGURE 32-2. Myocardial blood vessels of squirrel mon
key (Saimiri sciureus). The accompanying vein of the artery 
shown in figure 32-1. Micrograph equivalenc in magni
fication and oriencation, which serves to demonstrate the 
profound concrast in wall structure which exists between 
the two divisions of the myocardial circulatory system. 
The three tunicae are extanc, the t. advencitia perhaps 
constituring the greatest portion of the vessel wall. Labels 
as in figure 32-1. Scale bar represencs 5 fJ.m. 



FIGURE 32-3. Scanning electron micrograph of smooth 
muscle cells of a dog right coronary artery from which the 
adventitial material has been removed by sequential ex
posure ro hydrochloric acid and collagenase, coupled with 
mechanical dissection. At this point on the vessel's cir
cumference, all the smooth muscle cells wind about the 
vessel axis in circumferential orientation (cf. fig. 32-5, 
however, for a more complete appreciation of the medial 
architecture of this vessel). The overall fusiform shape of 
the cells is evident , but their topography is noticeably 
irregular, marked by various excrescences and indenta
tions. Scale bar represents 10 /Lm. 

FIGURE 32-4. Low-power transmiSSIOn electron micro
graph of right coronary artery of vervet monkey (Cercopi
thecus aethiops). At the upper regions of the field there 
appear bundles of spirally oriented smooth muscle cells 
(cf. fig. 32-6). The major component of the wall is in
vested in cells which are sectioned en face, but are 
obliquely oriented with respect to the vessel axis (large 
arrow). Note fusiform nuclei and minor cytoplasmic pro
jections (small arrows). Scale bar represents 10 /Lm . 
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The tunica media of coronary arteries and 
their branches is usually an unbroken covering 
composed primarily of vascular smooth muscle 
cells (VSMC). The other broad categories of 
myocardial blood vessels (veins, venules, arte
rioles, and capillaries) frequently are character
ized by large gaps in the tunica media. The 
muscular arteries of the heart do not contain 
distinct strata of VSMC, delimited by sheets of 
elastin, as is the case in larger "elastic" arteries. 
Thus to speak of the relative numbers of "lay
ers" in myocardial blood vessels is inexact at 
best. Still the general conclusion can be drawn 
that, as the size of the mammal (and its heart) 
increases, so do the overall diameters and wall 
thicknesses of comparably located arterial seg
ments. For example, the coronary arteries of a 
mouse seldom achieve medial thicknesses of 
more than 6-7 /-Lm, and contain a maximum 
of only 3-4 layers of VSMC; in comparison, 
the medial layer of dog right coronary artery is 
massive, possessing 12-15 layers of muscle 
cells (fig. 32-5). 

In overall form, arterial VSMC are flattened, 
tapered, strap-like cells (figs. 32-1, 32-3, and 
32-4). In many instances, the cells from arte
ries of larger mammalian hearts do not taper to 
rounded ends, but instead exhibit distinct in
dentations which may originate from nearly 
any point on the sarcolemma (figs. 32-1, 32-
3, 32-4, and 32-8). In such cases, the tips of 
the cells are particularly elaborate (fig. 32-8). 
The VSMC of smaller vessels (and this is true 
as well for most of the vessels from smaller 
mammals) tend to be less complex in their sur
face contours (e.g., fig. 32-7). Such cells are 
more tightly fitted together within the medial 
layer, perhaps in part because of the lower in
cidence there of elements of connective tissue. 

Arterial VSMC are individually noteworthy 
by dint of the extreme degree of polarity ob
served by their cytoplasmic components, in
cluding nuclei (see The Nucleus. . . .), cyto
skeletal and contractile fibrils (See Fibrillar 
elements. . .), and various other organelles (see 
"Miscellaneous" organelles). The bipolar form is 
not necessarily retained in the smallest myocar
dial vessels, however, and secondary ("circum
ferential") projections are prominent features of 
pericytes on venules and capillaries (see Cyto-

skeletal elements and figs. 32-28 to 32-33), and 
venous VSMC as well may be branched {3J (see 
Comparison of arterial/arteriolar. . . ). 

ORGANELLES AND CEll SYSTEMS 

As pointed out above, a striking characteristic 
of the muscle cells in coronary arteries is their 
marked bipolar conformation. Not only is this 
embodied in the overall shape of these cells 
(figs. 32-1, 32-3, and 32-4), but it is also 
evident in their internal construction, which
in each cell-is developed around the nucleus 
and the associated cytoplasm which extends 
from each of its poles. These and other constit
uents are described below in greater detail. 

The Nucleus, Associated Organelles, and the Central 
Sarcoplasmic Core. Most VSMC in the cardiac 
circulatory system appear to be mononucleate. 
The nucleus in each muscle cell is distinctly 
fusiform, its tips aimed directly at the cell ends 
(figs. 32-1 and 32-4). Though infoldings of 
the nuclear membrane can be found (fig. 
32-4), these are rather infrequent, and the pro
file that the nucleus presents in thin section 
usually is unremarkable, save for its occasional 
great length (up to ca. 25 /-Lm). 

Golgi saccules and centrioles are generally 
located near the nucleus (fig. 32-9). The Golgi 
apparatus seldom displays a memorable mor
phology, though in other vessels this organellar 
system has been shown to react noticeably to 
the administration of ionophoric agents [7}. As 
many as four centrioles may be encountered; 
given the rarity of multiple nuclear profiles in 
VSMC, the significance of this observation is 
unclear. 

There is a distinct association between each 
smooth muscle nucleus and the sharply delim
ited cylinders or cones of cytoplasm which ex
tend from its apices out toward the cell ends 
(fig. 32-9). There results a compartmentation 
of the cell contents, such that certain organelles 
(Golgi saccules, centrioles, microtubules, inter
mediate filaments, mitochondria, and lyso
somes) are lodged primarily within the central 
sarcoplasmic core (figs. 32-9 to 32-11), whereas 
the remaining voluminous cortical region of 
the cell is virtually completely filled with myo
filaments (see below). The central sarcoplasmic 



FIGURE 32-5. Right coronary artery of dog; vessel viewed 
in transverse section. The bulk of the medial layer is com
posed of smooth muscle cells which are arranged circularly 
about the vessel and therefore are caught in longirudinal 
section (cf. figs. 32-1 and 32-3). The farthest abluminal 
layers of smooth muscle, however, are seen in cross sec
tion (*), which indicates that they are longitudinally ori
ented along the outer surface of the vessel wall. Scale bar 
represents 10 J.Lm. 

FIGURE 32-6. Right coronary artery of vervet monkey; 
longitudinal section. Three distinct strata of smooth mus
cle cells constitute the tunica media of this vessel. The 
immediately adluminal cells (Ad) run parallel co vessel 
axis, while a ceocral stratum of approximately circularly 
oriented cells forms the major portion of the medial layer. 
It is the latter cells which are equivalent co the cells seen 
en face in figure 32-4, the spirally oriented cells in figure 
32-4 may correspond co either the adluminal band or the 
abluminal (Ab) layer which is separated from the medial 
wall by a large gap. Scale bar represeocs 10 J.Lm. 
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FIGURE 32-7. Longitudinal section of mouse anterior de
scending coronary artery; the circularly applied smooth 
muscle cells thus appear in transverse section, and in this 
orientation display profiles closely fitted to one another. 
Accordingly there is a minimum of intervening connec
tive tissue. Scale bar represents 2 fLm. 

FIGURE 32-8. Squirrel monkey right coronary artery, 
viewed at the same magnification and similar orientation 
to that of the mouse artery shown in figure 32-7. In con
trast to that vessel, the VSMC here are strikingly pleio
morphic in profile, and are characterized by involved sar
colemmal indentations and cavities (*). The cells are sep
arated by large spaces, which are occupied by the thick 
surface coats of the cells and by connective tissue ele
'llents. Scale bar represents 5 fLm. 
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core can be envisioned as an entity which forms 
a medullary zone within the muscle cell and 
surrounds the nucleus; its major portion is fu
siform, but a retinue of thin digit-like ramifi
cations also extends into the peripheral regions 
of the cell (fig. 32-10). This internal compart
ment provides both enclosure and transcellular 
distribution of the cytoskeleton (see below) and 
the mitochondrial complement (see "Miscella
neous" organelles) of the smooth muscle cell. 

Fibrillar Elements (Cytoskeletal and Contrac
tile). The cytoskeleton and contractile appa
ratus of coronary arterial VSMC are largely iso
lated from one another, as discussed in the 
preceding section. The cytoskeleton is com
posed of longitudinally oriented microtubules 
and intermediate filaments (figs. 32-10 to 32-
12). In many sections which pass through the 
central sarcoplasmic core, intermediate fila
ments (" lO-nm" filaments, "skeleton" fila
ments {8}) appear as the predominant fibril 
(figs. 32-10 and 32-11), but their overall in
cidence may vary considerably between adja
cent cells in the blood vessel wall. Microtu
buIes accompany-or are accompanied by
intermediate filaments in the various recesses of 
the sarcoplasmic core system (figs. 32-10 to 
32-12); they observe the same longitudinal 
disposition, and frequently appear surrounded 
by a "halo," 10 nm or so in width, which em
phasizes their presence (figs. 32-10 and 32-
12). The orientation of microtubules may in 
fact be a dictating force for the similar align
ment observed for intermediate filaments {9, 
1O}. In visceral smooth muscle cells, interme
diate filaments have been implicated {II} as 
forming segmental frameworks which interact 
via their anchorage in intracellular dense bodies 
(see the following section). This sort of system 
seems absent from cardiac vessels {2}. Rather 
there exists a system of cytoskeletal supports, 
consisting solely of filaments and tubules which 
are distributed-albeit thinly at some points in 
the cytoplasm- throughout the smooth mus
cle cell, without the intercalation of stationary 
points of attachment. 

The collection of myofilaments which char
acterizes the peripheral myoplasm appears to 
consist largely of 5- to 8-nm-diameter actin fil-

aments (figs. 32-10 and 32-12). The occur
rence of myosin filaments is often sporadic in 
specimens of myocardial vessels. When these 
15- to 19-nm-"thick" filaments are preserved, 
they usually appear in the majority of VSMC 
in the particular vessel, and yet may be absent 
from certain cells; no particular distribution of 
"haves" and "have-nots" is evident within the 
vessel wall, however. 

The consensus among investigators con
cerned with the mechanics of smooth muscle is 
that arterial and venous VSMC are dependent 
for their contractile activity upon the presence 
of filamentous myosin (for reviews, see Murphy 
{12} and Somlyo {13}). It therefore seems 
likely that a total lack of thick filaments be
speaks inadequate fixation of the specimen un
der examination. Still, a failproof fixation reg
imen-that which consistently produces thick 
filaments-has not yet been offered, nor has 
the mosaic occurrence of thick filaments among 
adjacent VSMC been investigated. 

The propensity of myofilaments to be 
grouped into bundles is most evident in longi
tudinal sections of myocardial VSMC (fig. 32-
11). Many such bundles terminate in the 
opaque subsarcolemmal substance of the dense 
bodies (fig. 32-11; see below). Stereoscopic im
ages have served to demonstrate this associa
tion, in VSMC, of myofilaments with dense 
bodies {2, 13}, and profiles of actin filaments 
frequently can be discerned in thin transverse 
sections of dense bodies (fig. 32-12). 

Sur/ace Coat, Sarcolemma, Dense Bodies, and Cav
eolae. The outermost covering of VSMC is 
composed of lightly opaque, amorphous mate
rial. This material is likely constituted in the 
main by glycoproteinaceous moieties; the most 
general (and least chemically committal) term 
for the material seen by electron microscopy is 
the sur/ace coat. Surface coats can display a wide 
array of appearances in different mammals and 
in vessels of different sizes. Specifically, where 
VSMC are closely packed (fig. 32-7) the sur
face coat is a consistently thin layer, the most 
opaque portion of which is at most 50 nm 
thick and often separated from the sarcolemma 
proper by a relatively lucent space, 30-50 nm 
in width {2}. In contrast, where the VSMC are 



FIGURE 32-9. Longitudinal thin section through the cen
ter of a VSMC from vervet right coronary artery; the re
lationship between the nucleus (NP, nuclear pores) and 
the central sarcoplasmic core is demonstrated. A pair of 
centrioles (Ce) are located in the core, as is the nucleus; 
other organelles indigenous to the core include mitochon
dria (Mi) and ribosomes. The peripheral regions of the 
cells are filled for the most part with myofilaments. Scale 
bar represents 2 f-lm. 

FIGURE 32-10. Squirrel monkey right coronary artery. 
Transverse section through VSMC at point distal to the 
nucleus. The central sarcoplasmic core here is dominated 
by saccules and tubules of the Golgi apparatus, and is 
characterized as well by numerous intermediate filaments 
(F) and micro tubules (MT), all cut as well in transverse 
section. Profiles of mitochondria (Mi) and sarcoplasmic re
ticulum (SR) also occupy the core, as do Iysosomes (Ly), 
here represented by multivesicular bodies. Thin, periph
eral extensions of the core are represented by microtubule 
profiles, typically surrounded by electron-lucent halos. 
Scale bar represents 0.5 f-lm. 
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FIGURE 32-11. Vervet right coronary artery. In this section, the smooth muscle cells are cut longitudinally. The surface 
of one cell (at the left) is exposed en face, and in the cell at the right the central sarcoplasmic core (CSC) is evident as a 
relatively clear zone which contains longitudinally oriented mitochondria (Mi), numerous intermediate filaments (F), and 
a lysosome (Ly). Microtubules also observe preferential location in this region (cf. fig. 32-10), but their lower numbers 
render them less obvious in longitudinal sections. The myofilaments of these smooth muscle cells tend to group in large 
bundles which lead, at their extremities, into dense subsarcolemmal adhesion plaques (dense bodies: DB); transitions 
between myofilament bundles and dense bodies are indicated by asterisks. Alternating with the subsarcolemmal stripes 
formed by dense bodies are rows of sarcolemma decorated with numerous surface-connected caveolae (C). Collagen 
fibrils (Co) are closely associated with the surfaces of the muscle cells. Scale bar represents 1 /Lm. 
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FIGURE 32-12. Transverse section of VSMC from right coronary artery of squirrel monkey. All the categories of fibrils 
are visible in this field, including actin (A) and myosin (M) filaments, which are the basis of the cell's contractile 
apparatus and occupy the cortical portion of the myoplasm. The alternation of caveolae (C) with subsarcolemmal dense 
bodies (DB) is evident (cf. fig. 32-11). Small internal dense bodies (*) appear in limited numbers. Punctate actin profiles 
can be discerned within the subsarcolemmal dense bodies, indicating their probable termination there. The cyroskeletal 
fibrils-microtubules (MT) and intermediate filaments (F)-are far less numerous at this level of the cell, though they 
specifically populate the central sarcoplasmic core (figs. 32-10 and 32-11) and its ramifications. N, nucleus. Scale bar 
represents 0.5 fLm. 
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oVlaely separated (e.g., in monkey coronary ar
teries) the surface coats (fig. 32-8 and 32-13) 
are thick and thrown into irregular profiles, 
and form elaborate whorls and filigrees, partic
ularly within the recesses that characterize the 
muscle cell tips in such vessels {2} (figs. 32-8 
and 32-16). 

Much of the sarcolemma of arterial VSMC is 
segmented into a series of lengthwise divisions 
by the alternation of stripe-like dense bodies 
and bands of caveolae (fig. 32-11). Relatively 
few isolated, intracellular dense bodies (fig. 
32-12) are found in coronary artery VSMC, in 
contrast to VSMC of larger vessels such as ca
rotid artery (unpublished observations) and 
P AMV {13}, for which the terminologic dis
tinction has been made between the intracellu
lar, "free-floating" densities and the longitudi
nal, subsarcolemmal striations; the former have 
been denoted as dense bodies and the latter as 
surface patches {13}. There has also been drawn 
an analogy between the Z discs of striated mus
cle and dense bodies of VSMC, both of which 
serve as regions in which actin filaments anchor 
{13}. Similarly, the subsarcolemmal dense bod
ies of VSMC are analogous to the fasciae adher
entes of heart, those portions of the intercalated 
discs in which the thin filaments belonging to 
the myofibrils terminate {14, 15}. A partial 
substitute for internal dense bodies in coronary 
VSMC may reside in smearings of the opaque 
material which extend away from subsarcolem
mal locations to points deep in the myoplasm. 

Sarcolemmal inpocketings (caveolae, lit. "small 
caves") are a substantial component of muscle 
cells. Such flask-shaped invaginations add con
siderable surface area to certain myocardial cells 
{16-18}. Caveolae appear to be permanently 
connected to the sarcolemma, with their lu
mina open to the extracellular fluid space. This 
stands in contrast to the mobile "micropinocy
totic" vesicles of vascular endothelial cells. The 
caveolae of smooth muscle are not limited to 
single invaginations, but may participate in ex
tensive structures, so-called beaded tubules (figs. 
32-14 and 32-17) of varying lengths {2, 19}. 
These complexes bear close resemblance to the 
forming elements of the system of transverse 
tubules of skeletal and cardiac muscle {2, 15, 
20}, and for this reason smooth muscle caveolae 

collectively may be considered to represent the 
equivalent of T tubules-in both the analogous 
and homologous senses {2, 19}. 

Most surfaces of arterial VSMC-abluminal, 
adluminal, and lateral-are decorated with ca
veolae (e.g., figs. 32-10 to 32-12). Farther 
down the vascular tree, the VSMC of arterioles 
become thinner and presumably less volumi
nous, and frequently lack caveolae on their ad
luminal surfaces, as do pericytes on the small
est vessels (figs. 32-30 and 32-31; see Cytoske
letal elements). 

Sarcoplasmic Reticulum. A variety of smooth
surfaced tubules and saccules are present in 
smooth muscle cells. Some are concentrated in 
the Golgi apparatus (see The nucleus. . . and 
fig. 32-10), but the majority of these pro
files-primarily located in the central sarco
plasmic core and its ramifications, or close be
neath the sarcolemma-are known collectively 
as sarcoplasmic reticulum (SR). This collection of 
intracellular membranous structures is consid
ered functionally equivalent to the more struc
tured SR networks in striated and cardiac mus
cle {21-24}. In large vessels, the division of SR 
into peripheral, deep, and central categories has 
been made {25}. The relatively small volumes 
of coronary artery VSMC usually allow a more 
limited distinction, that between the periph
eral and central SR (figs. 32-10 and 32-13). 
The alternation of dense bodies and caveolae 
creates a subtle subsarcolemmal compartmen
tation which exists in addition to the more no
ticeable overall cortical and medullary arrange
ment of cell components (see The nucleus. . . 
and Fibrillar elements. . .). Thus much of the 
sarcoplasmic reticulum is specifically located 
beneath the ribbons of sarcolemma which bear 
caveolae. 

The more notable component of the periph
eral SR division is junctional SR (J-SR) , those 
segments which are juxtaposed to the inner 
surface of the sarcolemma (fIgs. 32-13 to 32-
15). The J-SR winds as multibranched tubules 
among the sarcolemmal invaginations formed 
by caveolae (figs. 32-13 to 32-15), and ap
pears to make connection with both surface sar
colemma and caveolae through the interposi
tion of so-called junctional processes. One form 



FIGURE 32-13. Squirrel monkey anterior descending coronary artery; smooth muscle cell in transverse section. Layered 
profiles of sarcoplasmic reticulum (SR) are present, tubular extensions of which are closely apposed (*) to the sarcolemma. 
C, caveolae. Note the varying thickness of the muscle cell's surface coat (SC). Scale bar represents 0.5 f.lm. 
FIGURE 32-14. Same vessel as in figure 32-13. Subsarcolemmal couplings formed between the sarcolemma and saccules 
of junctional sarcoplasmic reticulum (J-SR). Distinct linear structures (pillars: arrows) connect the apposed membranes. 
The J-SR profiles are interspersed with caveolae, two of which (at C) are fused to form a short "beaded tubule." Scale 
bar represents O. 1 f.lm. 
FIGURE 32-15. Squirrel monkey anterior descending artery. Stereo micrograph pair (10° separation) showing the marked 
interdigitation of junctional SR (J-SR) and surface-connected caveolae, and demonstrating the pillar-like structures (ar
rows) that connect the two. Scale bar represents 0 .2 f.lm. 
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taken by the processes is that of thin profiles 
("pillars" (26)), which resemble unit mem
branes and whose opaque limiting substance 
frequently can be seen to fuse with the apposed 
membrane leaflets of the] -SR and sarcolemmal 
caveola (figs. 32-13 to 32-15) (2, 27}. As has 
been discussed (2, 19}, the T tubules of 
smooth muscle are likely represented by caveo
lae; the complexes constituted by appositions 
of caveolae with J-SR are therefore the equiva
lent of the "internal couplings" typical of other 
muscle types (e.g., 15, 20}, while the J-SR
sarcolemma complexes clearly are the homo
logues of peripheral couplings (2, 19}' 

Junctions (Homo- and Heterocellular). A multi
tude of intermembranous connections are de
monstrable in the walls of myocardial blood 
vessels (2}. Homocellular junctions form both 
between individual medial cells and also within 
them (i.e., they are intracellular, developing at 
points of juxtaposition of sarcolemmal regions 
belonging to the same cell). Heterocellular junc
tions are those which join the adluminal VSMC 
with the underlying endothelium {2}. 

A wide variety of VSMC homocellular junc
tions has already been described in coronary ar
teries {2}. These include simple appositions, in 
which sarcolemmal surfaces are poised in par
allel array with one another, separated by a 
space of ca. 17-20 nm (fig. 32-16) which usu
ally does not admit the electron-opaque sub
stance of the cell coat. Intermediate junctions 
(fig. 32-17) display a spectrum of morpholo
gies-which range from a short pair of intra
cellular densities which face one another across 
an empty-appearing, 17- to 20-nm gap to 
quasi-desmosomal complexes which are charac
terized by structured extracellular material. 
Desmosomes themselves appear between VSMC of 
cat coronary arteries {2}. Short gap junctions are 
present in coronary arterial VSMC of mouse, 
guinea pig, dog, and squirrel monkey {2} (fig. 
32-18), and these may be located either inter
cellularly or intracellularly. 

The heterocellular junctions of myocardial 
arteries are less varied in morphology than the 
homocellular connections. Most often seen be
tween smooth muscle and endothelium are 
simple appositions, which usually incorporate 

an endothelial extrusion which extends ablu
minally to approach the overlying smooth mus
cle cell. No discernible intracellular structures 
are present in either of the cells which partici
pate in a simple myoendothelial junction. On 
the other hand, there is encountered, on occa
sion, a heterocellular junction of the interme
diate category (fig. 32-19), which is marked 
by intracellular accumulations of opaque sub
stance similar to those of homocellular counter
parts. 

A third category of heterocellular junctions 
-myoendothelial gap junctions-has been 
clearly identified in arteries and arterioles of the 
mouse heart {2} (fig. 32-20), but examples 
have not yet been found in equivalent vessels of 
other species. Myoendothelial gap junctions are 
frequently characterized by an abluminal endo
thelial protrusion or an adluminal VSMC pro
trusion. The frequent presence of such junc
tions in these thin-walled vessels of mouse 
heart may be indicative of a function of adhe
sion and structural stabilization, rather than 
necessarily one of electrical continuity {2}. 

Heterocellular junctions (including gap-like 
junctions: fig. 32-21) are frequently encoun
tered in veins, venules, and capillaries. In veins 
in particular, unusual junctional profiles are 
found (fig. 32-22) which do not clearly corre
spond in form to the junctional categories al
ready described. 

"Miscellaneous" Organelles. In a review of this 
kind, there inevitably accumulate categories of 
cell structures which are lumped together and 
accounted for, both for the purposes of com
pleteness and-primarily-because relatively 
little research has been devoted to them. Such 
is the case, to greater or lesser degrees, with 
the mitochondria, rough endoplasmic reticu
lum, ribosomes, glycogen particles, and lyso
somes of vascular smooth muscle cells, all of 
which are considered below. The Golgi appa
rarus and centrioles have already been dealt 
with in this chapter. 

As noted earlier, mitochondria of myocar
dial VSMC are in large part restricted in their 
occurrence to the central sarcoplasmic core and 
its extensions, these last including subsarco
lemmal cavities in which mitochondria may 



FIGURE 32-16. Anterior descending artery of squirrel monkey. Two VSMC form two junctional regions known as simple 
appositions (between arrows). Although the apposed sarcolemmata run parallel for rather great distances, no intra- or 
extracellular densities can be discerned, nor does the structured surface coat (SC) appear to enter the intercellular gaps at 
these points. Scale bar represents 0.5 fLm. 
FIGURE 32-17. Right coronary artery of dog heart. The upper muscle cell has formed a small digital protrusion which 
approaches the lower cell, forming an "intermediate" contact, characterized primarily by accumulations of electron
opaque material (*) immediately beneath the apposed sarcolemmal regions. Numerous caveolae appear in the adjacent 
sarcolemmata, some of which (C) are fused to form a beaded caveolar chain. Scale bar represents 0.1 fLm. 
FIGURE 32-18. Squirrel monkey right coronary artery. Gap junction (between arrows), ca. 59 nm in length, formed 
between a slender process of one smooth muscle cell with the main cell body of another. Homocellular gap junctions are 
frequently found in coronary arteries, but most are of a limited size such as the one shown here. Note the close association 
of caveolae (C) with tubules of sarcoplasmic reticulum (SR). Scale bar represents 0.1 fLm. 



FIGURE 32-19. Myointimal region of a large artery in rhesus monkey right papillary. Two hummocks of an endothelial 
cell (E) approach the adluminal surface of the subjacent smooth muscle cell. The left-hand endothelial protrusion comes 
into close contact with the smooth muscle sarcolemma, and part of the apposition is composed of a heterocellular 
intermediate contact, identifiable by its thin opaque plaques (*) (cf. fig. 32-17). RER, rough endoplasmic reticulum. 
Scale bar represents 1 J-lm. 
FIGURE 32-20. Myoendothelial gap junction in mouse right coronary artery. This example is formed by a dome-like 
endothelial process (E) which fits into a closely correspondent invagination of the overlying smooth muscle cell (SM). 
Scale bar represents O. 1 J-lm. 
FIGURE 32-2l. Wall of a venule from rhesus monkey right papillary muscle. The endothelium (E) jurs up ro abut the 
process of a pericyte (PC), there forming a short, close apposition (arrow) which resembles the myoendothelial gar 
junction seen in figure 32-20. Scale bar represents 0.1 J-lm. 
FIGURE 32-22. Transverse section through anterior coronary vein of squirrel monkey. The limiting membranes of the 
smooth muscle (SM) and endothelial cell (E) run in approximately parallel array, and along this length two regions 
appear which are notable because of the presence in the intercellular gap of strands of material, some of which is collected 
into linear bodies (arrows) which extend ro contact both apposed membranes. Scale bar represents 0.1 J-lm. 
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contact the SR and caveolae {19}. Such com
plexing may be related to the intracellular 
transfer of Ca2 + ion within the smooth muscle 
cell [l3}. Mitochondria of coronary artery 
VSMC are small and elongate, and usually are 
aligned with the longitudinal axis of the cell 
(e.g., fig. 32-11). 

Ribosome-decorated tubules-"rough" en
doplasmic reticulum-and <x-rosettes of glyco
gen are much in evidence in VSMC of the neo
natal animal, but disappear for the most part 
from mature cells, though occasional examples 
of rough ER may persist in the central sarco
plasmic core (fig. 32-19), along with free ri
bosomes and scattered glycogen particles. 

Lysosomes of myocardial VSMC assume a 
number of forms [2}, including uniformly 
opaque membrane-bounded spheroids (fig. 32-
11), variegate bodies with light and dark com
ponents (probably secondary lysosomes), and 
multivesicular structures (fig. 32-10). The oc
currence, in the extracellular spaces of the rat 
coronary artery media, of collections of multi
sized vesicles, has suggested the hypothesis 
that VSMC waste products are liberated from 
the cell via exocytosis of lysosomes [28}. 

Comparison of Arterial/Arteriolar vs 
Venous/Venular Smooth Muscle Cells 
The two major blood vessel categories of the 
heart can be readily distinguished from one an
other at light-microscopic levels on the basis of 
the thick muscular walls of arteries, and the 
thin walls and large lumina of veins (fig. 32-
1). Arterioles (fig. 32-26) and venules usually 
exhibit characteristics similar to those of the re
spective "parent" vessels. Some vessel seg
ments, however, offer highly equivocal profiles 
whose periendothelial components are, to more 
or less degrees, intermediate in structure be
tween smooth muscle cells and pericytes (fig. 
32-27); these transitional forms are considered 
further in the following section. 

A good deal more information is available on 
the structure of the arterial side of the heart's 
circulatory system than is the case for its ve
nous complement. Veins in general are fre
quently described as bearing longitudinally ori
ented smooth muscle cells, but in fact the 

shape and orientation of these cells can vary 
tremendously with the vein type, the particular 
segment, the point on the vessel circumference, 
etc. [3, 29}' In fact it may be difficult to dis
cern clearly delineated tunics in veins, since 
VSMC may appear within levels of the vessel 
wall which-in arteries-would rightly belong 
to the tunica intima or tunica adventitia [3} 
(fig. 32-24). The great variation in incidence 
and orientation of VSMC in a collection of hu
man veins studied by Kiigelgen (data summa
rized by Rhodin [3}) is tacit promotion for 
evaluation, on an individual basis, of any par
ticular segment of any particular vein, of any 
particular species. Therefore the descriptions of 
myocardial veins given here may be anecdotal, 
in view of the relatively few observations thus 
far made on such vessels. At its widest points, 
the anterior vein of rhesus monkey (which ac
companies the right coronary artery) displays 
4-5 "layers" of VSMC bodies and processes at 
some points around its circumference (fig. 32-
23), and at others none at all. Fibroblasts and 
bands of collagen may abut the endothelium 
while VSMC are located farther abluminally; in 
certain regions, connective tissue is the major 
vessel wall component. Additional variations 
are found in the VSMC orientation (as judged 
by the alignment of myofilaments); abluminal 
longitudinal VSMC profiles are intermingled 
with more adluminal, concentric elements, and 
vice versa (fig. 32-23). "Stellate" VSMC have 
been reported as well [3}' This suggests that 
some venous VSMC possess both longitudinal 
and circumferential processes-thus resembling 
the pericytes of venules and capillaries [30}
and this would account in part for the multi
plicity of VSMC orientation in veins. 

There is probably only a single generality 
that can be made concerning the structure of 
the VSMC of myocardial veins: they present 
notably thinner profiles than those of VSMC in 
corresponding arteries (figs. 32-1 and 32-23 
to 32-25). Examples of the organelles and cell 
systems described in the preceding sections can 
be found in venous VSMC (fig. 32-25), though 
some specific complexes such as homocellular 
gap junctions have not yet been encountered. 
It is interesting to note that in the same vein 
thick (myosin) filaments may appear in some 
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FIGURE 32-23. Anterior vein of rhesus monkey; vessel cut in transverse section. At this point on the circumference of 
the vein, the smooth muscle cells occupy positions equivalent to the tunica media of arteries. The orientations of these 
cells are varied, however, there being an admixture of circumferentially (*) and longitudinally aligned cells. Scale bar 
represents 5 /-lm. 
FIGURE 32-24. Same vein as in figure 32-23, at another point on its circumference. Smooth muscle cells (SM) are 
located both in subendothelial positions (EN, endothelial cell nucleus) and in "adventitial" regions (note the fibroblast 
[FB} and bands of collagen [Co} which are interposed between the two groups of VSMC). Scale bar represents 5 /-lm. 
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FIGURE 32-25. VSMC in transversely sectioned anterior vein of rhesus monkey heart . Such cells are characterized by 
thin, flattened profiles. Present in this field are a number of organelles and structures which are found in arterial VSMC 
as well. These include mitochondria (Mi), Golgi saccules (GA), and cisternae of rough endoplasmic reticulum (RER); in 
venous VSMC, these last appear more prominent than in arterial VSMC. In these transversely sectioned profiles, fibrillar 
elements such as microtubules (MT) and myofilaments also are caught in transverse section (thus indicating that the cell 
bodies and processes are aligned along the length of the vessel). Dense bodies (DB) are present free in the myoplasm, as 
well as apposed co the sarcolemma, where they are interspersed with groups of caveolae (C). Scale bar represents 0 .5 
fLm. 



FIGURE 32-26. Transverse section through "typical" arteriole in right ventricular wall of squirrel monkey (Saimiri SC1-

ureus). At most points of the circumference of this vessel, a single layer of smooth muscle is present, almost completely 
enveloping the endothelial cylinder. The VSMC component is in its essence identical to that of coronaty arteries in its 
organellar content, though the individual cells appear less voluminous. EN, endothelial cell nucleus . Scale bar represents 
5 fLm. 
FIGURE 32-27. Blood vessel in mouse left ventricular wall. Although this vessel is of a diameter (ca. 14 fL, lesser axis) 
characteristic of arterioles or venules (cf. fig. 32-26), its medial layer consists of a "primitive smooth muscle cell" which 
displays features intermediate between those of pericytes and smooth muscle cells; these features include a protruding 
nuclear profile (N) and extensive cyroplasmic processes (*) which appear as isolated profiles in this micrograph, but were 
found-in suceeeding sections-to be confluent with the nucleated portion of the cell. In such cells, surface caveolae 
appear at both abluminal and adluminal surfaces, in contrast to pericytes which form the periendothelial layer of small 
vessels (cf. figs . 32-30 and 32-31). Scale bar represents 5 fLm. 
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FIGURE 32-28. Transverse section of small vessel (luminal diameter ca. 7.9 f.Lm: probably a venous capillary) of rhesus 
monkey papillary muscle. The cell body of the pericyte is characterized by a protrusive nucleus (PN); profiles of its 
circumferential process (CP) appear at various points about the endothelial cylinder (EN, nucleus of endothelial cell). 
The vessel is hemmed in by cardiac muscle cells, and elements of nervous tissue (N) are closely associated with the 
vessel's abluminal surface . Scale bar represents 2 f.Lm. 
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VSMC, but not in others, as is the case in ar
teries (see Fibrillar elements . . . ). Certainly 
the possibility of branching complicates the 
concept of the central sarcoplasmic core (see The 
nucleus . . . ) in venous VSMC, as does their 
relative thinness. A great deal of study-spe
cifically addressed to cardiac vein ultrastruc
ture-will be required before further generali
ties can be established. 

Comparative Structural Aspects 0/ Vascular 
Smooth Muscle Cells and Other 
Periendothelial Cells 
Pericytes are classically recognized as those cells 
of periendothelial location which partially en
velop the endothelial profiles of microvessels
such as capillaries and postcapillary venules
and, in addition, bear surface coat material 
(basal lamina) which is continuous with that in
trinsic to the endothelial cells (figs. 32-28 and 
32-30). The Rouget cells, periendothelial cells of 
amphibian microcirculation, have clearly visi
ble contractile abilities [31}. On the other 
hand, belief in the contractile abilities of their 
phylogenetic counterparts, the pericytes, has 
truly waxed and waned since the time of Rou
get's observations. During the 1920s, Zimmer
man [32}, Vimtrup [33}, and Krogh [34} sup
ported the contractile role, whereas later
perhaps coincidental with the advent of trans
mission electron microscopy-the function of 
pericytes was deemed less clear, and their con
tractile ability in some cases came to be denied 
outright (see Majno [35} and Zweifach [36}). 
The concept did not die out, however, and 
supporting evidence has resurfaced in force re
cently [6, 30, 37-41}. 

In microvascular networks, there is seen a 
gradual transition between capillaries and ven
ules (and sometimes between arterioles and 
capillaries) with respect to luminal diameter 
and types and numbers of periendothelial cells 
[32, 35, 42}. The ultrastructure of periendo
thelial cells also changes gradually from that 
which is characteristic of pericytes to that ex
emplified by features typical of smooth muscle 
cells. Thus in many vessels there can be found 
intermediate forms (primitive smooth muscle cells: 

fig. 32-27). In several studies of mouse myo
cardium, it has been documented that many 
basic ultrastructural features are mutually com
parable for smooth muscle cells, primitive 
smooth muscle cells, and pericytes [19, 30, 
37}. These features fall into five categories: 

l. Cytoskeletal elements. 
2. Excitation-contraction coupling system (SR 

and "T system"). 
3. Contractile (force-generating) apparatus. 
4. Force-transmitting devices (heterocellular 

junctions). 
5. Effector system (efferent innervation). 

CYTOSKELET AL ELEMENTS 

Microtubules and intermediate filaments form 
an organized skeletal network within perien
dothelial cells such as pericytes. A structural 
study of mouse heart microcirculation [30} 
showed that these fibrils are likely responsible 
for the configuration and maintenance of the 
pericyte's numerous cytoplasmic processes, and 
this seems likely to be the case in primate heart 
as well (figs. 32-30 and 32-31). Microtubules 
are especially prominent within the longitudi
nal stems of pericytes (figs. 32-30 and 32-31), 
and intermingle in both longitudinal stems and 
circumferential processes with varying numbers 
of intermediate filaments (fig. 32-33; also see 
Forbes et al. [30}). 

The cytoskeletal fibrils of pericytes are nota
ble in that they are restricted to the abluminal 
cytoplasmic region, whereas microfilaments are 
massed next to the adluminal surfaces (figs. 
32-30 and 32-33). A bilayered internal seg
mentation is therefore typical of pericytes; this 
sort of cytoplasmic compartmentation compares 
favorably with the arrangement characteristic of 
the definitive VSMC of the myocardial vascular 
supply-a myofilament-filled cortex about a 
central core which is free of contractile ele
ments. 

EXCITATION-CONTRACTION 
COUPLING SYSTEM 

Smooth-surfaced saccules and tubules, the 
structural analogues of sarcoplasmic reticulum 
in VSMC (see Sarcoplasmic reticulum), in peri
cytes are primarily present as subplasmalemmal 
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profiles (figs. 32-30 and 32-31). The subsar
colemmal endoplasmic reticulum of pericytes 
frequently generates bridging structures which 
contact the inner plasmalemma! leaflet and 
strongly resemble the junctional processes of 
VSMC couplings (see Sarcoplasmic reticulum). 

Caveolae, which are abundant on all surfaces 
of the thicker VSMC, generally occupy only 
abluminal plasmalemmal positions in pericytes; 
limited numbers of adluminal caveolae are 
found in the primitive smooth muscle cells of 
larger microvessels and the VSMC of arterioles. 
Examples of caveolar tubules, consisting of 2-
3 vesicular elements fused end to end, can be 
found both in pericytes and in the transitional 
forms of periendothelial cells; these are not so 
extensive as the "beaded tubules" of mouse cor
onary arterial VSMC [l9}, yet demonstrate the 
propensity of the limiting membrane to form 
significant invaginations in periendothelial cells 
of all vessel categories. 

CONTRACTILE APPARATUS 

A major identifying feature of most myocardial 
pericytes is the collection of 7- to 8-nm-diam
eter micro filaments which populate the adluminal 
layer of the cell, that portion which is closest 
to the underlying endothelium (figs. 32-30 
and 32-33). In the microvascular beds of brain 
{43} and retina {41}, these microfilaments have 
been shown, by means of decoration with heavy 
meromyosin, to be chemically equivalent to the 
F-actin of muscle cells. In myocardial peri
cytes, the microfilaments are aligned along the 
longitudinal axes of the various processes; this, 
together with their juxtaendothelial location, 
places them in ideal position to exert contrac
tile influence, particularly in the numerous cir
cumferential processes, which may in some in
stances nearly surround the endothelial cylinder 
nO}. A major failing in the promotion of the 
concept of pericyte contractility is the general 
absence of thick, myosin-like filaments; under 
certain conditions, however, tactoidal bodies 
reminiscent of myosin aggregates have been de
tected in the cytoplasm of brain pericytes {43}. 
Mechanisms have been proposed for smooth 
muscle contraction which do not require the 
palpable presence of thick filaments {44}; I 
have already noted the capricious occurrence of 

myosin filaments in VSMC of myocardial ves
sels (see Fibrillar elements. . .) {2}. Added to 
these circumstances is the relative difficulty 
which attends the capture of transverse sections 
of pericyte processes-in which authoritative 
identification of myosin filaments, if present, 
could best be made. 

FORCE-TRANSMITTING DEVICES 

The arteries and veins of mammalian heart in
corporate numerous appositions between the 
medial and intimal tunics (see Junctions. . .). 
A variety of heterocellular junctions are present 
in microvessels as well, including simple ap
positions (fig. 32-30), intermediate contacts 
nO}, and gap junctions (fig. 32-21). Pericytes 
vary in their encompassment of individual 
myocardial vessels, and may in fact be inferior 
in this parameter in comparison to their coun
terparts in the skeletal muscle microcirculation 
{39, 40}. Still, the presence of numerous trac
tion points between myocardial pericytes and 
the accompanying endothelium may provide 
sites for transfer of contractile force to the ves
sel lining, thereby providing graded amounts 
of deformation to the luminal contour of cap
illaries and venules. 

EFFECTOR SYSTEM 

Both efferent and afferent axon terminals are 
known to accompany myocardial vessels at all 
levels of the circulatory bed {3 7}. The chemica! 
nature of the efferent nerves associated with 
pericytes on capillaries and postcapillary ven
ules varies between species. In the mouse, the 
majority of terminals appear to be cholinergic 
(as judged in animals treated by administration 
of 5- or 6-hydroxydopamine, which labels ad
renergic terminals {37}). On the other hand, 
cat myocardium, which is profusely supplied 
with adrenergic nerves { 45}, contains a system 
of blood vessels which at all its levels is simi
larly supplied with terminals filled with nu
merous small dense-cored vesicles (unpublished 
observations). 

The gap between axon terminal and ablu
minal vessel surface is smallest in microvessels 
(in mouse averaging ca. 170 nm, with a mini
mum distance of 46 nm {37}); this is perhaps 
related in some instances to the progressive 



FIGURE 32-29. Freeze-fracture replica of a small blood vessel (fractured longitudinally) from right papillary of rhesus 
monkey. Reproduced in the field are the contours of a pericyte which overlies the vessel's endothelial wall (E). The 
circumferential processes of the pericyte (CP) lack caveolar openings (C) at their thinnest portions; this image corresponds 
favorably to the appearance of these processes in thin sections (fig. 32-30). SC, replica of surface coat material between 
pericyte and endothelium. Scale bar represents 1 ,...,m. 
FIGURE 32-30. Transverse section through capillary (5.4 ,...,m luminal diameter) from rhesus right papillary muscle. A 
profile of pericyte cytoplasm is closely applied to the endothelium (EN, endothelial nucleus). Caveolae (C) are restricted 
in occurrence to the upper (abluminal) plasmalemma of the pericyte and there appear only within the thicker portions. 
The attenuated tips of the processes are completely filled with microfilaments (MF), which elsewhere are massed subjacent 
to the adluminal plasmalemma. Microtubules are located only in the abluminal cytoplasm, and thus are segregated from 
the more basal microfilaments. Both tips of the pericyte come into close apposition with the endothelium. Scale bar 
represents 1 ,...,m. 
FIGURE 32-3l. Detail of figure 32-30, showing subplasmalemmal saccule (J-SR) equivalent to junctional SR of vascular 
smooth muscle. Orientation of microtubules (MT) is predominantly along the longitudinal stem of the pericyte. C, 
caveola. Scale bar represents 0.2 ,...,m. 
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® 
FIGURE 32-32. Diagram of the three-dimensional relationship borne by a pericyte to its accompanying cylinder of 
capillary endothelium (drawn on the basis of observations made on mouse heart). The pericyte's nucleus typically is 
protrusive (cf. fig. 32-28), and its cytoplasm forms two major longitudinal stems and numerous, less-extensive circum
ferential processes, the latter of which may branch from either the main cell body or the longitudinal stems (see fig. 32-
33). The outer (abluminal) surfaces of the pericyte are characterized by caveolar indentations. From Forbes et al. (30), 
courtesy of Alan R. Liss, Inc. 
FIGURE 32-33. Drawing based on the diagram shown in figure 32-32, demonstrating by surface projection and cutaway 
views the intracytoplasmic organization of pericyte fibrils. Microfilaments (MF), presumably composed of actin, are 
restricted to the adluminal cytoplasm, whereas the cytoskeletal fibrils, microrubules (MT) and intermediate filaments 
(F), occupy the more abluminal cytoplasmic regions. Note that numbers of all three categories of fibrils are diverted 
from the longitudinal stem (LS) into the circumferential processes (CP), so that the same stratification of fibrils is 
maintained in all branches of the pericyte. EN, endothelial nucleus. From Forbes et al. (30), courtesy of Alan R. Liss, 
Inc. 
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narrowing of the perivascular space which ac
companies the diminution of vessel bore. The 
fact remains that a substantial structural rela
tionship exists between terminal axons and peri
cytes in mammalian heart, such that the peri
cyte surfaces are within reasonable diffusion 
distances of neurotransmitter substances. It has 
been demonstrated [40} that skeletal pericytes 
contract in response to intravascularly admin
istered norepinephrine, angiotensin, or vaso
pressin, and that myocardial pericytes are un
affected by such treatment. The pericytes of 
skeletal muscle differ from myocardial pericytes 
in that they generally are not associated with 
efferent axon terminals (39}' It remains to be 
seen what effects would result in heart either 
from extravascular application of vasoactive 
agents or induced release of neurotransmitter 
from the terminal axons themselves. 

Conclusion and Summary 
The walls of myocardial blood vessels in mam
mals are occupied by a spectrum of muscle and 
muscle-like cells, various forms of which are 
collectively known by numerous appellations: 
smooth muscle cells, primitive smooth muscle 
cells, transitional cells, medial cells, mural 
cells, perivascular cells, pericapillary cells, 
Rouget cells, etc. A reasonable unifying term 
which at once encompasses this spectrum of 
vascular components is, simply, periendothelial 
cells, for this term aptly describes their posi
tioning, yet does not relegate them to strict 
residence within a medial tunic (consider, for 
example, the far-flung VSMC which appear in 
veins: see Comparison of arterial/arteriolar. . . 
and fig. 32-24). The use of "peri endothelial 
cells" furthermore sidesteps the debate as to 
whether three distinct tunics can be identified 
in microvessels such as capillaries. (Inciden
tally, for capillaries of mammalian myocar
dium, the answer is clear to this reviewer: the 
tunica intima is of course represented by the en
dothelial cylinder, the t. media by pericyte bod
ies and processes, and the t. adventitia by the 
fibroblasts and the numerous elements of neural 
tissue [including Schwann cells} which appear 
in the perivascular space.) 

The spectrum of fine structure attributes 
possessed by peri endothelial cells is not re-

stricted solely to the stretches of "microvessels" 
which connect arteries and veins in the individ
ual heart, but can also exist interspecifically, 
such as is demonstrated in the numerous in
stances when anatomically equivalent vessels 
display strikingly different profiles and distri
butions of VSMC (e.g., figs. 32-7 and 32-8). 
With the application of more effective regi
mens of preservation it has become apparent 
that VSMC are far more complex than was in
dicated by early electron micrographs. This has 
been shown to be the case as well with "minor" 
periendothelial cells such as myocardial peri
cytes, which in well-fixed tissue displays ob
vious complements of microfilaments which 
may prove to be the basis of a contractile ap
paratus. Thus there must remain the possibil
ity, which would be of great physiologic sig
nificance, that modulation of vessel bore 
occurs, to one or another degree, at all levels of 
the circulatory system of the heart. 
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33. THE PATHOGENESIS OF 

CORONARY ATHEROSCLEROSIS 

S. David Gertz 

and Adi Kurgan 

Introduction 
In the United States between 1974 and 1977, 
52% of all causes of death were attributed to 
cardiovascular diseases (l}. Ischemic heart dis
eases accounted for 65% of all cardiovascular 
diseases and were responsible for every third 
death (34%) in the USA during this period. 
The purported increase in incidence of ischemic 
heart disease in civilized communities during 
the first two-thirds of this century has been at
tributed variously to the decline and/or extinc
tion of infectious diseases, to a "less than opti
mal adaptation to changing patterns of life 
style", and to advances in diagnostic tech
niques. Although the mortality rate for isch
emic heart disease in the USA declined signifi
cantly (21%) during the period 1968-1976 [2, 
3}, its incidence has not, and this entity re
mains the cause of more deaths in the USA 
than any other disease. 

Ischemic heart disease is a general term 
which includes all myocardial disorders result
ing from insufficient blood flow relative to re
quirement. Arteriosclerotic stenosis (primarily 
atherosclerosis) of the coronary arteries has been 
considered to be the underlying causative factor 
for this insufficiency in as many as 99% of the 
cases with thrombosis of the coronary arteries 
alone; emboli; arterites such as syphilitic, 

This work was supported in part by the Irving E. Meller Re
search Fund. 

N. Sperelakil (ed.), PHYSIOLOGY AND PATHOPHYSIOLOGY Of THE HEART. 
All right! reserved. Copyright © 1984 
MartinuJ Nljhoff Publishing. Boston/The Hague! 
DordrethllLancaJler. 

rheumatic, temporal or polyarteritis; congeni
tal anomalies of the coronary vessels; or spasm 
with "normal coronary arteries" all accounting 
for a very small percentage of pathogenetic fac
tors in ischemic heart disease. Progress in our 
understanding of the pathogenesis of athero
sclerosis has been inhibited in part because of 
its insidious onset and its usually protracted 
period of asymptomatic development. Unfor
tunately, "asymptomatic" coronary atheroscle
rosis is still, in the majority of cases, detected 
only when death occurs from other causes or 
when coronary vessels are visualized by angiog
raphy. Indeed, it was not until studies of 
American males who died in the Korean war 
that the higher prevalence of this disease 
within the second decade of life was docu
mented. Since then, considerable effort has 
been directed toward increasing our under
standing of the pathogenesis of atherosclero
sis-a task whose successful completion is es
sential in order to prolong man's active life 
span. 

In this chapter it is our intention to review 
current concepts concerning the major theories 
of the pathogenesis of atherosclerosis and recent 
advances based on these theories. In advance of 
this discussion, a brief review of the major 
pathologic changes in the coronary vessels in 
atherosclerosis is presented. 

Normal Coronary Arterial Wall 
The coronary artery wall, like that of all mus
cular arteries, consists of three distinct layers or 
tunicae: intima, media, and adventitia. 

687 
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INTIMA 

This, the innermost layer, is bounded on its 
luminal side by a usually single, continuous, 
interdigitated layer of endothelial cells which 
are attached to one another by a series of junc
tional complexes of varying types depending on 
location and vessel caliber. These cells are ar
ranged to permit marginal overlap which pro
vides for a degree of cellular reserve, and hence 
maintenance of continuity, when the vessel is 
subjected to excessive dilatation or other me
chanical stresses associated with normal pulsa
tile flow. The endothelial junctions inhibit the 
intercellular passage of macromolecules as evi
denced by the nonpenetration of horseradish 
peroxidase. Small macromolecules of the size of 
the low-density lipoproteins may be trans
ported across the endothelium in vesicular 
chains [4}; disruption of this transport system 
is considered by some to contribute to the ac
cumulation of these lipids within the arterial 
wall. 

The intima is limited on its external side by 
the internal elastic lamina-a perforated, cir
cular sheet of elastic tissue. The internal elastic 
membrane in the fetus is essentially a continu
ous tube of elastic tissue with localized split
ting occurring only a few days after birth prior 
to the more-advanced development of the me
dia [5}. The 2- to 7-micra fenestrations in the 
internal elastic lamina appear to restrict the 
migration of cells from the media to the sub
endothelial space to only limited passage. This 
is supported by numerous studies which have 
confirmed the morphologic association between 
the intimal fibromuscular hyperplasia charac
teristic of atherosclerosis and disruption of the 
internal elastic lamina. 

Between the endothelium and internal elas
tic lamina are found a variety of loose connec
tive tissue components including an often ill
defined connective tissue meshwork, the basal 
lamina. The endothelium is tenuously attached 
to this lamina by half-desmosomes. In the fetus 
and newborn, the endothelium is closely ap
posed to the internal elastic lamina; however, 
shortly after birth, the subendothelial space be
comes widened by the influx of cells and con
nective tissue such that, in the main coronary 
arteries of the adult, the intima represents ap-

proximately one-sixth of the total wall thick
ness. In general, only an occasional smooth 
muscle cell can be found between the two lim
iting layers of the intima. With increasing age, 
however, and at sites of intimal cushions (usu
ally found at branch points), the number of in
timal smooth muscle cells increases. 

The intima, particularly the endothelium, is 
unique in the wide variety of functions it per
forms which are designed to maintain the in
tegrity of the vascular system and hence the tis
sues supplied. The role of the endothelium as a 
nonthrombogenic surface has been considered 
by some to be related to the secretion of the 
thin layer of complex carbohydrate which is 
found on the luminal surface of the endothelial 
lining. This glycocalyx has a particular affinity 
for ruthenium red staining, and has been 
shown to be thinner in areas of the arterial tree 
prone to atherosclerosis [6}. In recent years it 
has been accepted that the nonthrombogenicity 
of the endothelial surface is due, at least in 
part, to the secretion by the endothelium of 
prostacyclin (PGIz), a potent inhibitor of plate
let aggregation, and by secretion of antifactor 
VIII for interference with instrinsic coagula
tion. Other functions of the endothelium in
clude: the mediation of thrombolysis, its regen
erative and proliferative role in response to vas
cular injury, controlled exchange of fluids and 
metabolic substances of various molecular sizes 
between blood and surrounding tissues includ
ing the metabolism of lipoproteins and chy
lomicrons through the action of lipoprotein li
pase, and the formation of a relative barrier to 
blood cells and particulate matter [7, 8}. 

MEDIA 

The media consists primarily of smooth muscle 
cells arranged in multiple concentric spiral la
mellar units. 1 The collagen and elastic fibers (as 
well as glycosaminoglycans) which surround 
the smooth muscle cells are presumably elabo
rated by the smooth muscle cells themselves 
[9-11}. The smooth muscle cell is considered 
to be a multi potential cell whose capabilitites 
of migration, proliferation, and synthesis are 
manifest in the intimal thickening of athero
sclerosis (see the section on Pathologic 
changes. . .). On the external, abluminal as-
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pect of the media is the less continuous, and 
not always present, external elastic lamina. The 
presence of elastic tissue is essential for the me
chanical adaptation of the arterial wall in re
sponse to increased wall tension which occurs 
with systole and for elastic recoil in diastole to 

permit proper distal propulsion of blood and 
gradual dampening of the pulsatile aspects of 
flow toward the smaller vessels. 

ADVENTITIA 

This, the outermost layer of the coronary ves
sels, consists of loose connective tissue com
posed of bundles of collagen and elastic fibers 
with a mixture of loosely arranged smooth 
muscle cells and fibroblasts. The latter repre
sents the predominant cell type in this layer. 
Vaso vasora are found in this layer extending, 
according to Wolinsky and Glagov, as far lu
minally as the approximately 29th lamellar 
unit of the media [12}. The area of supply of 
these vessels extends further inward such that 
only the innermost layers of the media are sup
plied exclusively from the lumen. The presence 
and significance of perivascular nerves and their 
terminals, often found in the outer media and 
adventitia of coronary vessels, and even abut
ting on pericytes at the capillary level, are dis
cussed in chapter 32. 

Pathologic Changes in the Arterial Wall 
in Atherosclerosis 
Atherosclerosis is the form of arteriosclerosis 
which involves generally the larger arteries and 
which also forms the pathogenetic basis under
lying most circumstances of ischemic coronary 
artery disease. From the standpoint of patho
logic anatomy, atherosclerosis is primarily a 
disease of the arterial intima, although second
ary changes can also be found at times in the 
media. Atherosclerotic lesions generally are 
classified into three types: fatty streaks, fibrous 
plaques, and complicated lesions. (For reviews, 
see references 5, 6, and 13-19). 

FATTY STREAKS 
The fatty streak is considered to be the earliest 
of these three lesion types and can generally be 
found in all persons by age ten. Fatty streaks 

increase in frequency up to the third decade 
and in absolute surface area involved during all 
decades (17). This is a nonobstructive lesion 
characterized by focal accumulation within the 
intima of relatively small numbers of smooth 
muscle cells, macrophages, and foam cells. 

The degree of luminal protrusion of fatty 
streaks ranges from slightly raised to not at all. 
The yellow color seen upon gross inspection of 
these lesions is associated with the lipid depo
sition found within these intimal cells as well 
as extracellularly. Fatty streaks are distributed 
throughout the ate rial tree, but display a pre
dilection for arterial curvatures and branch ori
fices [20}. 

Of interest, macrophages found here have 
been shown to have the ability, among a vari
ety of other functions, to secrete collagenase 
and elastase [21}, which is of particular signif
icance in view of the fact that rupture of the 
internal elastic lamina is considered to repre
sent one of the first steps in atherogenesis [22}. 

It remains a matter of controversy as to 

whether the foam cells, which increase in num
ber with increased lipid deposition, have their 
origin from smooth muscle cells or from mac
rophages. This question has arisen because of 
the fact that foam cells exhibit phagocytic 
properties and often show ultrastructural fea
tures resembling leukocytes, particularly mon
ocytes, and have the ability to produce acid hy
drolases and catalases. On the other hand, it 
has been shown that smooth muscle in tissue 
culture can be transformed into foam cells fol
lowing lipid imbibition. A recent study by 
Fowler et al. has shown that, in all likelihood, 
these cells have their origin both from mono
cytes and from smooth muscle cells with a 
greater proportion being derived from the lat
ter [23}. 

FIBROUS PLAQUES 

Fibrous plaques are generally considered to be 
the characteristic lesion of well-developed ath
erosclerosis. Lesions in the coronary vessels oc
cur generally later than in the aorta and occur 
earlier, and are more pronounced, in male cor
onaries as a rule than in those of women. Mac
roscopically, fibrous plaques are white in ap
pearance and routinely protrude to varying de-
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grees into the vascular lumen accounting for 
their often being referred to as "raised lesions". 
The principal component of the fibrous plaque 
is the substantial accumulation of intimal 
smooth muscle cells with a highly variable de
gree of intra- as well as extracellular lipid (see 
Lipids and atherogenesis). The smooth muscle 
cells are also intertwined with variable amounts 
of collagen, elastic fibers, and glycosaminogly
cans such that the contribution of the smooth 
muscle cell to intimal thickening is not only 
by virtue of its multiplication and migration, 
but also because of the products it synthesizes. 
It has been suggested that the glycosaminogly
cans, possibly in combination with these other 
connective tissue components, participate in 
the accumulation of extracellular lipids within 
the plaque and within the media (24}. 

The accumulated smooth muscle cells, mac
rophages, foam cells, and intercellular sub
stances within the intima take the form of a 
dome-shaped fibrous cap covering a deeper cen
tral core of necrotic cellular debris mixed with 
extracellular lipid deposition. The distribution 
of fibrous plaques, as a rule, is not as ubiqui
tous as the fatty streak, being localized, to a 
much greater extent, to areas of the arterial tree 
considered to be subjected to increased wall 
shear such as ostia and curvatures. Thus, al
though in many cases, the fatty streak and the 
fibrous plaque occupy the same anatomic posi
tion in the coronary arteries, with the former 
occurring generally earlier, this is not always 
the case, and the suggestion that the fatty 
streak represents the unequivocal precursor to 
the fibrous plaque remains unconfirmed. It has 
been shown that fibrous plaques occur with 
greatest frequency in the main coronary vessels 
just distal to the coronary sinuses (25}. In the 
latter study it was also shown that 39 of 41 
patients (up to the age of 40, who died of non
cardiovascular-related causes) had evidence of 
fatty streaks or fibrous plaques with involve
ment of 5%-10% of the surface area of the cor
onary intima. The great majority of these le
sions was found to be localized to the cardiac 
half of the vessel circumference rather than the 
epicardial half. Atherosclerotic lesions may be 
found throughout the extramural portions of 
the coronary vessels, but the intramural por
tions of these vessels are usually spared (26}. 

COMPLICATED LESIONS 

Complicated lesions are fibrous plaques which 
have been altered by increased cellular necrosis, 
calcification, desquamation of the overlying 
edothelial surface and thrombus formation, or 
hemorrhage. 

The origin of intimal calcium deposition, in 
addition to the possibility of its being attracted 
to the injured intima from the lumen, is also 
considered to be derived from precipitation of 
this ion during injury and necrosis of intimal 
smooth muscle cells. Another possible source is 
from deterioration of attached platelets which 
have internal calcium-transport systems very 
similar to those of smooth muscle cells (22}. 

The complicated lesion can result in a com
promise of coronary perfusion as a result of par
tial or total arterial occlusion due to the 
marked luminal protrusion of the lesion itself 
or because of the superimposed thrombus for
mation which may also result in occlusion of 
smaller coronary vessels distally following 
platelet shower or embolization. Progression of 
central necrosis within the plaque and accu
mulation of its "gruel" is often associated with 
weakening of the arterial wall which may result 
in dissection within the wall, aneurysm, hem
orrhage, or embolization of fragments of the 
plaque or adjacent areas of the arterial wall. 

Endothelium and Atherogenesis 

ENDOTHELIAL REGENERATION 

The life span of "normal" endothelial cells, as 
determined from studies of DNA synthesis, has 
been shown to vary between 100 and 180 days 
in most areas of the vascular tree with the cel
lular turnover at vascular curvatures or branch 
orifices ranging between 60 and 120 days (27). 
By contrast, Spaet and Gaynor reported that 
endothelial cells are replaced only a few times 
during life (28}. However, these authors are in 
agreement that the rate of endothelial turnover 
is greatest at branch orifices. 

The regenerative capacity of vascular endo
thelium has been the subject of extensive inves
tigation. Early studies of endothelial injury by 
Poole et al. (1958) suggested that repair by re
generation was dependent upon endothelial in
growth from the periphery of the lesion (29}. 
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It has also been proposed that blood leukocytes 
might be the source of regenerating endothe
lium [30}. A third suggestion, based on stud
ies of regeneration following balloon-catheter 
injury, considered the formation of new endo
thelium to be from intimal migration and re
differentiation of underlying smooth muscle 
cells [31}. In a later correlative light, scanning, 
and transmission electron-microscopic study by 
Fishman et al. [32}, in which endothelial denu
dation was induced by brief drying with a gen
tle stream of air to avoid simultaneous damage 
to the media, endothelial regeneration was 
shown from the periphery of the denuded re
gion. However, a simultaneous origin of new 
endothelium from blood monocytes could not 
be excluded. Moreover, their finding of marked 
intimal thickening, particularly in that area 
not yet completely covered by regenerating en
dothelium and without lipid deposition, and in 
the rat carotid artery which is generally not 
considered to be prone to spontaneous athero
sclerosis, indicates that an origin from under
lying smooth muscle cells remains a third pos
sibility. 

ENDOTHELIAL IN)UR Y 

It is now widely accepted that atherosclerosis 
develops at the site of prior damage to the en
dothelial lining. Such damage may expose sub
endothelial tissues to formed and fluid elements 
of the blood and thus facilitate the initiation of 
atherogenesis. A variety of factors have been 
implicated as being capable of directly causing, 
or contributing to, endothelial cell injury. 
These include severe changes in pH, tempera
ture and osmolality [16}; ischemia [33, 34}; 
hypoxia [35}; ligation [36}; experimental hy
pertension [37}; carbon monoxide poisoning 
[38}; injections of bradykinin, serotonin, epi
nephrine, angiotensin I and II, acetoacetic acid 
(a diabetes metabolite), and nicotine [39}; as 
well as a variety of mechanical manipulations 
including occlusion with microsurgical clips 
[40}; balloon catheterization and even brushing 
with a soft camel brush [16}. Other mediators 
of endothelial injury include homocystinemia 
[41}, endotoxin [42}, antigen-antibody com
plexes [43}, hyperlipidemia [44}, formed ele
ments of the blood including leukocytes [45} 
and platelets [46}, endothelial com pression as-

sociated with arterial spasm [47}, and hemo
dynamic forces associated with partial constric
tion [48}. 

In general, endothelium responds in a lim
ited number of ways to this wide variety of in
jurious stimuli. This response, as determined 
from a variety of light, scanning,2 and trans
mission electron-microscopic studies, has been 
shown to range, depending on the intensity 
and duration of the noxious stimulus, from dis
ruption of the plasma membrane, focal necro
sis, cellular fragmentation, and desquamation 
to the "nondenuding" structural alterations in 
individual or contiguous endothelial cells. 
These alterations include intracytoplasmic vac
uoles of various types, membrane-bound pseu
dopodia from adjacent endothelial cells or un
derlying smooth muscle cells, endothelial blebs 
of variable size which protrude into the vascu
lar lumen, and disruption of interendothelial 
junctions [16, 34, 36, 47}. 

Participation of the endothelium in the ath
erogenic process includes its influence on the 
thickness of the intimal lesion, its control of 
lipid transport to the site of plaque formation, 
and the degree to which its absence permits 
platelet attachment and release. Intimal thick
ening has been shown to be greatest in areas 
which have not been reendothelialized; whereas 
endothelial regrowth seems to enhance regres
sion [49}' By virtue of the vesicular transport 
system (molecules up to 100 nM in width) 
which accounts for the majority of the trans
mural lipid transport, the lipid concentration 
in the arterial wall has been shown, e.g., in the 
thoracic aorta, to be down to as little as one
thirtieth of that found in the blood [50}. Al
teration of this transport system by endothelial 
injury, or disruption of the endothelial lining, 
may subject the subendothelial tissues to a 
much higher concentration of lipid which may 
be stimulatory to smooth muscle proliferation. 
Of interest, Stemerman [l6} has shown lipid 
accumulation to be limited almost exclusively 
to the area beneath regenerating endothelium. 
Thus, this complex interrelationship between 
endothelium and lipid accumulation is far from 
completely understood. Regardless of the 
method of injury, damage to the endothelial 
lining, in addition to the above, results in the 
attachment of platelets to exposed subendothe-
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lial tissues. These platelets are considered to be 
capable of stimulating smooth muscle prolifer
ation by release of mitogenic factor(s) during 
the platelet release reaction {l3, 14]. (For fur
ther details, see Response to injury theory.) 

Theories of Atherogenesis: Introduction 
Scarpa (1804) and Lobstein (1833) [51] are 
credited with providing the first pathologic de
scriptions of arteriosclerosis and its association 
to ischemic heart disease. Since that time, nu
merous theories of the etiology and pathogene
sis of atherosclerosis have been presented. Each 
of these theories attempts to identify the mech
anism(s) responsible for one or all of the patho
logic alterations which characterize atheroscle
rosis, namely, smooth muscle cell proliferation, 
connective tissue formation, and variable de
grees of lipid deposition. It is the purpose of 
this section to present the major theories which 
have been entertained and which have not been 
excluded by scientific investigation. It should 
be emphasized that the question of which of 
the presented mechanisms represents the most 
likely remains unanswered. Moreover, the 
available evidence indicates that atherogenesis 
may be initiated by a wide variety of pathoge
netic factors singly or in combination. 

Since current concepts concerning the path
ogenesis of atherosclerosis continue to be influ
enced by the two major theories advanced in 
the middle of the last century-the thrombo
genic theory and the insudation theory-a brief 
review of these theories will be presented first. 

THROMBOGENIC OR ENCRUSTATION THEORY 
This, the oldest theory, was first initiated by 
Von Rokitansky [52] and later revised by Du
guid [53, 54]. This theory suggests that ath
erogenesis is preceded by deposition of thrombi 
(platelets, fibrin, and leukocytes) on the inti
mal surface which are later incorporated into 
the arterial wall by overgrowth of endothelium. 
The lipid content of the atherosclerotic plaque 
was considered to be derived from breakdown 
products of the platelets and leukocytes which 
form these thrombi. At this early stage, the 
importance of intimal smooth muscle cell pro
liferation had not been recognized. 

INSUDATION-INFLAMMATION THEORY 
This theory, advanced by Virchow [55, 56}, 
holds that atherosclerosis is initiated by local 
(mechanical) intimal injury which is followed 
by the increased passage (imbibition or insu
dation) and accumulation of blood constituents 
(fluid and cellular) from the arterial lumen into 
the intima. Virchow suggested that this insu
dation results in an inflammatory process with 
edema, "fatty degeneration" of the intimal 
cells, and connective tissue proliferation in re
action to the degenerative "mucoid pool". It 
was not intended by Virchow to imply that the 
inflammation was initiated by lipid insuda
tion-as many investigators often misinter
preted-rather that the intimal injury occurred 
first thus predisposing the arterial wall to in
creased permeability followed by a secondary 
inflammatory process. 

At this stage, the insudation theory did not 
define the precise form in which lipid is trans
ported to the atheroma. Anitschkow [57, 58] 
showed that the addition of cholesterol to the 
diet of rabbits resulted in hypercholesterolemia 
followed by "lipid-filled lesions" in the aorta. 
He thus modified the theory of Virchow by 
suggesting that hypercholesterolemia is the in
citing cause of atherosclerosis on the basis of 
his finding cholesterol and its esters as compo
nents of the atherosclerotic plaque. This modi
fication thus holds that the increased blood li
poproteins have the tendency to settle in the 
intima and initiate the resulting changes typi
cal of atherosclerosis. Other factors such as me
chanical or pharmacologic were considered to 
be of secondary importance. Because of these 
observations, it was the general consensus for 
years that conquering the problem of athero
sclerosis was dependent solely upon clarifying 
and reversing the biochemical alterations of 
plasma lipids. 

Lipids and Atherosclerosis 
The source, nature, and fate of the lipids which 
accumulate in atherosclerotic lesions have been 
the subject of considerable investigation. It has 
been suggested variously that the extracellular 
lipids are themselves capable of contributing to 
the initiation of the atherogenic process, or, al-
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ternatively, that these lipids represent by-prod
ucts of this process. It has generally been ac
cepted that most lipids which are found in the 
vascular wall arrive there by crossing the en
dothelial "barrier" in the form of lipoproteins, 
although there is some evidence for a smooth 
muscle cell origin for some of the arterial lipids. 

The lipoproteins have the general structure of a "pseu
domicelle" being composed of an outer surface coat of 
peptides (apoproteins) and polar lipids (unesterified cho
lesterol, phospholipids, etc) and an inner core of non-po
lar lipids (cholesterol ester, triglycerides) [59}. Five major 
types of plasma lipoproteins have been identified which 
are classified based on ultracentrifugation fractions or elec
trophoretic mobility: 1. chylomicrons 2. very low density 
lipoproteins (VLDL) (pre-B-lipoproteins) 3. intermediate 
density lipoproteins (lDL). 4. low density lipoproteins 
(LDL) (B-lipoproteins). 5. high density lipoproteins 
(HDL) (a-lipoproteins). These lipoproteins are heteroge
neous with regard to their lipid content such that each of 
the major plasma lipids, cholesterol, tryglycerides, and 
phospholipids, is present in the different lipoprotein 
groups, but their proportions vary such that in chylomi
crons and VLDL, the major lipid is triglyceride with the 
concentration of triglycerides in VLDL being lower. In 
LDL, cholesterol is the lipid of highest concentration 
while in HDL, the protein fraction predominates with 
phospholipids being the next in concentration in this 
group. The principle functions of plasma lipoproteins are 
to transport synthesized and absorbed cholesterol and tri
gyJcerides to sites of utilization and a storage [59-62}. 

It is generally accepted that the major com
ponent of the lipids in atheromatous lesions is 
derived from circulating cholesterol in the form 
of LDL. Triglycerides and phospholipids, 
which also enter the arterial wall as compo
nents of LDL or VLDL, and which are also 
actively synthesized and metabolized by the 
arterial wall, represent a relatively minor 
component of the lipid composition of most 
atheromatous lesions [63}. Nonetheless, a num
ber of studies have shown a significant corre
lation between hypertriglyceridemia and cor
onary heart disease [64}, and indeed apoprotein 
characteristics of very low density lipoproteins 
(VLDL) have been found in human atheroscle
rotic lesions [65, 66}. 

Since the observation of the presence of cho
lesterol (free and esterified) in arterial lesions 
[57, 58, 64}, hypercholesterolemia has been 

known to be an important risk factor for the 
development of atherosclerosis. It is known 
that in persons with familial hypercholestero
lemia, cholesterol accumulates more rapidly in 
the arterial wall, and clinical manifestations of 
cardiovascular pathology appear earlier in life 
[67, 68}. A variety of epidemiologic studies 
have provided evidence for a high degree of 
correlation between dietary-induced hypercho
lesterolemia and increased prevalence of coro
nary disease [69}' Moreover, experimental 
studies involving high-cholesterol diets have 
repeatedly shown accumulation of cholesterol 
in large arteries associated with the other 
pathologic characteristics of more-advanced 
atherosclerosis [70}. Evidence for the accumu
lation of LDL, the principal carrier of endoge
nous cholesterol, in arterial lesions is provided 
by the finding of its apoprotein (Apo-B) in 
these lesions [71, 72}. 

In order to understand current hypotheses 
concerning the role of lipids (particularly LDL) 
in the genesis of the atherosclerotic plaque, a 
brief review of recent concepts of LDL-cell in
teraction is in order [73}: (a) Cells bind LDL to 
specialized, high-affinity, membrane-bound re
ceptors. (b) LDL is internalized, probably by 
endocytosis, and fuses with primary lysosomes. 
(c) LDL is broken down into protein and cho
lesterol ester. (d) Protein is broken down into 
free amino acids which leave the cell. (e) Cho
lesterol ester is hydrolyzed into free cholesterol 
which is released from the lysosome into the 
cell. (e) The cholesterol then suppresses endog
enous cholesterol synthesis, stimulates esterifi
cation as "stored" cholesterol, and suppresses 
synthesis of new LDL receptors reducing LDL
cell interaction. 

As indicated by Steinberg [73} it has been 
suggested that patients with familial hypercho
lesterolemia (phenotype II-a) have a deficiency 
in LDL receptors, which presumably accounts 
for the markedly elevated LDL levels in these 
patients. The relationship between such a re
ceptor deficiency and the accelerated atheroge
nesis which occurs in these patients is unclear. 
Interestingly, Ross and Harker [44} suggested 
that chronic hyperlipidemia may initiate ath
erogenesis by itself inducing endothelial cell 
damage. 
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The possibility that chylomicrons (contain
ing exogenous cholesterol and triglycerides) 
might be atherogenic has been discussed by 
Zilversmit, who hypothesized that the interac
tion of triglyceride-rich lipoprotein with arte
rial lipoprotein lipase constitutes an athero
genic process [72}. According to this hypoth
esis, chylomicrons may bind to subendothelial 
tissues exposed following endothelial cell loss. 
Triglycerides would then be hydrolyzed by li
poprotein lipase followed by internalization of 
cholesterol-rich chylomicron remnants by arte
rial smooth muscle cells. 

A negative correlation has been reported be
tween plasma high-density lipoproteins (HDL) 
and coronary heart disease. It has been sug
gested that HDL may exert an antiatherogenic 
effect by way of reverse cholesterol transport 
out of cells and toward the liver for catabolism 
and excretion (74}, and that interference with 
HDL molecules may be a common cause of pre
mature atherosclerosis [59, 7 4}. 

In summary, the most widely entertained 
theories concerning factors responsible for lipid 
accumulation in large vessel walls include: (a) 
Defect in membrane LOL receptor function (b) 
Altered transcellular (endocytotic) transport of 
lipoproteins. (c) Impaired lysosomal degrada
tion of lipoproteins (d) Altered endothelial 
permeability [62}. Although accumulation of 
lipid is an undisputed, major component of the 
atherosclerotic plaque, and indeed the lipid-in
sudation hypothesis has virtually dominated 
atherosclerotic research for most of this cen
tury, a number of serious questions have arisen. 
These include inconsistencies in ability to dem
onstrate the known complications of human 
atherosclerosis including plaque ulceration and 
thrombosis in dietary-induced lesions; wide 
variations in histopathologic characteristics be
tween dietary and "spontaneous" lesions found 
in man; and the fact that lipid accumulation 
may be detected in a variety of species includ
ing man even without elevated levels of serum 
lipids [75}. In addition, although there have 
been suggestions of a causative relationship be
tween lipid insudation and smooth muscle cell 
proliferation, this theory has not adequately ex
plained this cellular proliferation which forms 
a major, if not the principal, component of the 
atherosclerotic plaque. 

Degeneration and Clonal 
S enescence Theories 
The degeneration theory is considered to have 
been advanced initially by Thoma in 1833 
[76}, who suggested that the components of 
the atherosclerotic plaque have their origin as 
products of fatty and hyaline degeneration of 
connective tissue components of the arterial 
wall. Evidence of degenerative processes in the 
arterial wall exists particularly in the late stages 
of plaque development [77, 78}, and, indeed, 
aging is an undisputed risk factor. On the 
other hand, it is known that atherosclerotic le
sions occur in the young and in the absence of 
other signs of tissue degeneration. 

A related hypothesis is that often referred to 
as the clonal senescence theory. Martin and Spra
gue [79} suggested that atherogenesis is a func
tion of declining stem cell activity. According 
to this theory, the intimal smooth muscle cell 
proliferation is normally controlled by recipro
cal feedback by way of "chalones" which are 
considered to be endocrine substances which 
inhibit mitosis and which possibly are secreted 
by smooth muscle cells themselves [78}. With 
age, these smooth muscle cells are not ade
quately replaced, which results in a failure of 
this inhibitory control system, thus permitting 
"uncontrolled" smooth muscle cell prolifera
tion. 

Monoclonal Theory 
Benditt and Benditt [80} suggested that indi
vidual atherosclerotic lesions are clones from 
single smooth muscle cells which serve as pro
genitors for all subsequent cells. This was 
based on their observations that most individ
ual atherosclerotic lesions from subjects with 
glucose-6-phosphate dehydrogenase defficiency 
(G-6-PO) contained either one or the other of 
the two isoenzymes of G-6-PD, whereas most 
tissues from control subjects contained both 
isoenzymes. According to this theory, each ath
erosclerotic lesion represents a benign neoplasm 
derived from a cell that has been subjected to 
mutation by noxious agents such as chemical or 
viral [8I}. 

Although support for this theory is not 
widespread, it has yet to be disproven. Argu
ments against this theory of smooth muscle cell 



33. THE PATHOGENESIS OF CORONARY ATHEROSCLEROSIS 695 

proliferation include the observation that the 
finding of a single enzyme phenotype consis
tently throughout a lesion does not necessarily 
imply a clonal origin since a single lesion could 
arise from more than one cell that contained 
the same isoenzyme {82}. 

Immune Mechanisms in the Initiation 
of Atherogenesis 
The implication of immune mechanisms in 
atherogenesis is based primarily on their ability 
to induce arterial damage-particularly to the 
endothelium {43). Endothelium is known to 
possess a number of antigens including ABO 
antigens, factor-VIII antigen, a-2-macroglob
ulin antigen, and thromboplastin antigen {16). 
This wide variety of antigens on the endothelial 
surface has been suggested to account at least 
in part for the susceptibility of the endothe
lium to such injury {16}. Evidence of arterial 
damage associated with immune mechanisms is 
derived from studies of graft rejection such as 
human kidney transplant and chronic failure of 
heart transplants {43, 83) where intimal cellu
lar proliferation and lipid deposition may be 
found in arteries of almost any size. Regarding 
circulating autoantibodies, some evidence for 
the existence of antigens specific to the arterial 
intima does exist. Indeed, in rheumatic fever, 
in addition to the widely recognized histopath
ologic changes associated with calcification of 
the aortic and atrioventricular valve leaflets, 
changes common to arteriosclerosis are also 
seen with the rheumatic arteritis of the coro
nary vessels themselves. The delayed hypersen
sitivity reaction has also been implicated in the 
initiation of arterial wall damage because of 
evidence of infiltration of small lymphocytes as 
well as fibrinoid necrosis and because of its as
sociation with induction of hypertension and 
its subsequent sequelae {84). Circulating anti
gen-antibody complexes have also been impli
cated in atherogenesis because of their known 
effect in induction of tissue injury. In immune 
complex diseases, arteritis is an established 
component {85), and, in serum sickness, le
sions resembling atherosclerosis have been 
found in coronary arteries and at aortic branch 
points {86}. It is suggested that the similarity 
of the distribution of immune-complex-in-

duced disease to the "spontaneous" lesions is 
related to the fact that similar hemodynamic 
and permeability mechanisms are responsible 
for deposition of immune complexes as are li
poproteins {43). The arterial damage by im
mune complexes may also be due to activation 
of complement and attraction of polymorphs 
which result in fibrinoid necrosis of the arterial 
wall. Although this marked infiltration of 
polymorphs is generally considered to be atyp
ical of atheroma, studies by Minick et al. {87) 
and Howard et al. {88) have shown that ath
erosclerotic lesions, induced by synergy of im
mune complex diseases and lipid feeding, dis
play both the proliferative and the lipid 
deposition aspects of histologically demonstra
ble human lesions. It has also been suggested 
that immune complexes may further contribute 
to atherogenesis by way of the thrombogenic 
mechanism-by combination with, and activa
tion of, platelets and initiation of the platelet 
release reaction {89). 

Although the role of immune complexes in 
the initiation of atherogenesis is well estab
lished in experimental animals, their role in 
human disease requires additional testing. In
terestingly, however, it has been shown, on the 
basis of studies of patients with monoclonal 
gammaglobulinopathy, that hyperlipidemia can 
be induced by an autoimmune response-for 
example, by way of antiheparin autoantibodies 
capable of inhibition of lipoprotein lipase re
sulting in marked hyperlipidemia {90}. To 
what extent autoimmune hyperlipidemia exists 
as a significant contribution to human athero
genesis is not certain. However, this empha
sizes our serious lack of information concerning 
the role of immune systems in the pathogenesis 
of atherosclerosis. 

Role of Platelets in Atherogenesis and the 
Response-to-Injury Theory 
This theory, as advocated most recently by 
Ross and colleagues {13-15), represents a syn
thesis of ideas from a number of other theories 
and is predicated upon the presupposition that 
atherogenesis is preceded by damage to the en
dothelial lining. Indeed, prior damage to the 
arterial intima is a presupposition for both the 
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lipid imbibition theory of Virchow and the throm
bosis encrustation theory of Rokitansky. 

According to this theory, injury to the en
dothelial lining, whether continual or repeti
tive, might be so subtle as to result in altera
tion of the permeability characteristics of the 
endothelial lining without obvious morpho
logic changes or severe enough to result in ex
tensive endothelial damage in the form of cel
lular fragmentation or desquamation. This 
results in exposure of the arterial wall to in
creased concentrations of plasma constituents, 
including various lipoprotein fractions, and re
sults in the adherence of platelets to exposed 
subendothelial connective tissue. The discharge 
of products of the platelet release reaction is 
associated with further platelet aggregation and 
thrombus formation. According to Ross et al., 
one component ot the platelet aggregation re
lease reaction is the release of a mitogenic fac
tor (shown to be a low-molecular-weight 
[10,000-30,000} cationic protein) which stim
ulates smooth muscle cell proliferation. In spite 
of some contradictory evidence suggesting the 
lack of requirement for platelets for this prolif
erative process [91}, there is evidence that, in 
the absence of this platelet-derived growth fac
tor, plasma will not support smooth muscle 
proliferation. Thus, this interaction between 
plasma components and/or platelet constituents 
and arterial smooth muscle results in prolifera
tion and focal migration from the media into 
the intima through normal or pathologic fenes
trations in the internal elastic lamina as well as 
further proliferation of smooth muscle cells al
ready present in the intima. This proliferation, 
accompanied by increased formation of connec
tive matrix by smooth muscle cells as well, 
constitutes intimal fibromuscular hyperplasia 
pathognomonic of arteriosclerosis. 

Support for the proliferative role of discharge 
products of the platelet release reaction with re
spect to smooth muscle cells is also derived 
from studies by Moore et al. [92} in which rab
bits were made thrombocytopenic with antiplate
let antibodies. Following endothelial damage, 
such animals showed a virtual absence of 
smooth muscle cell proliferation with conse
quent inhibition of atherosclerotic lesions and 
fibrous plaques. Studies of swine which were 

homozygous for Von Willebrand disease, in 
which platelet adhesion to the subendothelium 
is impaired, have shown the absence of athero
sclerotic lesions in spite of dietary-induced hy
percholesterolemia [93 l The hypercholestero
lemic, non-Von-Willebrand swine showed 
extreme atherosclerosis. On the other hand, a 
more recent study on the susceptibility to ath
erosclerosis of coronary arteries of swine with 
Von Willebrand disease following balloon cath
eter injury and administration of an athero
genic diet did not appear to show any apprecia
ble differences between affected and nonaffected 
animals [94}. It has been suggested, on the ba
sis of studies using endothelial cell-conditioned 
medium, that the endothelium itself might ex
ert a proliferative influence with respect to the 
smooth muscle cells [95, 96}. It has also been 
suggested that the macrophage might be a 
source of mitogen for fibroblast proliferation in 
wound healing [97J, which raises the question 
of whether these cells could have a similar ef
fect on smooth muscle. 

Recent evidence indicates that platelets also 
release thromboxane A2, one of the many pros
taglandin derivatives of arachidonic acid. 
Thromboxane A2 is a potent vasoconstrictor 
and stimulant of platelet aggregation. It should 
be mentioned, however, that the precursor of 
thromboxane A2 can also be converted, in the 
endothelial cells, to another derivative, prosta
cyclin (PGI2), which favors vasodilation and in
hibits platelet aggregation presumably by in
creasing platelet cyclic AMP [73, 98, 99}. 
This further emphasizes the importance of in
tact endothelium for the structural and func
tional integrity of the vascular wall. In spite of 
considerable evidence in support of a prolifera
tive role of discharge products of platelet re
lease reaction in atherogenesis, evidence to date 
for a protective effect in experimental athero
genesis of antiplatelet-aggregating agents in 
general, and agents which prevent primary 
adhesion in particular, is only somewhat en
couraging with considerable conflicting evi
dence [100, lOll 

In accordance with the reaction-to-injury hy
pothesis, another possible explanation for the 
more severe and widespread atherogenesis in 
animals fed a hyperlipidemic diet may be found 
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in the reported effect of hypercholesterolemia 
on platelet aggregation. Carvalho et al. {102} 
reported a 25-fold increase in platelet aggrega
tion to epinephrine in patients with type-II hy
perli poproteinemia. In another study, a signif
icant increase in ADP-induced platelet aggre
gation following oral administration of choles
terol was reported {103}. Moreover, a signifi
cant decrease in collagen- and thrombin-in
duced platelet aggregation was found in human 
subjects fed a low-fat, low-cholesterol diet 
{104}. Accumulation of lipid at sites of endo
thelial injury in animals fed a high-cholesterol 
diet is well known. On the other hand, Moore 
and colleagues {92, 105} found a variety of ath
erosclerotic lesions following repeated catheter 
injury in normolipemic animals. These lesions 
included fatty streaks, edematous plaques, fi
brous (lipid-free) plaques, and raised lesions 
with intra- as well as extracellular lipid depo
sition covered partially or totally with throm
bus formation. Cholesterol clefts were also seen 
in such lesions as early as two weeks. Thus, 
evidence exists that lipid accumulation in ath
erosclerotic lesions is not dependent upon hy
percholesterolemia; it may occur in animals fed 
normal diets provided that this be associated 
with repeated insult to the endothelial lining 
{92}. An added interrelationship is that a num
ber of studies have provided evidence that the 
hyperlipoproteinemia itself may damage endo
thelial cells {44, 73, 92, 102}. 

It has been shown that smooth muscle cell 
proliferation in rats occurs only in those areas 
which require more than seven days for endo
thelial regeneration {47}. Thus, the possibility 
of the existence of a "critical lesion size" has 
been suggested in which a critical amount of 
endothelium must be desquamated before 
smooth muscle proliferation can be initiated. 
This is supported by studies suggesting that 
small areas of denudation up to approximately 
20 cells in width do not result in smooth mus
cle cell proliferation {l06, 107}. This raises an
other question of whether the mitogenecity of 
the platelet release reaction is immediate or 
whether an accumulation of mitogenic sub
stance(s) may be required over a longer time 
period {47}. 

Considerable additional support for the re-

action-to-injury hypothesis is obtained from in
formation which has accumulated regarding the 
effects of hemodynamic forces on the arterial 
wall as discussed in the following section. 

Hemodynamic Factors in Atherogenesis 
That hemodynamic factors might contribute to 
the initiation of atherosclerosis has been sug
gested by the well-known predilection of this 
process for arterial curvatures and branch ori
fices. These areas have been shown to display 
increased intimal permeability as evidenced by 
increased accumulation of Evans blue dye in 
the intima and adjacent medial layers {108}. 
This altered permeability has been shown to 
correspond to the pattern of intimal lipid dep
osition as shown by increased sudanophilia seen 
in coronary arteries of animals subjected to an 
atherogenic diet {20}. Such areas represent fre
quent sites of atherosclerotic plaque formation 
{108}. Endothelial cell turnover is reported to 
be greater at branch orfices {27, 109} and the 
sensitivity of these cells to changing flow pat
terns is manifested by distinct variability in 
their axis of orientation at these sites {110}. At 
branch orifices, damage to endothelial cells in 
non treated control animals has been detected 
with the aid of scanning electron microscopy. 
This damage has been found to range from cra
ter- and balloon-like vesicular defects to focal 
areas of cellular desquamation {34, 108, 111, 
112}. These sites have also been shown to be 
favored sites for the accumulation of platelet 
aggregates {113} and deposition of leuko
cytes-particularly monocytes {114}. 

Hemodynamic forces are considered to act on 
the arterial wall by two principal mechanisms: 
(a) Shear stress: acts parallel to the axis of the 
blood vessel and represents the drag force 
which the adjacent blood exerts on the endo
thelial lining. (b) Lateral pressure force: acts 
perpendicular to the axis of flow. This force is 
thought to facilitate the interaction of fluid and 
cellular elements of the blood with the vascular 
wall. 

SHEAR FORCES 

This force represents the drag or friction force 
of the blood on the luminal surface which is 
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independent of turbulence. It is proportional to 
the viscosity and rate of flow and inversely pro
portional to the luminal radius. That such 
forces might damage the vascular wall is sug
gested by several reports of functional and 
structural changes in the endothelial lining as
sociated with areas such as arterial curvatures 
and branch orifices [20, 27, 108, Ill}. This is 
supported by the classic studies of Fry in which 
an intravascular grooved plug was used to 
acutely narrow the arterial lumen [1l5}. He re
ported that when the shear force of the blood 
approached 379 ± 85 dynlcm2 , the "acute 
yield stress of the endothelial surface", rapid 
cellular deterioration occurred, resulting in fo
calor widespread endothelial desquamation. 
That shear forces of this magnitude (at or ex
ceeding the yield stress of the endothelial lin
ing) might exist in vivo has been suggested 
previously [48, 108}. This is particularly true 
in highly pulsatile arterial systems such as the 
coronary arteries which are notorious for their 
numerous anatomic curvatures and rapid taper
ing, and which are frequently subjected to 
abrupt, rapid, and wide fluctuations in velocity 
and demand for flow [26}. Shear stress is also 
expected to be high in areas of arterial constric
tion such as coarctation, atherosclerotic steno
sis, or arterial spasm. In a recent scanning elec
tron-microscopic study combined with blood 
flow analyses, endothelial damage was found at 
the site of partial (50%) coronary artery con
striction [48}. This damage ranged from vesic
ular defects (craters and balloons) to endothelial 
desquamation and was found to be more exten
sive on the proximal slope of the constriction 
where shear forces are expected to be greatest. 
Extensive platelet deposition and thrombus for
mation was found on exposed subendothelium 
at sites of focal constriction even though, and 
probably particularly because, the reduction in 
transluminal diameter was insufficient to alter 
the rate of distal arterial flow. 

LATERAL PRESSURE FORCES 

Increased lateral intravascular pressure which 
occurs in association with hypertension is 
thought to contribute to vascular injury in two 
major ways: First, it is known that endothelial 
cells contribute to the transport of plasma li-

poproteins mediated in part by lipoprotein li
pase thought to be located on the endothelial 
surface. Increased lateral pressure, particularly 
in circumstances such as hypertension, might 
alter lipid transport directly by pressure dam
age to the endothelial barrier or indirectly 
through some form of minimal cellular damage 
which may interfere with normal metabolic 
processes. Studies of experimental hypertension 
have shown that elevated arterill pressure in
creases the permeability of the vessel wall to 
lipids particularly in animals with experimental 
atherosclerosis [116-II8} and that lesion for
mation in these animals, both in large vessels 
and in small vessels, is greater than in control, 
nonhypertensive animals [l18}. 

A variety of studies have been concerned 
with pathologic changes in blood vessels asso
ciated with animal (spontaneous and experi
mental) and human hypertension. In studies of 
spontaneously hypertensive rats, increased inti
mal thickening with hyalinization and fibrosis 
have been reported, with medial hyperplasia 
and hypertrophy, resulting in overall thicken
ing of vascular wall associated, in some in
stances, with total luminal obstruction [1I9}. 
Haudenschild et al. [120}, in a combined scan
ning and transmission electron-microscopic 
study of deoxycorticosterone-salt-treated rats 
and spontaneously hypertensive rats, showed 
intimal changes in both models as evidenced by 
distortion of endothelial shape, subintimal 
thickening due to accumulation of extracellular 
material including precipitated plasma pro
teins, reticulated basement membrane and col
lagen fibers, and fragments of elastin which ap
peared to show a blood as well as a vessel wall 
origin. Of interest, withdrawal of the hyper
tensive stimulus (DOC-salt) and normalization 
of blood pressure, even when combined with a 
prolonged period of low-salt diet, did not re
sult in a discernible regression of these intimal 
changes, suggesting that vascular injury, once 
induced, may not completely reverse, and that 
areas of prior damage might serve as foci for 
subsequent more-advanced damage to the vas
cular wall. It has also been shown that perme
ability is increased in elastic and muscular ar
teries in hypertension as evidenced by enhance
ment of vesicular transport and by increased 
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protein passage through endothelial junctions 
and through discontinuities in the endothelial 
lining [121-123}. 

In conclusion, increased arterial pressure can 
alter intimal permeability by: (a) increasing fil
tration pressure, (b) stretching the endothelial 
surface and increasing its permeability, and (c) 
direct mechanical damage to the endothelial 
surface resulting in exposure of subendothelial 
layers. Microscopic studies have provided evi
dence for most if not all of the known histo
pathologic alterations in vascular intima and 
media associated with hypertension which are 
common to atherogenesis. Moreover, it has 
repeatedly been confirmed that the risk of hy
pertension for atherosclerosis-particularly in 
ischemic heart disease and cerebrovascular dis
ease-increases progressively with increasing 
blood pressure; and, conversely, the risk for 
atherosclerosis appears diminished by therapeu
tic reduction of blood pressure. 

Vasoconstriction, Vasospasm J 

and Atherogenesis 
The observations of the effect of hemodynamic 
forces on the integrity of the vascular wall have 
provided greater insight into the relationship 
between episodes of arterial constriction, such 
as atherosclerotic stenosis and coronary vaso
spasm, and the pathogenesis of ischemic heart 
disease. Considerable evidence has accumulated 
implicating coronary vasospasm as a major, if 
not the principal, causative factor in Prinzme
tal variant angina [124-126} and as a contrib
utory factor to classic angina pectoris and acute 
myocardial infarction {127-129J. It has been 
assumed that the threat posed by such episodes 
for the initiation of myocardial ischemia de
pends on the degree to which the reduction in 
luminal diameter results in the interference 
with distal coronary blood flow. However, the 
results of several studies suggest a modification 
to this assumption {4S, lOS, 130}. Coronary 
vasospasm may result in myocardial ischemia 
and/or infarction not only as a result of a "crit
ical" vascular constriction, when coronary flow 
would be dangerously reduced, but also as a 
result of marked endothelial damage that may 
occur even, and perhaps particularly, when the 

reduction in luminal diameter is not sufficient 
to alter the rate of distal coronary flow. Such 
endothelial damage may result in thrombus 
formation at the site of spasm or constriction, 
followed by partial or total arterial occlusion at 
that site (especially if superimposed upon 
preexisting arteriosclerosis), or occlusion of 
smaller coronary vessels distally after platelet 
shower or embolization. 

Of particular significance, Turitto and 
Baumgartner {131] determined that the rate 
and extent of formation of platelet micro
thrombi on exposed subendothelium actually 
increase with increasing shear rate up to the 
highest shear rate tested of 10,000 s - 1. It is 
not certain whether shear rates in excess of this 
would continue to favor an increased rate and 
extent of thrombus formation or at what point 
such increased shear forces might favor embo
lization. Nonetheless, the latter report further 
supports the suggestion that a focal partial ar
terial constriction such as spasm is a much-fa
vored site for marked endothelial damage, 
platelet deposition, and thrombus formation 
even, and possibly particularly, when the re
duction in luminal diameter is insufficient to 
alter the rate of flow. Finally, it is also neces
sary to confirm whether this sequence of in
creased shear forces, marked endothelial dam
age, and thrombus formation might also occur 
at sites of arteriosclerotic stenosis, suggesting 
another cause for a sudden compromise of cor
onary perfusion. 

The possibility that coronary arterial spasm 
might itself contribute to the initiation of ath
erogenesis is suggested on the basis of observa
tions of endothelial damage and platelet attach
ment at these sites in experimental systems 
{4S}. As per the response-to-injury hypothesis, 
the endothelial damage at sites of spasm 
(whether from mechanical effects of shear forces 
or endothelial compression associated with the 
vascular constriction) would be followed by 
platelet attachment to exposed subendothelial 
tissues, infiltration of lipoprotein molecules 
and lipid-laden macrophages, and proliferation 
and intimal migration of arterial smooth mus
cle cells. Support for this hypothesis is also ob
tained from the work of Gutstein et al. {132}, 
who showed that rats, whose aortae were sub-
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jected to repetltlve vasoconstriction, manifest 
fibrocalcific lesions as well as many of the in
termittent stages associated with atherogenesis, 
and by the report of Betz and Scholte (133), 
who showed arteriosclerotic lesions following 
vasoconstriction induced by electrical stimula
tion. 

As of the writing of this chapter, very little 
direct clinical evidence exists for this pathoge
netic relationship (134) with the exception of 
the report by Marzilli et al. (135), who de
scribed the case of one patient who showed 
spontaneously occurring coronary spasm which, 
after eight months, presented with a fixed ste
nosis at the same site. On the other hand, as 
emphasized by Gutstein (136), experimental 
evidence for a relationship between coronary 
vasospasm and atherosclerosis does exist, and 
this relationship should be subjected to confir
mation. Although the prevalence of coronary 
spasm in the total spectrum of ischemic heart 
diseases has classically been considered to be 
minimal, recent clinical studies have empha
sized that this entity may be far more prevalent 
than previously thought [127, 129, 137). 
Thus, confirmation of this pathogenetic rela-

o R INFARCTIO)~ 

FIGURE 33-1. Diagram depicting the role of four of the 
many risk factors in the pathogenesis of atherosclerosis 
and ischemic heart disease as per the reaction-co-injury 
hypothesis. 

tionship between vasospasm and coronary ath
erosclerosis should expand considerably the role 
of spasm in the pathogenesis of classic angina 
pectoris and acute myocardial infarction. 

Conclusion 
A variety of theories have been advanced con
cerning mechanisms of atherogenesis, but, as 
current thinking still holds, nearly all are pred
icated upon alterations in the structural or 
functional integrity of the endothelial lining 
(Fig. 33-1). A number of recent studies have 
been concerned with the nature of the endothe
lial damage which may precede the develop
ment of more advanced vascular lesions. How
ever, the identification of endothelial damage 
associated with or preceeding the more advance 
vascular lesions associated with ischemic heart 
disease in man has not yet been achieved, and 
our information remains exclusively within the 
realm of experimental model systems. Conse-
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quently, even though prior endothelial damage 
is presumed, its nature in man in vivo remains 
uncertain and thus its treatment or prevention 
cannot be reliably tested. 

Possibilities for prevention of atherosclerosis 
at the clinical level are hampered by a number 
of factors. First, we still lack an effective, reli
able, noninvasive method for the assessment of 
atherosclerotic lesions in vivo. Techniques of 
ultrasound and arteriography associated with 
scanning following injection of various markers 
have not yet proved to be totally reliable for 
this purpose, and not at all for the assessment 
of endothelial lesions. This has prevented us 
from following the progression of lesions in in
dividual patients, and has therefore precluded 
the effective assessment of potentially antiath
erosclerotic agents. Consequently, efforts thus 
far toward the control of coronary atherosclero
sis have been concentrated primarily on dietary 
or pharmacological intervention directed to
ward the elimination or reduction of the effect 
of one or more of the 246 known risk factors 
for coronary heart disease {138}. Efforts should 
also be directed toward the possibility of inter
vention at the local arterial level including pre
vention or reversal of initial endothelial cell 
damage, inhibition or retardation of the mas
sive smooth muscle cell proliferation, and mod
ification of mural lipoprotein transport. Success 
at the local arterial level is essential in order to 

mitigate or eliminate the need for drastic ab
stentions, deprivations and interventions which 
seriously affect the quality of our lives. 

Notes 
1. One lamellar unit consists of two smooth muscle 

cell layers divided by one layer of elastic membrane con
taining variable amounts of collagen, elastin, and glycos
aminoglycans. 

2. The contribution of the scanning electron micro
scope (SEM) to the study of atherogenesis is based upon 
its ability to detect endothelial damage over a large area 
of the luminal surface, permitting three-dimensional ob
servation of surface alterations. Although the nondenud
ing, fine structural changes in the endothelium, such as 
the nonprotuding intracytoplasmic vacuoles or membra
nous whorls, may escape detection by the SEM, these al
terations are usually associated with changes such as en
dothelial blebs and other protruding vacuoles which are 
detectable with scanning electron microscopy as craters 

and balloons [34}. Recent improvements in techniques of 
tissue preparation for SEM have greatly increased the re
liability of this instrument for the identification of dam
age at the endothelial surface particularly when used with 
correlative light and transmission electron microscopy. 
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34. ELECTROPHYSIOLOGY OF 

VASCULAR SMOOTH MUSCLE 

Nicholas Sperelakis 

Introduction 
This chapter provides an overview of the elec
trophysiology of vascular smooth muscle, and 
of how the actions of some vasoactive sub
stances are mediated by changes in electrical 
properties of the cell membrane. Emphasis is 
given to the role of Ca2 + ion and to the action 
of inhibitor drugs. 

Compared to skeletal muscle or cardiac mus
cle, less IS known about the electrical proper
ties of vascular smooth muscle (VSM), because 
of the difficulty of making satisfactory micro
electrode impalements in the very small 
smooth muscle cells and because of the tough 
connective tissue that is often present. How
ever, considerable progress has been made dur
ing the past few years. For the sake of conve
nience, I will draw heavily upon the work done 
in my own laboratory, even though many of 
the facts and principles concerning VSM re
sulted from the efforts of numerous other in
vestigators. To attempt to give proper credit to 
all these published studies would make this 
chapter unwieldy. 

Vascular smooth muscle consists of an as
sembly of short (e.g., 200 fLm in length) and 
thin (e.g., 5 fLm in diameter) cells. Contig
uous cells often come into close contact, form
ing various types of specialized junctions. The 
degree of low-resistance electrical coupling be
tween the VSM cells is uncertain and contro
versial. Some investigators who conclude that 
low-resistance connections exist in one vessel 
conclude that they may not exist in another 
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vessel [I}. Motor nerves of the autonomic ner
vous system innervate the muscle cells and ex
ercise some control over their state of contrac
tion. The neurons release neurotransmitters, 
such as norepinephrine and acetylcholine, at 
periodic neuron varicosities distributed along 
the length of the blood vessels. The nerve fibers 
are generally confined to the border between 
the outer adventitia layer and the media (mus
cle) layer. Thus, many VSM cells become influ
enced by neurotransmitter secreted at a rela
tively distant point, i.e., there usually are no 
close neuromuscular junctions as found in skel
etal muscle. 

The neurotransmitters, some vasoactive hor
mones and autacoids, and some vasoactive 
drugs appear to exert their primary effect on 
the electrical properties of the cell membrane 
of the VSM cells. Changes in the level of the 
"resting" membrane potential control the level 
of contraction of the VSM cells, depolarization 
increasing the state of contraction and hyper
polarization diminishing the state of contrac
tion (i.e., producing relaxation). Changes in 
the conductance of the cell membrane for cer
tain ions, e. g., Ca 2 +, have profound effects on 
the degree of contraction. 

The Ca2 + necessary for raising the myoplas
mic Ca2 + to activate the contractile myofila
ments (e.g., elevating free [Cal < 10-7 M to 
> 10-5 M) may come from two sources: (a) 
Ca2 + influx across the surface membrane, and 
(b) Ca2 + release from some internal store, such 
as the sarcoplasmic reticulum (SR), brought 
about by the Ca2 + influx and/or a change in 
potential across the SR membrane. Some vaso
active substances may exert a primary or sec
ondary effect to facilitate or depress Ca2+ re-
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lease from the SR. Some vasoactive agents 
produce contraction without an associated 
change in membrane potential, termed phar
macomechanical coupling, but often changes in 
membrane conductance can be detected [2, 3}. 

permeability (PK ), although in some vessels the 
resting potentials are often greater than - 70 
mY. The VSM cells are capable of exhibiting 
automaticity, at least under certain experimen
tal conditions. An inward slow current (lsi), 

carried almost exclusively by Ca2 + ion in many 
types of VSM cells, is responsible for the de
polarizing phase of the spikes. There appear to 
be no functional fast Na + channels and inward 
fast Na + current. Therefore, agents like tetro
dotoxin (TTX) that block fast Na + channels 
have no effect on the VSM spikes, whereas 
agents like verapamil that block slow channels 
depress and block the VSM spikes. 

For a detailed description of the electrical 
properties of VSM and electromechanical and 
pharmacomechanical coupling, the reader is re
ferred to a number of reviews, including those 
by Kumamoto [l0}, Horn [ll}, Johansson P}, 
Bolton [l2}, and Johansson and Somlyo [l3}. 

It is often mentioned that there are two gen
eral categories of VSM: those that generate ac
tion potentials in vitro (spiking VSM) and those 
that normally do not fire action potentials in 
vitro (nons piking VSM) [4-6}. The spikes, when 
they occur, bring about contraction or increase 
the state of contraction. An example of spiking 
VSM is the rat portal vein, while examples of 
nonspiking muscle are some of the large arter
ies in rabbit [4, 7}. However, some of the non
spiking VSM in vitro (and electrically inexcit
able) may actually fire spikes in situ in response 
to summated excitatory junction potentials 
(EJPs) [8}. In addition, the nonspiking VSM 
can be made to spike in vitro by simply low
ering the K + conductance with Ba2 + or tetra
ethylammonium (TEA +) {3, 9}. This means 
that the membrane possesses a full complement 
of voltage-dependent slow channels for inward 
current and is capable of regenerative excita
tion. 

Electrical Properties of Vascular 
Smooth Muscles 

VSM cells have relatively low resting poten
tials (of about - 55 mY), due to a low K+ 

RESTING MEMBRANE POTENTIALS 

In general, the basic electrical properties of 
VSM cells, such as resting potentials and action 

TABLE 34-l. Summary of some electrical properties of the resting membrane in arterial smooth muscle 

Condition 
Resting Em 
(mV) 

A. Guinea pig superior mesenteric artery 
Control ringer -54 ± 0.6 
Ouabain (10 - 5 M)t -46 ± 1.0* 
Cl- -free solution -55 ± 0.6 
BaH (1.0 mM) -24 ± 0.8* 
Low Na + solution -66 ± 1.3* 

B. Dog coronary arteries 
Large diameter -56 ± 2 
Small diameter -53 ± 2 
Small diameter -55 ± 1.0; 

-54 ± 1.3 

Values given are the mean ± 1 SE. 
·Significantly different from control value at P < 0.05. 

Input resistance rio 

(MO) 

8.5 ± 0.3 

8.5 ± 0.4 
24.0 ± 1.8* 

9.0 ± 0.4 
10.0 ± 1.0 

0.17 

0.42 

The small coronary arteries were intramural and less than O.S mm in diameter; the large coronary arteries were extramural and more than 1.0 mm in 
diameter. Measurements of Em were made after only 1-5 min exposure to ouabain, so that depolarization due to ion shifts (i.e., rundown of the ionic 
gradients) did not occur. Value listed is for a [K)o of 4.0 mM. Data ,aken from Harder and Sperelalcis (14), Harder e' a1. (15), and Belardinelli e' a1. 
(16). 
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FIGURE 34-1. Resting potential (Em) as a function of ex
ternal K + concentration, (K}o (log scale) for vascular 
smooth muscle of guinea pig superior mesenteric artery. 
The vertical bars represent the mean ± 1 SEM for 10-23 
impalements in 4-6 muscles. The curve extrapolated to 

zero potential gives an estimated internal K + concentra
tion, (K}i' of 160 mM. The broken line gives the K+ 
equilibrium potential (EK ) as calculated from the Nernst 
equation and has a slope of 60 mVltenfold change in 
(K}o' From Harder and Sperelakis (14). 

potential (AP) characteristics, are similar to 
those in other types of smooth muscle, for ex
ample, circular intestinal muscle. 

The resting membrane potential of vascular 
smooth muscles (VSM) is usually about - 55 
mY. For example, Harder and Sperelakis {14} 
found a mean resting potential (Em) in guinea 
pig superior mesenteric artery of - 54 ± 0.6 
mV (table 34-1A). The mean resting potential 
for the small coronary arteries of the dog was 
- 54 ± 1.0 m V and that for the large coro
nary arteries was - 56 ± 2 m V (table 34-lB) 
{15, 16}. 

There is a small contribution of the electro-
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genic pump potential to the resting Em in VSM 
cells. For example, Harder and Sperelakis {14} 
found a contribution of about 8 m V in guinea 
pig superior mesenteric artery; that is, the rest
ing Em rapidly decreased from a control value 
of - 54 mV to -46 mV when ouabain (10-5 

M) was added to inhibit the (Na,K)-ATPase 
and thus stop the Na-K pump (table 34-1A). 
Thus - 46 m V represents the net diffusion po
tential (Ediff) that reflects the ionic distributions 
and the relative ionic conductances (for a dis
cussion of this, see Sperelakis {17}). The elec
trogenic pump potential (Vep) is in parallel 
with Ediff' so that removal of Yep (i.e., - 54 
m V) permits the measurement of Ediff (namely, 
-46 mY) (see fig. 34-18). 

The PN.lPK ratio can be calculated from Ediff 
using the Goldman constant-field equation, 
adopting values for [Na}i and [Kl and assum
ing that Cl- is passively distributed. The value 
of [Kl can be estimated by running a complete 
curve of Em vs log [K}o and extrapolating to 
zero potential (fig. 34-1). By this method, a 
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value of 160 mM was obtained for [Kl in 
guinea pig superior mesenteric artery, and a 
PNJPK ratio of 0.17 was calculated (in 4 mM 
[K}o) [l4}. This ratio is considerably higher 
than that found for skeletal muscle or cardiac 
muscle. The ratio is high because of a low PK 

and not because of a high PNa. 
In guinea pig superior mesenteric artery, 

Cl- ions appear to be passively distributed, 
i.e., Cl- distributes itself in accordance with 
the average membrane potential [I4}. This 
means that, for a membrane at rest for a long 
period, the CI equilibrium potential (ECI) , 
calculated from the Nernst equation, equals the 
resting Em. The evidence for passive CI- dis
tribution is based on the fact that the resting 
Em upon equilibration in Cl- -free Ringer so
lution was nearly exactly equal to that in 
Ringer solution in the presence of Cl- (table 
34-1A); that is, following a transient depolar
ization that is expected to occur during Cl
washout from the cells, the potential returns to 

the original value within 10 min. If [Cl1 was 
higher than that predicted from the resting Em 
(due to an inwardly directed Cl- pump), then 
hyperpolarization should have been observed af
ter equilibration in Cl- -free solution. The fact 
that the input resistance (rin) in Cl- -free solu
tion was about the same as that in the presence 
of Cl- (table 34-1A) suggests that the Cl
conductance (go) is relatively low in this mus
cle. This conclusion is also supported by the 
fact that BaH ion (1 mM), a relatively specific 
depressant of K + conductance (gK) , rapidly 
produced a large depolarization in normal Cl- -
containing Ringer solution (table 34-1A). 
When gCl is high, Ba2 + has relatively little ef
fect [I8}. Hence, there is no evidence for a Cl
pump in this tissue. 

In low-Na + solution, the membrane should 
become hyperpolarized, as expected because of 
the removal of much of the depolarizing Na + 
influx. Under such conditions, guinea-pig su
perior mesenteric artery cells became hyperpo
larized by about 12 m V, from the control of 
- 54 mV to a value of - 66 mV in low-Na + 
solution (table 34-1A). 

The input resistance (rin), that is, the resis
tance that the impaled microelectrode "looks 
into," may be calculated from the slope of the 

steady-state voltage-current curve through the 
origin (i.e., at infinitesimally small applied 
current). Depolarizing and hyperpolarizing cur
rent pulses are applied through the voltage-re
cording microelectrode by means of a balanced 
bridge circuit [19} or by a second independent 
voltage-recording microelectrode impaled very 
close to the current-injecting microelectrode in 
the same cell. rin generally ranges between 5 
and 15 Mil for VSM. For example, the average 
value was 8.5 Mil in guinea pig superior mes
enteric artery (table 34-1A), and 9 and 10 
Mil, respectively, in large and small coronary 
arteries of the dog (table 34-1B). Assuming a 
cell length (L) of 200 j.Lm and a radius (a) of 
2.5 j.Lm, and assuming no low-resistance cou
pling between cells, an rin of 9 Mil gives a 
membrane resistivity (Rm) of 283 il cm2 (Rm 
= rin X 1T2aL). This value would be underes
timated if the cells are connected by low-resis
tance pathways. Addition of BaH ion (0.5 or 
1.0 mM), a blocker of K+ conductance, 
greatly increases rin. 

The degree of low-resistance coupling be
tween VSM cells is not really known and the 
interpretations are controversial. Since much of 
the basic data obtained in electrical coupling 
studies in smooth muscle are similar to those 
in cardiac muscle, the reader is referred to a 
review article by Sperelakis [20} that summa
rized many of the facts and arguments for car
diac muscle. Mekata [I} recently reported that 
rin (measured from polarizing current pulses of 
0.5 nA or less injected through the voltage
recording microelectrode by means of a bridge 
circuit) of the circumflex coronary artery of the 
dog varied over a wide range of 10-400 Mil 
(mean of 181 Mil). Since he could not measure 
any electrotonic potential beyond 0.4 mm, 
when external polarizing current pulses were 
applied by a partitioned-chamber method of 
Tomita [21}, Mekata concluded that low-resis
tance coupling between VSM cells must be 
poor in this vessel. In contrast, Mekata con
cluded that the cells in the anterior descending 
coronary artery were well coupled (length con
stant of 2.44 mm). 

It was reported by Harder {22} that the 
slope of the curve of Em vs log {K}o was much 
higher (58 m V/decade) in the middle cerebral 
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artery of the cat than that in the cat mesenteric 
artery (36 m V/decade) or guinea pig superior 
mesenteric artery (32 mY/decade) (fig. 34-1); 
that is, the VSM cell membrane in the cerebral 
artery was more K + selective (lower PNa/PK ra
tio). This property would make the membrane 
potential more sensitive to changes in [K}o' 

Depolarization produced in low [K}o « 1. 2 5 
mM) (fig. 34-1) may be due to two factors: (a) 
inhibition of the electrogenic Na-K pump, and 
(b) a reduction in gK (and PK). After a period 
in low [K}o (or K + -free solution), elevation of 
[K}o back to the normal level (e.g., 4mM) 
causes a pronounced hyperpolarization that 
"overshoots" the normal resting Em; this is 
thought to be due to great stimulation of the 
electrogenic pump due to the preceding Na + 

loading (i.e., increase in [Na1i) [23, 24}, This 
K + -induced hyperpolarization is associated 
with relaxation of the VSM. Webb and Bohr 
[25, 26} reported that the K + -induced relaxa
tion was greater in VSM from spontaneously 
hypertensive rats (SHR) than in normotensive 
rats. This finding was consistent with the re
sults of Bonaccorsi et al. [23}, who found that 
the contribution of the electrogenic pump po
tential to the resting Em was greater in the 
SHR animals. 

Development of tension in VSM is closely 
associated with changes in Em; for example, 
this is well known for K + contractures. In ad
dition, the amplitude of the norepinephrine-in
duced contraction is altered by changes in the 
resting Em level, e.g., depolarization by a few 
millivolts greatly increases tension develop
ment [27, 28}. Hyperpolarization has the op
posite effect, decreasing the contractile re
sponse to norepinephrine [28}; nitroprusside
induced hyperpolarization reduces the tension 
developed by K + and by norepinephrine [29}. 

In some experiments, the norepinephrine-in
duced contractions occurred without depolari
zation at low doses 00 - 9_10 -7 M) and with 
depolarization at high doses 00- 6-10- 5 M) 
[3, 27, 30, 31}, but, in other cases, 10 -8 M 
norepinephrine (10 - 9 M in SHR animals) pro
duced significant depolarization with the con
traction in rat pulmonary artery. However, 
norepinephrine brings about additional tension 
in arteries that are already maximally depolar-

ized by K + [2, 4, 28} perhaps by releasing 
Ca2 + sequestered in the SR. 

EXCITED MEMBRANE PROPERTIES 

Inexcitability of Some VSM Preparations In Vi
tro. The VSM cells in some isolated arterial 
strip preparations are often inexcitable by elec
trical stimulation for unknown reasons. There 
are some exceptions to this, including cultured 
rat aortic VSM cells (see below). Venous VSM 
cells are usually excitable in isolated prepara
tions, and may even be spontaneously active. 
Mesenteric arteries of guinea pig also can ex
hibit spontaneous electrical activity under ap
propriate conditions of temperature and pres
sure [32}. The arterial VSM cells that are 
electrically inexcitable in vitro probably fire ac
tion potentials in situ, in response to sum
mated EJPs following neurotransmitter release. 

Induction of Excitability by TEA or Ba2 + 

Ion. Exposure of the isolated arterial VSM to 
agents that depress K + conductance (gK) at rest 
and during excitation, such as Ba2+ ion (fig. 
34-2A and B) and tetraethylammonium ion 
(TEA +) (fig. 34-2C and D), induce electrical 
excitability. These agents allow large over
shooting APs to be elicited by electrical stim
ulation (fig. 34-2D) and sometimes sponta
neous discharge also occurs (fig. 34-2B). 
Inhibition of gK suppresses the outward K + 
current, which should permit a greater net in
ward current and thus facilitate regenerative 
excitation; that is, for a given amount of in
ward current (through voltage-dependent slow 
channels), a decrease in the simultaneous K + 
outward current gives a greater net inward cur
rent. A minimum net inward current is re
quired before a regenerative AP can occur. 
Ba2 + and TEA + not only depress the resting 
gK but also slow the kinetics of gK turn-on dur
ing depolarization, thus allowing the inward 
slow current (Is) to predominate. The lack of 
electrical excitability in vitro in normal Ringer 
solution may be due to one or more factors, 
such as: (a) too early a turn-on of gK, (b) lack 
of anomalous rectification (i.e., instantaneous 
decrease in gK with depolarization), (c) inacti
vation of some of the slow channels causing in-
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FIGURE 34-2. Induction of excitability by BaH (A and B) and by tetraethylammonium ion (TEA +) in guinea pig 
superior mesenteric artery muscle. (A) Control showing a large resting potential of about - 55 mV and lack of sponta
neous action potentials (APs) or responses to external electrical stimulation (two shock artifacts shown). (B) Record taken 
from same cell 5 min after the addition of 0.5 mM BaH, illustrating the partial depolarization and production of 
spontaneous APs. (C) Control showing a large resting potential of about - 58 mV and lack of spontaneous APs or 
responses to intense external electrical stimulation (one shock artifact depicted). (D) Record taken from the same cell 5 
min after the addition of 5 mM TEA +, illustrating a large overshooting AP produced in response to electrical stimula
tion. Modified from Harder and Sperelakis [9}. 

sufficient Is;, or (d) an increase in gCl (which 
tends to clamp or hold the Em at ECl . 

TEA has been shown to ~nduce spikes in 
common carotid artery of the rabbit {33}, the 
rabbit saphenous artery {34}, and low doses of 
TEA allow norepinephrine to induce spike ac
tivity {35}. Droogmans et al. {3} showed that 
the spontaneous APs induced by TEA in rabbit 
ear artery were ci + dependent. Hence, the 
TEA-induced APs in arterial smooth muscle 
should provide a useful assay system for the ef
fect of various vasoactive substances on the in
ward Ca2+ current (Ca2 + influx) of VSM cells. 

When APs are induced by agents like 
TEA +, their maximal rate of rise ( + V max) var
ies from 2 to 12 Vis. For example, in guinea 
pig superior mesenteric artery {9}, the average 

. 2+ 
+Vmax (in 1.8 ruM Ca ) was 6 ± 0.7 Vis 
(table 34-2). The AP duration (measured at 
50% repolarization) was 50-75 ms. The aver
age amplitude of these spikes was 59 mY, i.e., 
there usually was a small overshoot of about 5 
mV (table 34-2). However, in some condi-

tions, the APs undershoot to various degrees, 
i.e., their peak does not reach the zero poten
tial level. This may be due to a premature in
crease 10 gK. 

The + V max increases only slightly with hy
perpolarization (produced by injected hyperpo
larizing current pulses), whereas + V max de
creases greatly with depolarization {9}. 
Decrease of + V max to 50% of its maximal 
value (half-inactivation of the slow channels) 
occurs by - 47 m V, and complete inactivation 
( + V max = 0) occurs at - 22 m V. This behav
ior is consistent with the behavior of slow 
channels in visceral smooth muscle and cardiac 
muscle (although inactivation does not begin 
until about - 50 m V in myocardial cells). The 
curve of + V max vs Em is more or less typical of 
slow-channel APs. 

The specific blocker of fast Na + channels, 
TTX, has no effect on the rate of rise or over
shoot of the APs of VSM cells (or of visceral 
smooth muscle). This was shown, for example, 
in guinea pig superior mesenteric artery {9}. 
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TABLE 34- 2. Summary of the properties of the TEA-induced action potentials in arterial smooth muscles 

Dog coronary arteries 

Small diameter Large diameter Guinea pig superior 
mesenteric arterya Parameter «0.5 mm) (> 1.0 mm) 

Resting Em (mv) 
Amplitude of TEA-induced action potential (m V) 
+ "it max (Vis) 
Ca2+ dependency (mV/decade) 

The data are given as the mean ± SE. 

- 53 ± 2 
54 ± 
6 ± 

31 

-56 ± 2 - 54 ± 1.3 
56 ± 59 ± 1 

5 ± 6 ± 0.7 
30 29 

'The duration <at 50% repolarization) of the spikes in the guinea pig was 50-75 ms. From Harder er al. [I5} and Harder and Sperelakis (9) . 
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FIGURE 34-3 . Ca2+ dependency of stimulated action po
tentials in presence of TEA + in normally inexcitable vas
cular smooth muscle from guinea pig superior mesenteric 
artery. All records were taken from one impalement. (A) 
Control record showing a large resting potential of - 58 
m V and lack of spontaneous action potentials or responses 
to intense external elecrrical stimulation (one shock arti
fact depicted). (B- F) Production of APs (in response to 

elecrrical stimulation) after addition of 5 mM TEA, illus
trating increase in amplitude and maximal rate of rise 
( + "it max) of APs as [Ca}o is increased from 0.5 mM (B) to 

1.8 mM (C) , 2.8 mM (D) , 3.8 mM (E) , and 4.8 mM 
(F). The upper trace in B-F gives dV/dt, the maximal 
deflection of which is proportional to + "it max. The hori
zontal broken line gives the zero potential level. From 
Harder and Sperelakis [9}. 

This indicates that an inward fast Na + current 
does not contribute to the depolarizing phase 
of the AP, and that fast Na + channels are ei
ther absent or nonfunctional ("silent"). This 
conclusion is supported by the fact that hyper
polarization does not greatly increase + V max 

(see above). 
The + V max and overshoot of the APs of 

most types of VSM are increased greatly by el
evation of {Ca}o and decreased by lowering of 
[Ca}o. This was shown, for example, in guinea 
pig superior mesenteric artery [9} (fig. 34-3) 
and in dog coronary arteries [15]. In both ar
teries, a plot of AP amplitude (proportional to 

overshoot) against log [Ca}o gave a straight line 
with a slope of about 30 m V/decade (table 34-
2). Since this is about the same as the theoret
ical slope of 30.5 m V/decade calculated from 
the Nernst equation for a divalent cation, the 
results indicate that the inward current during 
the APs in these two types of arteries is carried 
almost exclusively by Ca2+ ion; that is, Na + 

ion carries little or no inward current. This 
conclusion is further supported by the results 
of experiments in which [Na]o was varied (and 
[Ca}o held constant). Variation in [Na]o over a 
wide range (0-150 mM) had little or no effect 
on the amplitude or + V max of the APs {9] . In 
addition, a plot of + V max vs log [Ca]o (be
tween 1.0 and 5.0 mM) gave a straight line. 

The results with Ca2 + -antagonistic agents, 
such as verapamil and bepridil, are consistent 
with the conclusion that the inward current 
during the APs is carried entirely by slow 
channels, i.e., fast Na + channels do not partic
ipate . Verapamil and bepridil, at concentra
tions that markedly depress the slow channels, 
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were shown to cause only slight depression of 
the fast Na + channels; that is, these agents are 
relatively specific for slow channels. In guinea 
pig superior mesenteric artery [9} (fig. 34-4A 
and B), in dog coronary arteries [15, 16}, and 
in cult~red rat aortic cells [39}, it was demon
strated that verapamil depresses and blocks the 
Caz+ -dependent APs. The same was true for 
bepridil on dog coronary artery [40} and cul
tured rat aortic cells [41}. If a significant par
ticipation of fast Na + channels occurred in 
VSM, then one could expect that verapamil 
and bepridil would not completely block the 
APs. Mnz+, another Caz+ antagonist, also 
blocked the APs [9} (fig. 34-4C and D). Ver
apamil and bepridil also depress the K + con
tracture and norepinephrine contracture of iso
lated rabbit aortic rings [42}. A number of 
other calcium antagonists, including mesudi
pine, nifedipine, and diltiazem, were also 
shown to block the K + contracture of both ar
terial and venous smooth muscles [43}. 

Because of the complete Ca2+ dependence of 
the APs, the TEA-induced APs should make a 
good assay system for determining the effects 
of vasoactive substances on the Caz + influx and 
on other membrane properties of the VSM 
cells, as will be shown below. The rate of rise 
of the AP is proportional to the inward current 
(for a constant membrane capacitance, Cm), and 
the inward current (assuming the electrochem
ical driving force is unchanged) is proportional 
to the number of activated slow channels. 
Thus, if a drug depresses the + V max by 50%, 
this corresponds to a block of half of the slow 
channels (assuming the conductance per chan
nel is unaffected). This analysis also assumes 
that the drug did not affect other membrane 
properties such as gK' As we have seen above, 
changes in gK can have profound effects on the 
+ V max of the AP, because the rate of rise is 
proportional to the net inward current and not 
the absolute inward slow current. 

Relatively little is known abour propagation 
in VSM, including velocity of propagation. In 
intestinal smooth muscle, propagation velocity 
is about 5 cmls, and occurs from muscle cell to 
muscle cell, independent of the nerves (al
though the nerves influence activity). In VSM, 
there is not much evidence for muscle-cell-to-

Control 
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FIGURE 34-4. Blockade of TEA-induced action potential 
by slow channel blockers in isolated vascular smooth mus
cle from guinea pig mesenteric arteries. (A) Control rec
ord illustrating large overshooting AP induced by 5 mM 
TEA upon electrical stimulation. (B) Record taken from 
the same cell, illustrating complete blockade of AP 
within 5 min after the addition of 10 - 5 M verapamil 
(shock artifact only visible). (C) Another control record 
depicting the large overshooting AP induced by 5 mM 
TEA upon electrical stimulation. (D) Record taken from 
same cell showing complete blockade of action potential 
within 30 s after addition of 1.0 mM Mn2+ (shock arti
fact only visible). From Sperelakis [64}. 

muscle-cell propagation over long distances. 
Relatively little is known about the degree of 
low-resistance coupling between contiguous 
cells. In arterial VSM particularly, the muscle 
cells seem to be under greater control by the 
innervation. Excitatory (EJPs) and inhibitory 
(IJPs) junction potentials [1J are produced in 
the VSM cells by action of neurotransmitters. 
Depolarizing JPs increase the state of contrac
tion, as well as trigger spike activity, which 
further increases the state of contraction. Hy
perpolarizing JPs have the opposite effect. 

The spikes may lead to relatively rapid 
phasic contractions superimposed on the basal 
tonus (tonic contraction) that is a function of 
the resting Em. A high frequency of spikes 
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FIGURE 34- 5. Diagrammatic representation of the various possible sources of Ca2 + ions for contraction of vascular 
smooth muscle. Three major extracellular sources are depicted: (1) A voltage-independent receptor-operated postsynaptic 
channel that is nonspecific, allowing Na +, Ca2+, and K + to pass through; this channel is responsible for the excitatory 
postsynaptic potentials (EPSPs or EJPs). (2) A voltage-independent, receptor-operated Ca2 + channel that is specific for 
Ca2+ ions; (2a) A variant of this mechanism is a receptor-operated release of Ca2+ ions bound to fixed negative charges 
at the inner surface of the cell membrane. (3) A voltage-dependent, time-dependent, gated Ca2+ slow channel that is 
specific for Ca2+; this is the channel responsible for the rising phase of the action potential, and is the site of action of 
several Ca-antagonistic drugs (slow-channel blockers) or multivalent ions. The receptors involved in mechanisms 1, 2, 
and 2a are depicted as alpha-adrenergic receptors and norepinephrine (NEpi) as the neurotransmitter. The major intra
cellular sources of Ca2 + ions are the SR, and perhaps Ca2+ bound to the inner surface of the cell membrane; Ca2 + 

release from the SR may be brought abour by a rise in [Ca); and by a potential change across the SR membrane. High 
[K}o depolarizes and thereby leads to activation of the voltage-dependent Ca2+ slow channels (mechanism 3), causing a 
contracture. Exogenous NEpi activates the alpha receptors, which in turn (a) depolarize by activating the synaptic 
channels (mechanism 1) and thereby activating the Ca2+ slow channels (mechanism 3), and (b) cause a direct rise in 
[Ca); either by mechanism 2 or 2a. Not depicted is the possibility that NEpi penetrates into the cell to act directly on 
the SR to release Ca2+. Some Ca2 + may enter through activated postsynaptic channels. The lower two diagrams depict 
the functioning of a receptor-operated channel and a voltage-operated channel. From Sperelakis [64} . 

would bring about a smooth tetanic contraction 
of greater amplitude. 

SOURCES OF Ca2+ FOR CONTRACTION 

The Ca2 + ions for activation of the contractile 
proteins come from two major sources: (a) Ca2 + 
influx from the interstitial fluid bathing the 
cells, and (b) release of Ca2 + from the sarco
plasmic reticulum (SR) stores. In addition, it 
has been postulated that there may be a contri-

but ion from Ca2+ released from binding sites 
on the inner surface of the cell membrane, 
e.g., triggered by the action of some drugs. 
These various possible sources of Ca2 + for con
traction are diagrammatically depicted in figure 
34-5. 

The Ca2 + influx across the sarcolemma is 
down an electrochemical gradient and through 
the voltage-dependent and time-dependent 
Ca2 + slow channels, one major focus of this 
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chapter. This Ca2+ inward slow current is re
sponsible for the rising phase of the AP in most 
VSM cells. It is these slow channels that are 
blocked by agents like verapamil, bepridil, 
Mn2+, and La3+, as indicated in figure 34-5. 

The Ca2+ influx acts to directly elevate {Cal 
and, in addition, it might cause the release of 
more Ca2 + from the SR, by the Ca-triggered
Ca-release mechanism of Fabiato and Fabiato 
(44}. It is also possible that Ca2+ release from 
the SR may be controlled by depolarization of 
the sarcolemma, which could lead to depolari
zation of the SR by somehow being reflected 
across the diadic junctions formed between sar
colemma and SR 1 (junctional SR is continuous 
with the network SR surrounding bundles of 
myofilaments). The level of (Cal in a noncon
tracting cell is about 1 X lO - 7 M, and the 
(Cal necessary for peak contraction is lO - 5_ 

lO -4 M; half-maximal contraction occurs at 
about 2 X lO-6 M.2 

Contractions initiated by action potentials or 
by elevated {K}o presumably occur by means of 
activation of the voltage-dependent slow chan
nels to allow Ca2+ influx down its electrochem
ical gradient. Ca2+ release from the SR may 
also contribute. High {K}o depolarizes by re
ducing EK , as calculated from the Nernst equa
tion (EK = -61 mV log (K}J(K}o). Since ver
apamil blocks Ca2 + influx through the voltage
dependent slow channels, this agent would also 
prevent the cl + release from the SR triggered 
by Ca2 + influx, and hence should nearly com
pletely block the contractions; in addition, be
cause the AP spike depends on an inward Ca2+ 
current, verapamil should also block the APs. 

Contractions initiated by norepinephrine 
(NEpi) may be brought about by somewhat 
different mechanism(s): 

(a) NEpi binding to alpha-adrenergic recep
tors on the VSM cell (postsynaptic) membrane 
increases conductance for Na + (and perhaps 
Ca2+), thereby producing the equivalent of a 
large excitatory postsynaptic potential (EPSP) 
(or excitatory junctional potential (EJP}). This 
EPSP depolarization should activate the volt
age-dependent Ca2 + slow channels and cause a 
large Ca2 + influx. A cartoon model of how the 
receptor-operated gate mechanism could work 
is depicted in the lower left side of figure 34-

5, for comparison with the model for a voltage
dependent Ca2 + slow channel depicted in the 
lower right. (Also depicted is the likely possi
bility that cl+ ions pass through the slow 
channel by single-file diffusion with several 
binding sites (to negative charges) along the 
way, and that the ions pass from energy well 
to energy well successively by bumps from 
neighboring ions.) 

(b) If there is some similarity to the ion 
channels in postsynaptic membrane at the ver
tebrate skeletal neuromuscular junction acti
vated by acetylcholine (ACh) (nicotinic recep
tor), this receptor-operated channel being 
nonspecific so that a number of cations, includ
ing Na +, Ca2 +, and K+, can pass through, 
then some Ca2 + influx may occur through 
these voltage-independent synaptic channels. 
Casteels et al. (27) have shown that NEpi in
creases the permeability for Na +, Ca2+, K + , 

and CI- ions. There is no evidence that verapa
mil blocks cl + influx through the postsynap
tic channels (similar to the lack of effect of te
trodotoxin (TTX} on Na + influx through the 
ACh-operated postsynaptic channels). 

(c) It has been postulated (see reviews by 
Bolton {l2}, Johansson and Somlyo {l3}, Cas
teels {46}, and Van Breeman et al. {47}) that 
there is a separate set of alpha-receptor-oper
ated, voltage-independent channels that allows 
only Ca2+ ions to pass through. Major evidence 
for this view comes from the fact that addition 
of exogenous norepinephrine, to VSM com
pletely depolarized by elevated {K}o and in 
contracture, produces a considerably greater 
force of contraction. However, it is difficult to 
distinguish between mechanisms (b) and (c). 
Even if Na + influx is increased upon addition 
of NEpi to K + -depolarized VSM cells, this 
would not rule out the possibility of this type 
of receptor-operated Ca2+ channel. The most 
compelling argument for this type of channel 
is Casteels' finding that low concentrations of 
NEpi bring about some contraction without an 
accompanying depolarization (higher doses pro
duced depolarization and greater contraction). 

(d) A variation of the third mechanism is 
that, instead of a protein channel imbedded in 
the lipid bilayer membrane and coupled to the 
alpha receptor, activation of the alpha receptor 
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could instead somehow cause the release of 
cl + bound to negative charges at the inner 
surface of the cell membrane (see fig. 34-5). It 
may be presumed that verapamil does not 
greatly affect cl + influx through this recep
tor-operated mechanism, because the NEpi-in
duced contractures are depressed only about 
50% by 10 - 5 M verapamil [42}. 

In summary, it is likely that, since the 
(maximal) NEpi-induced contracture is often 
greater than the (maximal) K + -induced con
tracture, and since agents such as verapamil de
press the K + contracture more than the NEpi
contracture [42}, NEpi produces contraction 
via two cl + sources: (a) the V -dependent 
Ca2+ slow channels (activated by EPSP depo
larization), and (b) the receptor-operated chan
nels (of the nonspecific postsynaptic type or the 
postulated specific Ca2 + type). Presumably, 
agents such as verapamil block the V -depen
dent Ca2 + slow channels, but have relatively 
little or no effect on the receptor-operated 
channels. Since the NEpi-induced contracture 
is less depressed by low [Ca}o than is the K + -
induced contracture, this suggests that NEpi 
also causes some release of Ca2 + internally. The 
latter could occur by release of Ca2 + bound to 
the internal surface of the cell membrane. Al
ternatively, it is possible that NEpi crosses the 
cell membrane and acts directly on the SR 
membrane to bring about Ca2 + release (if so, 
then the alpha-receptor antagonists would also 
have to gain access to the same sites.) 

It has been reported by Motalsky et al. [48} 
that some calcium-antagonistic drugs, such as 
verapamil and methoxy-verapamil (D-600) (but 
not nifedipine and diltiazem), also act as antag
onists for CXl- and cxradrenergic receptors, and 
that this might partially explain some of their 
vasodilatory action and inhibition of NEpi-in
duced contractures in VSM. 

Effects of Some Vasoactive Substances 

INTRODUCTION 

Experiments were done on large (> 1.0 mm 
o.d.) and small «0.5 mm) coronary arteries of 
the dog to investigate the mechanism of action 
of certain vasoactive substances, namely, the 

vasodilators adenosine, nitroglycerin, and ver
apamil, and the vasoconstrictor ouabain. Pa
tients under treatment with cardiac glycosides 
sometimes develop coronary constriction, and 
Fleckenstein et al. [49} suggested that this ef
fect is mediated by an increase in cl + influx. 
Schnaar and Sparks [50} found that the con
tractile responses of small coronary arteries 
were relaxed by adenosine but not by nitroglyc
erin, whereas the large vessels were relaxed by 
nitroglycerin but not by adenosine. They sug
gested that these effects were mediated by in
hibition of Ca2 + influx. 

Verapamil was first shown by Kohlhardt et 
al. [51} (reviewed by Fleckenstein (52}) to pro
duce a decrease in contraction of cardiac muscle 
by inhibition of the Ca2+ influx from the ex
tracellular fluid. The methoxy derivative of ver
apamil, D-600, had the same effect, but was 
somewhat more potent. Another cl+ -antago
nistic agent, nifedipine, was also shown to 
block the inward slow current in cardiac mus
cle [36}. Verapamil is not specific for Ca2+ in
flux, but also depressed Na + influx through 
myocardial slow channels, i.e., verapamil is a 
nonspecific blocker of slow channels [37, 53}. 
Bepridil, a newer antianginal agent and coro
nary vasodilator, also blocks the slow APs and 
slow channels of myocardial cells [38}. Similar 
findings were made by Labrid et al. {54}. In 
smooth muscle, verapamil inhibits Ca2+ influx 
in VSM cells [55-58} and in visceral smooth 
muscle [59}. The Ca-antagonistic drugs have 
vasodilatory effects, including on the coronary 
arteries. Bepridil also was shown to have coro
nary vasodilatory effects {60 , 61} and an an
tianginal effect [62}. Since VSM cells possess 
slow channels, fast Na + channels being either 
absent or nonfunctional, it might be predicted 
that agents like verapamil and bepridil would 
block the APs in VSM cells 

GENERAl CHARACTERISTICS 
OF THE ACTION POTENTIALS 

The VSM cells in both small and large arteries 
are quiescent and have stable resting potentials 
{I5, 16}. Action potentials (APs) usually are 
not initiated when intracellular or extracellular 
current pulses are applied (fig. 34-6A). How
ever, addition of 10 mM TEA allows over-
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shooting (by about 5-lOm V) APs to be elicited 
on application of extracellular current pulses 
(rectangular pulses, 20-30 ms in duration) in 
both large and small arteries (fig. 34-6B). In
tracellularly applied polarizing current pulses 
also produce APs. The TEA caused only a 
small depolarization of about 4 mY. The mean 
amplitude of the TEA-induced AP was 54 ± 
1 (SE) m V in the small arteries and 56 ± 1 
m V in the large arteries (table 34-2). The 
+ V max of the APs was 6 ± 1 V/s (small arte
ries) and 5 ± 1 V/s (large arteries). 

Ca2+ DEPENDENCY OF THE 
ACTION POTENTIALS 

The amplitude and + V max of the TEA-induced 
APs increased as a function of [Ca}o (fig. 34-3) 
(9, 15}. As can be seen in figure 34-3, the APs 
were undershooting when [Ca}o was only 0.5 
mM, and the amplitude of the response in
creased as [Ca}o was increased. In high [Ca}o, a 
spontaneous second AP sometimes followed the 
first stimulated one. The relationship between 
the amplitude and log [Ca}o was linear and had 
an average slope of 30 m V/decade -between 
0.5 and 5.0 mM (Ca}o in the large arteries and 
31 m V/decade in the small arteries (fig. 34-7 
and table 34-2). These values agree with the 
theoretically predicted value from the Nernst 
equation of 30.5 mY/decade for a membrane 
selective for a divalent cation (at 37° C). These 
data indicate that the inward current during 
the AP is carried primarily by Ca 2 + ions. 

BLOCKADE BY Ca2+ -ANTAGONISTIC AGENTS 

Verapamil and Bepridil Blockade. Verapamil
HCl (10-5 M), a known blocker of slow chan
nels [36, 37, 51, 53, 63}, rapidly depressed 
and abolished (fig. 34-6) the TEA-induced 
APs in both small and large coronary arteries 
(table 34-3). The verapamil blockade is consis
tent with the Ca2 + dependency of the AP. As 
expected, the inhibitory effect of verapamil 
could be reversed by elevation of (Ca}o. 

The antianginal agent and coronary vasodi
lator, bepridil, was shown to depress and block 
the inward slow current in myocardial cells 
[38, 54}. In the dog coronary artery (0.5~1.0 
mm o.d.), bepridil also rapidly depressed 
( 10 - 6 M) and abolished (10 - 5 M) the TEA-

B +1Om1ll TEA C +VERAPAMIL 

,--
-r--- ----. -_]0 
-('---- -, -$OmV 

~ec 

FIGURE 34-6 Induction of action potentials by TEA in 
the vascular smooth muscle of dog coronary artery, and 
their blockade by calcium-antagonistic drugs. (A) Control 
record in normal Ringer solution showing a lack of spon
taneous action potentials or responses to external electrical 
stimulation (one shock artifact visible); resting potential 
was - 55 m V. (B) Record taken from the same cell lO 
min after addition of lO mM TEA, illustrating a large 
overshooting AP in response to electrical stimulation. (C) 

Addition of verapamil (5 X lO - 6 M) abolished the APs 
within 5 min . The horizontal broken line gives the zero 
potential. From Harder and Sperelakis [9}. 

induced APs (table 34-3) [40}. Thus, these re
sults can explain the antianginal action of be
pridil, namely, inhibiting Ca2 + influx into the 
VSM cells of the coronary arteries, and thereby 
exerting a relaxing effect on the VSM cells. 

Verapamil and bepridil also depress the K + -

induced contractures of isolated rabbit aortic 
rings in a dose-dependent manner (fig. 34-8) 
{42}. These drugs also depress the norepineph
rine-induced contractures, but to a lesser extent 
(than for the K + contractures) [42}. 

TABLE 34-3. Summary of the effects of some vasoactive 
substances on the TEA-induced action potentials 
of small and large coronary arteries of the dog heart 

Substance 

Verapamil (1.5 X 
lO - 6 M) 

Bepridil (1 X lO - 5 

M) 
Mn2 + (10- 3 M) 

Adenosine (10 - 5 M) 
Nitroglycerin (10 - 5 

M) 
Cardiac glycosides 

(lO-8_ lO -6 M) 

Small 
diameter 
«0.5 mm) 

Blocked 

Blocked' 

Blocked 
Blocked 
No effect 

Potentiated 

Large 
diameter 
(>l.0 mm) 

Blocked 

Blocked 
No effect 
Blocked 

'Tested on intermediate-sized arteries (0.5- co l.O-mm diameter). 
Dara raken from Harder and Sperelakis (9), Harder and Spere1akis (14), 
Harder er a1. (15), Be1ardinelli er a1. (16), and Spere1akis (64). 
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FIGURE 34- 7. Effect of increasing external Ca2+ concentration ({Ca]o) on the amplitude of the TEA-induced action 
potentials in large (filled circles) and small (unfilled circles) coronary arteries of the dog heart. Each point plotted is the 
mean value (± SE) of 10- 21 values. The curve through the filled circles was fined by linear regression analysis. The 
average slope of this line is 30 mY/decade. Modified from Harder et al. {15]. 
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FIGURE 34-8. Effect of verapamil and bepridil on the contractions of rabbit aortic rings induced by elevated K+. 
Cumulative K+ dose-response curves were obtained in the presence and absence of verapamil (10- 5 and 10- 6 M) and 
bepridil (10 - 5 and 10- 6 M). Tissues were equilibrated with the blocking agents for 20 min before assaying . Contractile 
responses are ploned relative to the maximum response of the control tissue. From Mras and Sperelakis {42]. 
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Mn2+ -Ion Blockade. MnCh (1 mM) exerted 
effects similar to those of verapamil and bepri
dil, namely, depression and block of the TEA
induced APs in both small and large coronary 
arteries [64} (table 34-3 and fig. 34-4C and 
D). Since Mn2+ at 1 mM is a relatively specific 
blocker of slow channels that allow Ca2+ ion to 
pass through, but does not block slow Na + 
channels or fast Na + channels [37}, these re
sults also are consistent with the conclusion 
that the inward current during the TEA-in
duced AP is carried almost exclusively by Ca2 + 
IOn. 

Propafenone Blockade. Propafenone, another 
coronary vasodilator, was also found to depress 
(at 10 - 6 M) and abolish (at 10 - 5 M) the TEA
induced spikes in dog coronary artery [35}. 

EFFECTS OF ADENOSINE AND NITROGLYCERIN 

Adenosine Blockade in Small Coronary Arte
ries. Adenosine (10- 5 M) aholished the TEA
induced Ca2+ -dependent action potentials in 
small coronary arteries within 1 min (table 34-
3) [l5}. When the VSM cells blocked by aden
osine were superfused with adenosine deami
nase to destroy the adenosine, there was nearly 
complete recovery of the APs within 2 min. 
Figure 34-9 (unhatched bars) summarizes the 
dose dependency of the effect of adenosine on 
+ V max (fig. 34-9A) and amplitude (fig. 34-
9B) of the APs. As shown, depression of the 
APs began at 1 X 10 - 7 M and was complete 
at 1 X 10 - 5 M. The depression of the + V max 
by adenosine reflects an inhibition of the in
ward Ca2 + current. Adenosine had no signifi
cant effect on the resting potential (Em) or in
put resistant (rin)' 

Adenosine Insensitivity of Large Coronary Arte
ries. Adenosine (10- 5 M) had no effect on the 
amplitude or + V max of the TEA-induced 
Ca2 + -dependent APs in the large coronary ar
teries (table 34-3) [l5}. Adenosine also had no 
significant effect on the resting Em or rin' 

Nitroglyerin Blockade in Large Coronary Arte
ries. Nitroglycerin (10- 5 M) completely abol
ished the TEA-induced Ca2 + -dependent APs in 

the large coronary arteries within 5 min (table 
34-3) [l5}. Figure 34-9 (hatched bars) sum
marizes the dose dependency of the effect of ni
troglycerin on + V max (fig. 34-9A) and ampli
tude (fig. 34-9B) of the APs. As shown, 50% 
depression of both parameters was produced by 
about 5 X 10- 6 M nitroglycerin, and 10- 7 M 
had a slight effect. The depression of + V max 
by nitroglycerin corresponds to a depression of 
the inward Ca2+ current. Elevation of [Ca}o by 
3 mM restored the APs depressed by nitrogly
cerin, indicating that the inhibitory effects of 
the drug are antagonized by cl + ion. Nitro
glycerin had no significant effect on the resting 
Em or rin' 

Nitroglycerin Insensitivity of Small Coronary Arte
ries. Nitroglycerin (10- 5 M) had no effect on 
either the amplitude of + V max of the Ca2+_ 
dependent APs in the small coronary arteries 
(table 34-3) f15}' Nitroglycerin also did not 
affect the resting Em or rin' 

CARDIAC GLYCOSIDE POTENTIATION OF THE 
Ca2+ INWARD CURRENT 

The effects of the cardiac glycosides, ouabain 
and digoxin, known to produce coronary vaso
constriction, were studied on the electrical ac
tivity of isolated small (0.5 mm o.d.) coronary 
arteries of the dog [16}. The cardiac glycosides 
(4 X 10- 9 to 1 X 10- 7 M) increased the am
plitude and maximal rate of rise ( + V max) of the 
TEA-induced Ca2 + -dependent APs in a dose
dependent manner (fig. :34-10 and table 34-
3). In most experiments, a submaximal dose of 
TEA (usually 5 mM) was used so that the po
tentiating effects of the cardiac glycosides could 
be readily discerned. Figure 34-11 summarizes 
the dose dependency of the effect of digoxin on 
+ V max (fig. 34-11A) and amplitude (fig. 34-
lIB) of the APs. As can be seen, significant 
increase in both parameters occurred at 4 X 
10- 9 M, and maximal potentiation occurred at 
1 X 10- 7 M. Increase in digoxin concentra
tion to 10 - 6 M produced a smaller potentia
tion than did 10- 7 M, consistent with a block
ing effect of high concentrations of cardiac 
glycosides on the slow channels [63-65} and 
with some depolarization. 

The cardiac glycosides also rapidly (e.g., 3-
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FIGURE 34-9. Dose dependency of adenosine (unfilled bars) and nitroglycerin (cross-hatched bars) on the maximal rate 
of rise (+ V maX> (A) and amplitude (B) of the TEA-induced action potentials of dog coronary artery. The ordinates give 
the AP parameters as a percentage of the control value in the absence of the drug. Each bar gives the mean ± SE for 
6-8 cells sampled from 3-4 coronary arteries. The adenosine data were obtained from small arteries, and the nitrogly
cerin data from large arteries. With both adenosine and nitroglycerin, complete blockade occurred at 10- 5 M. From 
Harder et al. {l5]. 

10 min) produced spontaneous APs in the pres
ence of subthreshold doses of TEA (e.g., 5 
mM), and increased the frequency of the spon
taneous APs produced by 10 or 15 mM_ TEA 
(fig. 34-12) (16]. A s~all elevation in {Ca}o 
(e.g., by 1 mM) caused a marked increase in 
frequency, amplitude, and rate of rise of the 
APs, i.e., the effects of the glycosides were 
greatly enhanced in elevated {Ca}o, consistent 

with the effect of the glycosides being me
diated by increase in Ca2 + conductance, hence 
Ca2 + influx. Verapamil (5 X 10- 6 M) abol
ished all APs produced by the glycosides. 

Phentolamine (5 X 10 - 6 M), an alpha-ad
renergic antagonist, did not prevent the effects 
of the glycosides, and phenylephrine (5 X 
10 -6 M), an alpha-adrenergic agonist, did not 
mimic the effects of the glycosides and had no 
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significant effect on the resting potential or ac
tion potentials (l6}. These results suggest that 
the effects of the glycosides were not mediated 
by release of catecholamines from sympathetic 
nerve terminals or by activation of the alpha
adrenergic receptors. 

The effects of the cardiac glycosides occurred 
before any significant depolarization was evi
dent (l6}. Significant depolarization was ob
served only after relatively long periods (e.g., 
15 min) in high doses of glycoside, 10- 6 M for 
digoxin and 10- 7 M for ouabain. At 10- 6 M, 
ouabain depolarized by 12 m V (from the con
trol value of - 54 mV to -42 mY) within 15 
min. 

In summary, the data indicate that the low 
concentrations of cardiac glycosides « 10 -7 M) 
increase inward Ca2 + slow current in VSM by 
a mechanism that is independent of membrane 
depolarization, i.e., independent of the well
known action of the glycosides to inhibit the 
(Na,K)-ATPase, and hence the Na-K cation 
pump. This Ca2 + -influx potentiating action of 
cardiac glycosides can account for their coro
nary vasoconstrictor effect and may be Impor
tant in digitalis toxicity. 

HISTAMINE POTENTIATION OF CA2+ INFLUX 

Harder [22} demonstrated that histamine 
(10 -7 -10 - 5 M) increased the amplitude and 
the + V max of the TEA-induced APs in dog cor
onary arteries «0.5 mm o.d.), and that this 
effect was blocked by the HI-receptor antago
nist, pyrilamine maleate. In quiescent prepara
tions in the absence of TEA, histamine (10- 6 

M) hyperpolarized by 9 m V (from - 55 to 
- 64 m V) and reduced rin to about half of the 
control value, consistent with an increase in gK' 

FIGURE 54-10. Illustration of the potentiating effect of 
digoxin on the amplitude and maximal rate of rise of the 
AP. (AJ Elicitation of an undershooting AP by electrical 
stimulation in the presence of a low dose of TEA (5 mM). 
(B) and (C J Records taken from same cell within 2 min 
after addition of 10 - 8 M (B) and 10 -7 M (C J digoxin, 
showing a marked increase in the amplitude and maximal 
rate of rise of the APs. Upper trace gives dV/dt. From 
Belardinelli et al. [16}. 

Because the histamine-induced hyperpolariza
tion was prevented by 1 mM Mn2+, it was 
suggested that this increase in gK was mediated 
by an increased Ca2+ influx and elevated [Cali 
due to the Meech-Gardos effect (Ca2+ -induced 
increase in gK)' 

Casteels and Suzuki [66} had reported, on 
rabbi t ear artery, that histamine activates both 
HI receptors (blocked by mepyramine) and H2 
receptors (blocked by cimetidine), H I activa
tion tending to depolarize and increase force 
development, and H2 activation tending to hy
perpolarize and decrease force development. 
Since K + -free medium prevented the hyperpo
larizing effect of H2 activation, it appears that 
stimulation of the electrogenic pump is respon
sible for the hyperpolarization. Because they 
found that the effects of histamine on force 
were independent of changes in Em, they con
cluded that H I activation induces release of 
Ca2+ from intracellular stores and that H2 ac
tivation inhibits this release. 

NERVE-MUSCLE INTERACTIONS 

In dog coronary arteries, Mekata [1} also re
ported that the VSM cells were electrically 
quiescent and that APs could not be evoked by 
electrical stimulation. However, electrical-field 
stimulation (brief pulses as short as 0.5 ms) of 
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FIGURE 34-13. Effects of nerve stimulation in small mesenteric arteries of guinea pig. All records are from one cell. (A) 

A single EJP recorded intracellularly following a single field stimulus (0.5-ms duration). (B) Stimulation with repetitive 
pulses (8 Hz, 0.5-ms duration) evokes spikes and contraction. (C) On some occasions, a single stimulating pulse evoked 
a single EJP which reached threshold for a spike. Modified from Zelcer and Sperelakis {8}. 
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the intramural nerves produced either contrac
tion, associated with depolarization of the 
VSM, or relaxation, associated with hyperpo
larization. Depolarization occurred when the 
resting potential was more negative than - 60 
m V, and hyperpolarization occurred when rest
ing Em was less negative than - 50 mY. These 
responses were blocked by TTX, suggesting 
that the potential changes in the VSM cells 
were excitatory and inhibitory junction poten
tials due to neurotransmitter release with nerve 
excitation. Mekata concluded that, even in 
such relatively large arteries (about 2.5 mm di
ameter), most of the VSM cells, including the 
innermost cells (closest to the vessel lumen), 
can be controlled by the nerves (generally con
fined to the adventitiomedial border). 

The characteristics of the excitatory junction 
potentials have been examined in a number of 
vessels, including guinea pig mesenteric arte
ries and arterioles and saphenous and ear arte
ries [S, 34, 67-74}. Illustration of several EJPs 
is given in figure 34-13. 

Electrical Properties of Cultured VSM Cells 

ADVANTAGES OF CULTURED CELLS 

Over the past decade, many investigators have 
exploited the cell culture systems for VSM 
cells. These preparations have been used exten
sively to study lipid metabolism and other bio
chemical reactions (75}, but very few electro
physiologic studies have been done. Most of 
the biochemical studies have been done on ex
plant cultures. In this preparation, a minced 
fragment of blood vessel media layer is main
tained for several weeks to allow cells to 
"grow" out of the explant; the cell outgrowth 
is subcultured for several passages (for a de
tailed description, see Sperelakis (76}). How
ever, such cultured cells generally lose their 
contractile ability after a few days, i.e., they 
dedifferentiate to an undetermined extent 
(e.g., see Charnley and Campbell [77}). The 
electrical studies have been done on primary 
cell cultures, in which the smooth muscle is 
dissociated into its individual component cells 
by enzymatic means, and the dissociated cells 
are plated out and cultured for a few days be-

fore experimentation [39, 41, 7 8-S1}. How
ever, spontaneously contracting monolayer cul
tures of VSM cells from rat aorta, which were 
passed several times and maintained for up to 
three months, have also been produced and 
characterized [S2}. 

Study of cultured VSM cells offers several 
advantages, including the following: (a) They 
are easier to impale for long periods with mi
croelectrodes because of the absence of tough 
connective tissue and because of weaker con
tractions. Cultured cells allowed to reaggregate 
into small (e.g., 50-300 J.Lm in diameter) 
spheres (by gyration for 24 h) are especially 
useful for microelectrode impalements (sum
marized by Sperelakis [76}). (b) A relatively 
pure population of myocytes can be prepared, 
thus enabling chemical determinations to be 
made on the muscle cells and not on the other 
cell types found in intact blood vessels. (c) The 
cultured VSM cells are denervated; hence the 
effect of various vasoactive substances can be as
certained in the absence of neural effects. (d) 
Studies on changes in VSM muscle function 
under various conditions can be made free of 
systemic influences, e.g., circulating sub
stances. (e) The effects of long-term exposure of 
the VSM cells to various drugs or altered envi
ronment can be determined. (f) Ion-flux studies 
can be done in monolayer cultures where there 
is no interstitial compartment, thus simplify
ing the analysis and interpretation. 

CULTURED EMBRYONIC CHICK VSM CELLS 

McLean and Sperelakis [79} produced cultured 
reaggregates of VSM cells which contracted 
spontaneously. Single cells were trypsin-dis
persed from arteries and veins (great vessels 
near the heart and mesenteric vessels) isolated 
from ten- to 20-day-old chick embryos, and al
lowed to reaggregate into small spheres (100-
300 J.Lm in diameter) by gyrotation. Many of 
these spherical reaggregates contracted sponta
neously or in response to electrical stimulation 
during culture periods of up to six weeks. 
When the reaggregates were allowed to adhere 
to a glass substrate, cells emigrated from the 
spheres to form aprons of monolayered cells 
which continued to contract. Thick and thin 
myofilaments and "dense bodies" characteristic 
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of smooth muscle cells were observed in a large 
fraction of the cells examined by electron mi
croscopy. 

The vascular smooth muscle cells in these 
primary cultures had resting potentials of - 40 
to - 60 m V and overshooting APs with maxi
mal rates of rise usually of about 4-lO Vis. In 
addition, the APs were insensitive to tetrodo
toxin (TTX) , a blocker of fast Na + channels. 
Such electrophysiologic properties are charac
teristic of smooth muscle cells. The APs were 
preceded by pacemaker potentials, which are 
responsible for the spontaneous firing. 

Therefore, these results indicate that identi
fiable vascular smooth muscle cells can be suc
cessfully maintained in primary culture as reag
gregates for several weeks, and that these cells 
retain electrical and contractile properties sim
ilar to those of smooth muscle cells in intact 
adult blood vessels. Thus, this preparation pro
vides a convenient system for electrophysiologic 
and pharmacologic studies of VSM cells. 

Spontaneously contracting cultures of VSM 
cells from embryonic chick omphalomesenteric 
vessels have been reported [78}. Electrophysiol
ogic studies on cultured reaggregates of smooth 
muscle cells from guinea pig vas deferens have 
also been made [83}. 

CULTURED RAT AORTIC CELLS 

Recent success has been made in producing and 
impaling cultured reaggregates of VSM cells 
from adult rat aorta [39, 41, 81, 84}. The cells 
were dispersed by coll~genase/elastase, and al
lowed to reaggregate into small spheres (50-
200 J..Lm in diameter) by plating on to cello
phane or by gyrotation, and these primary cul
tures were incubated for 5-14 days. 

In the first study [39}, the mean resting po
tential was - 55 m V, and the mean input re
sistance was 9.0 Mfi (table 34-4). The cells 
were quiescent, electrically and mechanically, 
and electrical stimulation often did not elicit 
responses. However, some cells did respond to 
electrical stimulation, and in these cases the 
AP response consisted of an initial spike com
ponent and a second long-lasting plateau com
ponent of about 5 s in duration. In cells that 
were unresponsive to electrical stimulation, ad
dition of Ba2+ (1 mM) or tetraethylammonium 

TABLE 34-4. Summary of some electrical 
properties of cultured vascular smooth 
muscle cells enzyme dispersed from adult rat aorta 

Condition 

Control 
BaH (1.0 mM) 
TEA+: 5.0mM 

15.0 mM 
Epinephrine: 10 -7 M 

10-6 M 

-55 ± 1.0 
- 36 ± 1.5 
-52 ± 1.6 
-35 ± 0.5* 
-46 ± 1.2* 
- 35 ± 1.2* 

Data given are the mean ± 1 SE. 

9.0 ± 0.6 
17.0 ± 1.0* 
10.5 ± 1.0 
16.3 ± 0.6* 

·Statistically significant difference from the concrol value at P < 0.05. 
From Hardet and Sperelakis {39] and Mras and Sperelakis {41]. 

ion (TEA; 5-15 mM) induced excitability 
(with accompanying contraction), either as 
spontaneous APs or by allowing responses to 
electrical stimulation (fig. 34-14). The cells 
became partially depolarized (e.g., to - 36 
m V) by Ba2 +, and the input resistance in
creased (table 34-4). The frequency of sponta
neous firing of the Ba2 + -induced spikes was 
affected by polarizing current pulses, as ex
pected for pacemaker behavior (fig. 34-14B
D). Elevation of Ca2 + in the bathing solution 
increased the amplitude (overshoot) of the APs, 
and prolonged the plateau component (fig. 34-
15). The APs were blocked by verapamil 
(10 - 5 M). The reaggregates consisted of a tight 
packing of elongated small-diameter cells, 
some of which exhibited thick and thin myofil
aments, "dense bodies", and surface membrane 
caveolae. The results of this study demon
strated that reaggregates of arterial smooth 
muscle in primary culture can maintain func
tional and morphologic characteristics of intact 
arterial smooth muscle, and therefore provide a 
useful preparation for the study of vascular 
smooth muscle function and control. 3 

In subsequent studies [41, 81, 84} it was 
confirmed that the APs that were evoked by 
electrical stimulation (in the absence of any 
added agent, such as Ba2+ or TEA) were of 
long duration (3-5 s) and consisted of spike 
and plateau components and that verapamil 
and Mn2+ blocked both components. Some
times the plateau component occurred without 
a spike component. The initial spike compo-
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FIGURE 34-14. Spontaneous action potential generation in primary cultures of rat aortic smooth muscle cells exposed co 
BaH ion. (A) Record illustrating absence of spontaneous APs and lack of response to extracellular electrical stimulation 
(one shock artifact depicted). (B and C) Records illustrating the partial depolarization and the induCtion of spontaneous 
APs by 1.0 mM BaH. There was an increase in amplitude and reduction in frequency of the spontaneous APs during 
intracellular application of O. 5-nA (B) and 0.9-nA (C) hyperpolarizing current pulses. (D) Record illustrating abolition 
of spontaneous spike activity during a 1.2-nA hyperpolarizing current pulse. Note the stimulation of an AP at the 
cessation of the hyperpolarizing current pulse in (C) and (D). All records were taken fcom the same cell. From Harder 
and Sperelakis [39]. 
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FIGURE 34-15. Electrical activity of cultured vascular smooth muscle cells enzyme-dispersed from aorta of adult rat. (A) 

Record illustrating a small spike response to anodal-break stimulation in normal CaH solution containing 5 mM TEA. 
(B) Record from the same cell illustrating the large overshooting AP having a prominent depolarizing afterpotential in 
response to anodal-break stimulation when CaH was elevated co 4.0 mM. Spontaneous activity also occurred. (C and 
D) Records from a cell in another reaggregate illustrating the response to brief (3 ms) depolarizing current pulses in 2 
mM CaH (C) and in 4 mM CaH (D). Note the marked increase in amplitude of the spike component in duration of 
the "plateau" component produced by elevation of Ca2 +. The times of application of the hyperpolarizing (A and B ) and 
depolarizing (C and D) current pulses are indicated by the lower trace in each panel. From Harder and Sperelakis [39]. 
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8 10mM TEA +O,SmM Sa 

nenthad a maximum rate of rise (+ V max) of 
1-3 Vis and an amplitude of 30-40 mV (some
times nearly reaching the zero potential level). 
When the plateau component occurred alone, 
it was much slower rising (0 . 1-0.3 Vis) . It was 
also shown that the APs have a sharp thresh
old, and that the APs fatigue when the fre
quency of stimulation is too high. Addition of 
bepridil, a ci+ -antagonist agent like verapa
mil, also depressed and blocked the APs in a 
dose-dependent manner (10- 7_10- 5 M). These 
results agree with external recordings showing 
that APs with long duration plateaus are re
corded from isolated strips of rat aorta [85}. 

Angiotensin II (All) (10-6 M), given as a 
bolus, rapidly depolarized the cultured cells 
by about 10-30 mV [81}. Sometimes the 
All-induced depolarization triggered APs (with 
spike and plateau components) (fig. ~4-16). 
[he All-induced depolarization disappeared in 
Na + -free solution, suggesting that the depolar
ization may be due to an increase in Na + con
ductance. These experiments demonstrate that 
All has a direct effect on VSM cells to depolar
ize them and that this may be one important 
mechanism whereby angiotensin increases the 
degree of contraction of VSM cells. The results 
also demonstrate that functional angiotensin re
ceptors are present in the cultured cells. 

Cultured reaggregates of rat aortic VSM cells 
prepared from spontaneously hypertensive rats 
(SHR) gave similar responses to All [81}. 
There were no significant differences between 

FIGURE 34-16. The effects of angiotensin (AIl) on cul
tured reaggregates of rat aortic smooth muscle cells . (A) 
All (20 IJ..L of 10 - 6 M in a l.O-ml bath) rapidly depolar
izes and initiates an AP containing a spike and plateau. 
(8) In the presence of 10 mM TEA + and 0.5 mM BaH, 
All (same concentration as in A) also depolarizes and in
duces an AP. From Zelcer and SpereJakis [8I}. 

the resting potentials of the SHR cells (- 45.6 
± 0.5 m V) compared to the nonhypertensive 
Wistar-Kyoto (WKY) cells (- 44.7 ± 0.5 
m V), or between the APs. 

In further studies on angiotensin by Johns 
and Sperelakis [84}, continuous exposure of the 
cultured rat aortic VSM cells to angiotensin II 
(rather than bolus injection) also produced an 
angiotensin-induced peak depolarization of 
about 20 m V, which triggered an action poten
tial consisting of a spike plus plateau (ca. 20-s 
duration). Membrane resistance was also low
ered significantly, consistent with an angioten
sin-induced increase in conductance for an in
ward-depolarizing current. This could explain 
the potent vasoconstricting action of angioten
sm. 

Conclusions 
The resting potential of VSM cells in small and 
large coronary arteries of the dog, superior 
mesenteric artery of the guinea pig, and cul
tured rat aortic cells is about - 54 m V. There 
is a contribution by the electrogenic pump po
tential to the resting potential of about 8 m V 
in guinea pig superior mesenteric artery, i. e. , 
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the net diffusion potential (Ediff) is about - 46 
m V. The PNa/PK ratio calculated from the 
Goldman constant-field equation for this Ediff 
value, for a {K}i of 160 mM and an assumed 
(Na); of 15 mM is 0.18 (at (K}o of 4 mM). 
The value of [KJ; was 160 mM for the guinea 
pig superior mesenteric artery, as extrapolated 
from the curve of Em against log {K}o. In 

guinea pig superior mesenteric artery , Cl- ion 
appears to be passively distributed, i.e., Cl
distributes itself in accordance with the average 
membrane potential (ECl = Em) and there is no 
electrical evidence for a Cl- pump. The aver
age input resistance was about 9 MO, which, 
assuming a cell length of 200 f.Lm and radius 
of 2.5 f.Lm, gives a membrane resistivity (Rm) 

ELECTRICAL EaUIVALENT CIRCUIT FOR CELL MEMBRANE OF 

VASCULAR SMOOTH MUSCLE OF DOG CORONARY ARTERY 
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FIGURE 34-17 . Electrical equivalent circuit for the cell membrane of arterial vascular smooth muscle cells. The conduct
ance pathways (channels) are shown both for the resting membrane (gK, gNao gCa, and gCl) and for the excited membrane 
(g~a and gk). The arrow through the resistances (for the excited membrane) represent the fact that the resistance (con
ductance) varies with the membrane potential and time, i.e. , these are voltage-dependent conductances . The equilibrium 
potentials for the four major ions of concern (EK , ENa , Eca , and ECI), as calculated from the Nernst equation for the 
known ion distributions, are depicted as batteries of differing polarities and magnitudes as indicated . The resistance 
channels are presumably due ro protein molecules floating in the phospholipid bilayer matrix of the membrane, and the 
parallel capacitance (Cm ) component is due to the lipid bilayer. Verapamil, bepridil, and MnH block the CaH slow 
channels, whereas TEA + and BaH block the resting K+ channels (depress gd and depress the kinetics of activation of 
gk. There may be only one type of voltage-dependent K + channel, one that allows K + to pass more readily outward 
(outwardly directed rectification or delayed rectification). The AP rising velocity and overshoot is determined by the 
inward slow CaH current carried through the slow channels . The repolarization of the AP is brought about by a sharp 
increase in gk which is activated by the depolarization . Inexcitability may be produced when (gK + gk) is too high. 
From Sperelakis {64}. 
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TABLE 34-5. Calculation of contribution of electrogenic Na + pump potential co resting 
potential for different values of membrane resistivity fcom the circuit depicted in figure 34-18 

f:::,V 

Rm Ediff Yep Em (Em - Ediff) 
(O_cm2) (mv) (mV) (mV) (mV) 

1,000 -46 -60 -55.3 - 9.3 
5,000 -46 -60 -58.7 -12.7 
1,000 -46 -70 -62.0 -16.0 
1,000 -46 -46 -46.0 0 
1,000 -46 0 -46.0 0 
1,000 -77 -91 -86.3 9.3 
5,000 -77 -91 -89.7 -12.7 
1,000 -77 -85 -82.3 5.3 
5,000 -77 -85 -84.3 - 7.3 

Em = (Rm )V+( Rp)E Rm+Rp ep Rm+Rp diff 

Rp. the pump resistance, assumed to be constant (independent of Rm) at 500 O_cm2 when the pump is operating, and infinite resistance when the pump 
is scopped. EdLff is the net diffusion potential based on the ion distributions (equilibrium potentials) and relative conductances. Yep is the electrogenic Na + 

pump potential produced by a net outward positive current (e.g., three Na+ ions extruded to two K+ ions pumped in), Em is the resting potential 
calculated from the equation given above. 6. V is the difference between Em and Ediff• i.e., it gives the contribution of Yep to the resting potential. Note 
that the resting potential (Em) increases, due co a large concribution from Yep, when Rm is increased; this is consistent with experimental observations. 
Also note that the contribution from Yep to Em is the same in cells that have a greater Ediff• when the difference between Yep and Ediff (14 mY) is the same. 

of 283 fl-cm2 • (If low-resistance connections 
between cells exist, Rm would be underesti
mated.) 

The arterial VSM cells in isolated strip prep
arations are generally electrically inexcitable in 
vitro (with the exception of some cultured rat 
aortic VSM cells), although these cells probably 
fire APs in situ in response to summated EJPs 
from neurotransmitter release. Addition of 
agents, such as BaH and TEA +, that depress 
K + conductance at rest and during excitation, 
and hence the outward K + current, allow large 
overshooting spike APs to be elicited by elec
trical stimulation. Suppression of the outward 
current should allow a greater net inward cur
rent, and thus facilitate regenerative excitation. 

The maximal rate of rise (+ V max) of the 
TEA-induced APs averages about 5 VIs. De
polarization reduces + V max, as expected, and 
complete inactivation of the slow channels 
( + V max = 0) occurs at a resting Em of about 
- 22 mY. The APs overshoot often to about 
+ 10 mY; in some cases, however, the APs un
dershoot, i.e., fail to reach the zero potential 
level. The degree of overshoot is a function of 
[Ca}o, higher [Ca}o levels giving greater over
shoots. The amplitude (and + V max) of the APs 

give straight lines when plotted against log 
[Ca}o (between 0.5 and 5.0 mM), with a slope 
of about 30 m V/decade. Since this slope is 
nearly exactly the theoretical value calculated 
from the Nernst equation for a divalent ion, 
and since variation in [Na}o has little or no ef
fect on the amplitude or + V max of the APs, 
the inward current during the TEA-induced 
APs is carried almost exclusively by CaH ion. 

Verapamil blocks the Ca2 + -dependent APs, 
as expected, whereas TTX has no effect on 
their amplitude or + V max. These results indi
cate that an inward fast Na + current does not 
contribute to the inward current of the AP, but 
that the inward current is entirely a slow cur
rent carried through slow channels. Thus, fast 
Na + channels are either absent or nonfunc
tional. In this respect, the VSM cells of adult 
animals are like the myocardial cells in very 
young embryonic hearts which possess many 
slow channels but little or no functional fast 
Na + channels (young tubular hearts may be 
considered as pulsating blood vessels) [85}. 

The TEA-induced Ca2 + -dependent APs 
make a good assay system for determining the 
effect of vasoactive substances on the VSM 
cells. For example, verapamil and bepridil, 
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FIGURE 34-18. Hypothetical electrical equivalent circuit for an electrogenic sodium pump in vascular smooth muscle 
cells. Model consists of a pump pathway (Rp) in parallel with the membrane resistance (Rm) pathway and the membrane 
capacitance (em). The pump protein (Na,K)-ATPase and the ion-channel conductance proteins are floating in the lipid 
bilayer membrane as parallel elements. The net diffusion potential (EdaT) (determined by the ion equilibrium potentials 
and relative ion conductances) is depicted in series with Rm. The electrogenic Na + pump potential (Yep) (determined by 
the rate of the pump turnover and the Na + -K+ coupling ratio) is depicted in series with the pump resistance (Rp). Rp 

is assumed to have a constant value close to Rm, but to be independent of changes in Rm, when the pump is operating 
at a constant rate; Rp is assumed to become infinite when the pump is stopped. (Alternatively, the internal resistance of 
Yep can be considered as becoming infinite when the pump is stopped.) The inset provides another representation for the 
battery Yep' namely, a capacitance in parallel with (and being charged by) the Na+-K+ exchange pump which is 
electrogenic (i.e., the Na + IK + coupling ratio is greater than 1.00) and generating a constant outward current. From 
Sperelakis [64]. 

known coronary vasodilators, depress and block 
the APs, and hence the Ca2 + influx into the 
VSM cells during excitation. This action most 
likely accounts for the vasodilatory effect of 
these Ca2 + -antagonistic drugs. Another Ca2 +_ 

antagonistic agent, Mn2 + ion, also abolishes 
the TEA-induced APs. Similarly, adenosine, a 
known vasodilator that may play a role in the 
local regulation of blood flow [86}, was shown 
to depress and block the Ca2 + -dependent APs 
in small coronary arteries of the dog, but had 
no effect in the larger vessels. In contrast, ni
troglycerin, another vasodilator, depressed and 
blocked the APs in large coronary arteries, but 

had no effect in the smaller vessels. Cardiac 
glycosides, known coronary vasoconstrictors, 
potentiate the inward Ca2 + current in small 
coronary arteries of the dog. This action of the 
cardiac glycosides can account for their vaso
constrictor action and may be important in 
digitalis toxicity. 

Cultured VSM cells, prepared from arteries, 
retain many of the same electrical properties 
that the cells in the intact arteries possessed. 

It is concluded that the electrical equivalent 
circuit of the cell membrane of arterial VSM 
cells is as depicted in figure 34-17. As shown 
in figure 34-17, there are voltage-dependent 
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FIGURE 34-19. Cartoon/model of a Ca2+ slow channel in vascular smooth muscle. The channel protein spans the thick
ness of the cell membrane, and floats in the phospholipid bilayer matrix. Three different states of the channel gates are 
depicted. In the resting state, the activation (A) gate is closed and the (1) gate is open; thus, the channel is noncon
ducting. The voltage dependency of the channel is presumably due to the gates carrying a net positive charge. With 
depolarization to threshold, the channel changes into the activated (conducting) state, because the A gate opens quickly 
(by electrostatic repulsion) while the I gate is still open; that is, the kinetics of the A-gate movements are faster than 
those for the I gate. With continued depolarization, however, the I gate closes while the A gate is still open, and the 
channel passes into the inactivated state, which is also nonconducting. Upon repolarization, the two gates can move 
back into their original resting positions (recovery process). The main differences between slow channels in comparison 
with fast Na + channels are (a) that the kinetics of the gate movements appear to be much slower; (b) that the voltage 
range at which the gates open and close are at less negative voltages; and (c) that the drugs that block the channels are 
different, agents like verapamil and Mn2+ blocking slow channels, whereas agents like TTX block the fast Na + chan
nels. The gates are depicted simply as physical barriers, but they might actually reflect conformational changes in the 
channel protein. The I gate is presumably located at the inner orifice of the channel, because proteolytic enzymes 
functionally remove the I gates without affecting the A gates ( in perfused squid axons). From Sperelakis {64}. 

slow channels that are specific for Ca2 + ion, 
and are blocked by the slow-channel blockers 
verapamil, bepridil, and Mn2 +. There is prob
ably only one type of voltage-dependent K+ 
channel, the outward-going delayed-rectifier 
channel, which is responsible for repolarization 
of the AP. Agents like Ba2+ and TEA + affect 

both types of K+ channels, namely, the resting 
gK and the delayed-rectifier channel. The rest
ing potential, more correctly Ediff' is deter
mined by the resting values for the K + and 
Na + conductances (gNa!gK ratios) and the mag
nitude of EK and ENa . The electrogenic pump 
potential (Vep) contribution to the resting po-



34. ELECTROPHYSIOLOGY OF VASCULAR SMOOTH MUSCLE 733 

tential is illustrated in figure 34-18. Calcula
tions based on the equivalent circuit depicted 
here are presented in table 34-5 to illustrate 
how the magnitude of the contribution of Yep 

to the resting Em is affected by membrane re
sistance (Rm). 

The three states of the Ca2+ slow channel, 
modeled after the Hodgkin-Huxley hypothesis 
for the fast N a + channeL are schematized in 
figure 34-19. Some Ca2+ -antagonistic drugs 
may act to plug the channel physically by 
binding to its outer mouth or inner surface. In 
addition, because of the frequency dependency 
of the action of such agents, it seems likely 
that these drugs also depress and slow the re
covery process of the channel, namely, the con
version from the inactive state back to the rest
ing state. Binding of drug to the slow channel 
may occur primarily in the activated or inacti
vated states of the channel. 

Since some Ca2+ -antagonistic drugs readily 
enter the muscle cells, it is possible that they 
may have a primary or secondary site of action 
intracellularly. For example, methoxy-verapa
mil has been shown to block the slow channels 
by acting on the inner surface of the cell mem
brane [87, 88}. Consistent with this, it was 
demonstrated that 3H-bepridil and 3H-verapa
mil readily enter vascular smooth muscle cells 
(rabbit aorta) [89, 90}, thus consistent with 
the view that bepridil may also act to depress 
Ca2+ release from the SR [38}. In smooth mus
cle and cardiac muscle, the order of uptakes ob
served was: bepridil > verapamil > > nifedi
pine > diltiazem [90}. This order of uptakes 
was in the same order as their lipid solubilities 
[91}. In addition, verapamil and bepridil in
hibit Ca2 + binding to isolated sarcolemma 
from guinea pig heart in a dose-dependent 
manner ,- verapamil being the more potent of 
the two agents; in contrast, nifedipine and dil
tiazem did not exert such an effect [92, 93}. 
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Notes 
1. Forbes and Sperelakis [94J have shown that there 

are junctional processes and pillars that connect the sar
colemma and surface caveolae with the membrane of the 
junctional SR, which may be involved in the transfer of 
excitation from the sarcolemma to the SR. 

2. It has been demonstrated by Ridgeway et al. [45J 
that, in barnacle muscle, there is hysteresis in the force
[Cali relationship, such that the curve is shifted to the 
left as [Cali is decreased. Thus, a particular [Ca); can 
maintain a higher force level than it can create, and con
traction modulates Ca2+ sensitivity. 

3. Thakkar et al. {95} demonstrated that the cultured 
rat aortic cells possess a potent phospholipase A2 activity. 
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35. ELECTROMECHANICAL AND 

PHARMACOMECHANICAL COUPLING IN 

VASCULAR SMOOTH MUSCLE 

G. Droogmans 

and R. Casteels 

Introduction 
The contractile response of smooth muscle cells 
is triggered by an increase of the free cyto
plasmic concentration of calcium ions. In 
skinned smooth muscle fibers, i.e., tissues 
from which the cell membrane has been chem
ically removed by detergent treatment, the 
threshold Ca concentration for initiating con
traction amounts to approximately 10 -7 M, 
and full activation of the contractile proteins 
occurs at about 10- 5 M calcium [l-3J. 

This change in Ca concentration can be 
brought about by an increased net influx of cal
cium ions from the extracellular medium, or by 
a mobilization of calcium ions from intracellu
lar stores. When smooth muscle preparations 
are exposed to Ca-free solutions, or to solutions 
containing La3 + or Mn2 + , which block the en
try of calcium ions, K depolarization does not 
evoke a contraction, whereas constrictor agents 
only induce a transient contraction. A second 
stimulation with these agonists does not evoke 
a second response [4, 5}. These findings indi
cate that a continuous supply of calcium ions 
from the extracellular medium is required to 
maintain a tonic force development in smooth 
muscle cells. They also illustrate that a recy
cling of Ca ions between sarcoplasmic reticu
lum and cytoplasm, as it occurs in striated 
muscle {6, 7}, does not exist in smooth mus
cle. 

N. Sperelaki; (ed.l. PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
All rights reserved. Copyright © 1984. 
Mar/inNs Nijhoff Puhlishing, BOlton/The HagMel 
Don/recht/Lancaster. 

The early observations that K-depolarized 
smooth muscle cells, in which no electrical re
sponses occur, can still be contracted by ago
nists {S, 9J suggested that these substances can 
affect the contractile state through other mech
anisms than a change in membrane potential. 
It was further shown that the differences in the 
maximal contractile effects of different agonists 
are maintained in K-depolarized smooth mus
cle cells. These observations led to the intro
duction of the term pharmacomechanical cou
pling, as opposed to electromechanical coup
ling, to define the processes which lead to ac
tivation of contraction without a necessary 
change in resting potential {1OJ. 

This subdivision of activation of contraction 
into electro- and pharmacomechanical coupling 
ultimately led to the postulation of two types 
of Ca channels in smooth muscle cell mem
branes, i.e., voltage-sensitive Ca channels 
which are opened upon depolarization of the 
cell membrane, and receptor-operated Ca chan
nels, which are opened by the interaction of 
agonists with their receptor [lI}. 

Electromechanical Coupling and Voltage
sensitive Calcium Channels 

RESTING POTENTIAl 
In normal physiologic conditions, the resting 
membrane potential of vascular smooth muscle 
cells measured with intracellular microelec
trodes ranges from - 50mV to -70mV. This 
transmembrane potential difference is largely 
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due to passive diffusion. Active processes build 
up concentration gradients across the cell mem
brane, and the diffusion of ions down their 
electrochemical gradient induces a diffusion po
tential. Its magnitude is determined by the in
tra- and extracellular concentrations of the dif
ferent permeating ionic species and by their 
relative permeabilities [12, 13}. The observa
tion that changes in extracellular ion concentra
tions affect the resting potential is in agree
ment with such a mechanism. Because the 
membrane potential does not change by 62 m V 
for a tenfold change in [K + }o, it can be con
cluded that the membrane is not selective 
permeable for K ions, and that the permeabil
ity for other ions and/or other processes also 
contributes to the resting potential. From the 
experimental values of intra- and extracellular 
ionic concentrations and their relative permea
bilites, a value of - 31 mV for the diffusion 
potential has been calculated in rabbit main 
pulmonary artery [14}, whereas the measured 
value of the resting potential amounts to - 57 
m V. The discrepancy between both values 
could be partly explained if some of the active 
transmembrane transport processes are electro
genic, i.e., the transfer of net electrical charges 
across the cell membrane by these pumps cre
ates an additional potential difference. Evi
dence for the existence of an electrogenic Na-K 
pump has been presented for both visceral and 
vascular smooth muscle [15-17}. The nonpas
sive CI distribution [18, 19} might also be 
caused by an active electrogenic CI influx, 
which contributes to the membrane potential, 
as has been observed in guinea pig taenia coli 
[20}. This brief description of the mechanisms 
contributing to the membrane potential indi
cates that changes in this parameter can be in
duced by changes of the ion gradients or the 
ionic permeabilities, or by affecting the active 
ion transport. The latter action can modify the 
ionic gradients and/or the electrogenic compo
nent of the resting potential. These changes in 
membrane potential might directly affect vas
cular smooth muscle tone, or they might mod
ulate the contractions induced by agonists. 

ACTION POTENTIALS 

Spontaneous action potentials of different con
figurations have been recorded in a number of 

vascular smooth muscle preparations, whereas 
in other preparations action potentials could be 
induced by K depolarization, electrical stimu
lation, or by application of excitatory agents 
[21-25}. In the larger vessels, however, the ap
pearance of action potentials seemed to be ex
ceptional, and could be induced only under 
rather unphysiologic conditions, e.g., in the 
presence of K-channel-blocking agents tetraeth
ylammonium (TEA) and procaine [5, 26-39}. 
More recent experiments showed that exoge
nously applied noradrenaline and endogenous 
noradrenaline released from the nerve endings 
upon stimulation have different effects on the 
membrane potential [30, 31}. The release of 
neurotransmitter from the perivascular nerves 
induces excitatory junction potentials which 
can summate and reach threshold for eliciting 
an action potential when the stimulus fre
quency is sufficiently high. On the other hand, 
stimulation with exogenous noradrenaline does 
not affect the resting potential in these tissues. 
This discrepant action of exogenous and endog
enous noradrenaline has been explained by as
suming the existence of two different popula
tions of a adrenoceptors, [32,~3}: the classic 
extrajunctional a receptors, which are activated 
by exogenous noradrenaline, and the intrajunc
tional 'Y receptors, which are activated by en
dogenous noradrenaline released from the nerve 
terminals and which cannot be accessed by ex
ogenous noradrenaline in a sufficiently high 
concentration to activate them. However, in 
guinea pig ear artery [34} and mesenteric vein 
[35} there was no discrepancy between the ef
fects of endogenous and exogenous noradrena
line on the resting potential. 

VOLTAGE-SENSITIVE CALCIUM CHANNELS 

As discussed in chapter 34, the inward current 
responsible for the upstroke of the action po
tential in spike discharging tissues is probably 
carried by both Ca2+ and Na + ions. The con
tribution of each cation depends mainly on the 
ion selectivity of the channel and might vary 
between different vascular smooth muscles. 

The amount of Ca2 + ions entering during a 
single action potential has been estimated from 
the amount of charge required to discharge the 
membrane capacity from the resting potential 
to the peak of the action potential, and by as-
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suming that this charge is entirely carried by 
ci+ ions. This estimated value is an order of 
magnitude below the amount necessary to ac
tivate a maximal contraction. A possible expla
nation for this discrepancy might be that the 
net transmembrane current is an underesti
mated value of the inward Ca current because 
of the existence of an appreciable outward K 
current (net inward current < < inward Ca 
current). Experimental evidence for such an 
important overlap between inward and outward 
membrane currents is lacking, because the 
technical limitations of the voltage-clamp tech
nique applied to multicellular smooth muscle 
preparations do not allow a quantitative analy
sis of the ionic currents underlying the action 
potential. However, such an overlap might ex
plain why some vascular smooth muscles gen
erate action potentials in normal physiologic 
solutions, and others only do when the outward 
K current is blocked by TEA. An alternative 
explanation for the discrepancy between the 
amount of calcium estimated from the ampli
tude of the action potential and that required 
to activate a maximal contraction might be 
that the depolarization of the cell membrane, 
or the small amount of Ca2 + ions entering the 
cell during the action potential, triggers the re
lease of calcium ions from an intracellular com
partment, analogous to the excitation-contrac
tion coupling in striated muscle. Convincing 
evidence in favor of the latter hypothesis is also 
lacking. 

A graded depolarization of the cell mem
brane, e.g., by increasing [K +}o, stimulates 
15Ca influx and induces a contraction. Any ex
perimental conditions which block spontaneous 
or induced action potentials and the concomi
tant contractile responses, such as exposure to 
Ca-free solutions, or application of Ca antago
nists such as D-600, Mn2 +, or La3 +, also in
hibit to a large extent the stimulation of the 
15Ca influx and the contraction induced by K 
depolarization [5}. This observation therefore 
favors the hypothesis that both activation 
mechanisms, action potentials and graded de
polarizations, depend on the opening of the 
same type of Ca channels. K depolarization 
does not evoke a contractile response in Ca-free 
medium, and this suggests that a depolariza
tion of the cell membrane does not trigger a 

release of intracellular Ca. Therefore it is also 
unlikely that the depolarizing phase of the ac
tion potential does induce such a release, but a 
Ca-induced Ca release during the action poten
tial or during a graded depolarization cannot be 
excluded. 

Pharmacomechanical Coupling and 
Receptor-operated Channels 

RECEPTOR-OPERATED CHANNELS 

In a number of vascular smooth muscle cells a 
change of the membrane potential is not the 
primary trigger for the contraction induced by 
agonists, because it occurs without a concomi
tant change of the resting potential [5, 31, 36, 
3 7}. Similar observations have been obtained 
for the stimulation of pig coronary artery with 
acetylcholine [38}. In guinea pig coronary ar
tery [39} and in rabbit mesenteric artery [40}, 
acetylcholine elicits a contraction while hyper
polarizing the cell membrane. The constrictor 
effect of histamine in canine coronary artery is 
also accompanied by a hyperpolarization of the 
cells [41}. In basilar artery a close relationship 
was observed between membrane depolarization 
and contraction at low noradrenaline concentra
tions, but the amplitude of the contraction in
creases without a further depolarization at 
higher concentrations of the agonist [42}. In 
other preparations, such as rabbit pulmonary 
artery [l4} and guinea pig aorta [43}, nor
adrenaline induces a contraction at concentra
tions which do not affect the resting potential. 
This nonelectrical or pharmacomechanical acti
vation depends both on an influx of Ca from 
the extracellular medium through receptor-op
erated channels (ROC) and on a release of Ca 
from intracellular stores [5, 44-47}. The latter 
is responsible for the initial phasic component 
of the contractile response, whereas the former 
causes the later tonic component of the contrac
tion [48, 49}. 

These receptor-operated channels are not af
fected by organic Ca antagonists at concentra
tions which block the voltage-dependent Ca 
channels [50-52}. In guinea pig portal vein it 
was shown that part of the noradrenaline con
traction was insensitive to 10 - 5 M verapamil, 
whereas at this drug concentration the sponta-
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neous electrical and mechanical activity, as well 
as the K-induced contraction, were completely 
blocked {53). These observations strongly sug
gest that the ROC constitute a population of 
Ca channels which is different from the volt· 
age-dependent channels . Also the observation 
that agonist-induced contractions and contrac
tions induced by K depolarization have a dif
ferent temperature sensitivity {54-57) is con
sistent with this hypothesis. The finding that 
different agonists produce unequal maximal 
contractile responses is not inconsistent with 
the existence of a single type of ROC, but 
might arise from a different degree of coupling 
of the various receptor types to these channels. 

AGONIST -SENSITIVE CALCIUM STORES 

The observation that excitatory agents, but not 
membrane depolarization, can evoke a transient 
contraction in smooth muscle preparations ex
posed to Ca-free solutions suggests that ago
nists may release calcium from intracellular Ca 
stores. Different agonists might act on the 
same intracellular Ca store, but release different 
amounts of stored calcium and induce contrac
tions of different magnitudes in Ca-free solu-
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FIGURE 35-1. Effect of successive stimulations with 10-) 
M noradrenaline (NOR) and 10 mM caffeine (caff) on the 
4)Ca-efflux rate from rabbit ear artery. The efflux has been 
performed at 20°C in a Ca-free solution, and the initial 
50 min of washout are not shown. Each curve represents 
the mean of four tissues . 

tion {46, 58, 59}, This is illustrated in figure 
35-1. Both caffeine (10 mM) and noradrena
line (10 - 5 M) induce a release of 45Ca in rab
bit ear artery. However, caffeine is no longer 
able to release Ca after a stimulation with nor
adrenaline, whereas, after a stimulation with 
caffeine, noradrenaline induces an additional Ca 
release. These findings suggest that both sub
stances act on the same Ca compartment, but 
that noradrenaline is more effective than caf
feine in depleting this store. Such a release 
mechanism has been described for most smooth 
muscle tissues, but there exists a large tissue 
variability concerning the capacity of this store 
orland the rate at which calcium is lost from 
this compartment during exposure to Ca-free 
medium. In guinea pig taenia coli after about 
3 min of exposure to Ca-free solution at 35°C 
the tissues no longer respond to stimulation 
with carbachol, suggesting that the intracellu
lar carbachol-sensitive Ca store is depleted of 
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Ca {60}. On the other hand, vascular smooth 
muscle preparations, such as rabbit main pul
monary artery {61}, rabbit ear artery {62}, and 
rabbit aorta {47}, respond to a stimulation 
with noradrenaline even after an exposure of 60 
min to Ca-free solution . In dog coronary artery 
{63} and in rabbit basilar artery {64} the con
tractile response induced by noradrenaline in 
Ca-free solution declines very rapidly . Lower
ing the temperature reduces significantly the 
rate ofCa loss from this store {57, 65} . 

The transient nature of the contractile re
sponse in Ca-free medium is not due to a reup
take of the released calcium ions, but it is 
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5.9 K 10 [a 

~ 

5 min 

FIGURE 35-2 . Effect of different loading procedures on 
the transient contractions induced by noradrenaline in Ca
free solutions. Ca-depleted tissues have been exposed dur
ing 10 min to solutions containing 5.9 mM K , 0.2 mM 
Ca (top); 59 mM K, 0.2 mM Ca (middle); or 5.9 mM K, 
10 mM Ca (bottom). This loading procedure is followed 
by an exposure of 5 min to Ca-free solution and a subse
quent stimulation with 10 - 5 M noradrenaline. 

rather due an extrusion of these ions across the 
cell membrane . This explains why <x-adrenergic 
activation is accompanied by a transient stim
ulation of the 45Ca_efflux rate, and also why a 
second stimulation of these tissues in Ca-free 
medium does not induce a second phasic con
tractile response nor a stimulation of the 45Ca 
efflux {5, 46, 58}. 

The absence of a recycling mechanism, such 
as it occurs in skeletal muscle between cyto
plasm and sarcoplasmic reticulum, therefore 
raises the question of how the agonist-sensitive 
Ca store is refilled after it has been depleted by 
stimulation with an agonist in Ca-free solution. 
This refilling by reexposing these Ca-depleted 
tissues to Ca-containing solutions has been in
vestigated in rabbit aorta {66} and in rabbit ear 
artery {62}. In the latter tissue it was found 
that the refilling of the noradrenaline-sensitive 
Ca store is much faster than its depletion dur
ing exposure to Ca-free solution. In addition, 
the filling rate and the final amount of Ca 
taken up in the agonist-sensitive Ca store 
strongly depend on the extracellular calcium 
concentration, suggesting that {Ca2 +}o is the 
main determinant of the amount of stored cal
cium and that the filling of the store might 
occur by a more direct pathway between extra
cellular and intracellular space. The secondary 
role of {Ca2 +}i in the filling of the store is dem
onstrated by the following experimental obser
vation (fig. 35-2). Ca-depleted tissues which 
have been exposed to a solution containing 5.9 
mM K and 10 mM Ca take up more calcium 
in the noradrenaline-sensitive Ca store (mea
sured by the amplitude of the transient con
traction induced by noradenaline in Ca-free so
lution) than tissues which have been exposed to 
a solution containing 59 mM K and 0.2 mM 
Ca, and this in spite of the fact that the tissues 
were contracted during the exposure to the lat
ter solution ({Ca2 +}i high), whereas they re
mained relaxed ({Ca2+ 1 10w) during the expo
sure to the 5.9 mM K, 10 mM Ca-containing 
solution. At the same calcium concentration, 
however, a greater amount of calcium is taken 
up in the store during exposure to 59 mM K 
than during exposure to 5.9 mM K, indicating 
that also {Ca2 +}i might play some role in the 
refilling of that store. 
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Such a direct pathway between the extracel
lular space and the noradrenaline-sensitive Ca 
store might be formed by the anatomic cou
plings between the junctional sarcoplasmic re
ticulum and the surface membrane {67}. These 
are specialized regions where the SR membrane 
is separated from the cell membrane by a 10-
to 12-nm gap traversed by periodic, electron
opaque processes. 

The different rate of filling and of depletion 
of the noradrenaline-sensitive Ca store can be 
explained by assuming that the permeability of 
these junctions for calcium ions depends either 
on the direction of the electrochemical Ca gra
dient across this barrier or on the amount of 
calcium in the store. The dependency of the 
degree of filling on the extracellular Ca concen
tration is consistent with the first hypothesis, 
although convincing evidence in favor of any of 
these two mechanisms is lacking. An attractive 
extrapolation of this hypothesis is that recep
tor-operated channels and agonist-sensitive cal
cium stores can be integrated into a single 
mechanism. Receptor activation releases cal
cium from its storage sites, and thereby evokes 
the phasic component of contraction. The de
pletion of this calcium compartment causes an 
increase in the Ca permeability of its connec
tion with the extracellular space. The concom
itant influx of calcium through that pathway 
induces the tonic component of the contractile 
response in Ca-containing media. 

Although the ability of different smooth 
muscles to contract in Ca-free solutions corre
lates with their SR volume [67], it has not 
been proven beyond any doubt that the ago
nist-sensitive Ca store corresponds to the SR. 
Freeze-fracture studies revealed the existence of 
particles on the SR membranes of smooth mus
cle which are implicated in Ca transport, al
though they are fewer in number than in skel
etal and cardiac muscle [68}. By means of the 
electron microprobe it could be shown that this 
structure contains calcium [69}. Also an ATP
dependent Ca accumulation in the sarcoplasmic 
reticulum of skinned vascular smooth muscle 
fibers could be demonstrated [70}. The nor
adrenaline-sensitive Ca store in rabbit ear artery 
has been estimated at about 60 "",,mol/kg tissue 
weight [5}. By assuming that the calcium con-

centration in this store is the same as in the 
extracellular medium, it can be calculated that 
this structure occupies about 8% of the cell 
volume, and this value is close to the value for 
the SR volume determined morphometrically 
(2%-7.5%). These considerations suggest that 
the agonist-sensitive Ca store and the SR might 
be the same structure, although a release of cal
cium from the sarcoplasmic reticulum in situ 
or from isolated SR vesicles has not been dem
onstrated as yet. 

Calcium Extrusion and Calcium Sinks 
The dependency of the tonic force development 
on extracellular Ca2 + ions and the limited ca
pacity of the intracellular organelles as Ca sinks 
suggest that vascular smooth muscle cells re
quire an efficient transmembrane Ca-extrusion 
mechanism in order to maintain a constant Ca 
content and in order to induce relaxation. 

CALCIUM-EXTRUSION MECHANISMS 

Two different Ca-extrusion mechanisms have 
been proposed. In the first one the energy re
quired to extrude calcium ions against their 
electrochemical gradient is derived from the 
electrochemical gradient of Na ions (Na-Ca ex
change), which is created by the Na-K pump. 
An attractive feature of this hypothesis is that 
it not only explains the extrusion of calcium 
ions and relaxation, but it also predicts that a 
reduction of the electrochemical gradient of Na 
ions drives calcium ions into the cell and in
duces contraction [71}. The observations that 
Na-free solutions, and Na-K pump inhibition 
by cardiac glycosides or by exposure to K-free 
solutions which leads to a dissipation of the 
electrochemical Na gradient, induce vasocon
striction, and that the reestablishment of this 
gradient induces relaxation, are consistent with 
this hypothesis. 

A detailed analysis of experimental data, ob
tained in rabbit ear artery [72}, shows some 
inconsistencies with the Na-Ca exchange hy
pothesis. The effects of Na-free solutions on 
contraction and on 45Ca efflux are similar to the 
effects of K depolarization, and therefore sug
gest a common mode of action, i.e., the open
ing of voltage-sensitive Ca channels. Both Na-
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FIGURE 35-3. Effect of metabolic inhibition on the 45Ca 
efflux from rabbit ear artery. The efflux has been per
formed at 20°C in a solution containing 0.5 mM Ca and 
2 mM EGT A (pCa = 7), and the first 60 min of efflux 
are not shown. The open circles represent the control ef
flux. In the efflux curve represented by the open squares 
10 - 5 M FCCP has been added after 80 min of efflux, and 
10 -J M IAA has been added additionally after 120 min 
of efflux. Each cutve represents the mean of four tissues. 

free solutions and high K solutions induce a 
transient increase of the 4'Ca efflux when cal
cium is present in the external medium. This 
transient stimulation of the efflux, as well as 
the concomitant contractile response, are 
blocked by La3 + ions, which block the voltage
sensitive Ca channels. Na-free solutions induce 
a depolarization with a magnitude of 10-20 
mV depending on the Na substitute. The am
plitude of the concomitant contraction can be 
correlated with this depolarization, but it is 
greater than the contraction evoked by an 
equivalent depolarization induced by increasing 
[K + }o. These findings therefore suggest that 
Na-free solutions induce contraction by causing 
depolarization and the opening of voltage-sen
sitive channels. The absence of Na ions re
moves the competition between Na and Ca ions 
for these channels, which might be responsible 
for the greater contractile response observed in 
Na-free medium compared to that in a Na-con
taining solution at the same membrane poten
tial. 

120 mm 160 

The Na-Ca exchange hypothesis also predicts 
that Na-free solutions should affect the extru
sion of Ca ions which are released from intra
cellular stores by stimulation with agonists, or 
which are released from mitochondria by the 
application of uncoupling agents, such as DNP 
or FCCP. However, this extrusion as measured 
by the transient stimulation of the 4'Ca-efflux 
rate is not significantly affected when the elec
trochemical Na gradient is reduced by lowering 
[Na}o or by a prolonged exposure of the tissues 
to K-free solutions [72}. Also the effect of Na
free solutions on the transient contraction in
duced by noradrenaline in Ca-free solutions is 
not consistent with the Na-Ca exchange hy
pothesis. 

The alternative mechanism, an ATP-depen
dent Ca-extrusion pump, has been described in 
human erythrocytes {73}. A direct demonstra
.1On of such a pump in intact vascular smooth 
muscle preparations is difficult, because there 
are no known specific inhibitors for it. The 
interpretation of the effects of metabolic inhi
bition on the 45Ca efflux is complicated by the 
fact that any interference with the energy sup
ply of smooth muscle cells causes a release of 
calcium from intracellular structures [58, 72, 
74}. Figure 35-3 shows the effect of metabolic 
inhibition on the 45Ca-efflux rate from rabbit 
ear artery into a medium containing 10 -7 M 
calcium. The extracellular calcium concentra
tion has been decreased because a prolonged ex-
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posure to metabolic inhibitors in Ca-containing 
media induces membrane leakiness (75}, which 
is probably due to the increase in cellular cal
cium. It is obvious that the successive applica
tion of the inhibitors FCCP and IAA induces, 
after a transient stimulation, a significant re
duction of the 45Ca efflux below its control 
value. These observations and also the pro
nounced temperature effect on the 45Ca_efflux 
rate [57} are consistent with an ATP-depen
dent Ca-extrusion mechanism, but, because of 
the redistribution of the cellular Ca under these 
conditions, they are not a foolproof demonstra
tion of such a Ca pump. 

More recent studies have focused on the 
demonstration of an ATP-dependent Ca accu
mulation in microsomal fractions prepared 
from smooth muscle tissues (76-78}. In all mi
crosomal preparations it was possible to dem
onstrate a very efficient ATP-dependent Ca ac
cumulation, but there is some controversy 
about the nature and the purity of these mem
brane fractions. In some preparations (79} a 
small component of Ca uptake dependent on 
the electrochemical Na gradient has been ob
served, but it has a low affinity for Ca ions and 
also a low capacity compared to the ATP-de
pendent extrusion pump. 

INTRACELLULAR CALCIUM SINKS 
AND RELAXATION 

Transmembrane Ca extrusion probably repre
sents the ultimate step in the relaxation of vas
cular smooth muscle, because of the limited ca
pacity of the intracellular Ca stores and because 
of the absence of a recycling mechanism for 
stored calcium in these tissues. However, this 
does not necessarily imply that there is a direct 
contribution of transmembrane Ca extrusion to 
the relaxation process, because intracellular or
ganelles might function as an intermediate 
storage site preceding the extrusion of activator 
calcium. There is only scarce experimental evi
dence for the direct contribution of each of 
these processes to relaxation. 

In rabbit ear artery, reducing the tempera
ture from 35°C to 20°C does not affect the 
amount of 45Ca released by noradrenaline in 
Ca-free solution. However, the amplitude of 
the concomitant contraction is much smaller at 

35°C, because the transmembrane Ca extrusion 
is much faster at this temperature and the re
leased Ca will therefore induce a smaller in
crease in [Ca2+1 [57}. This observation sug
gests that transmembrane Ca extrusion might 
playa direct role in the relaxation process. 

Experimental evidence for an ATP-depen
dent Ca uptake in the sarcoplasmic reticulum 
of skinned vascular smooth muscle cells has 
been presented (70}. Also the observation that 
the noradrenaline-sensitive Ca store takes up 
more calcium when the intracellular calcium 
concentration is increased, such as during K 
depolarization, is consistent with an interme
diate storage function of the SR. A stimulation 
of Ca uptake in the agonist-sensitive Ca store 
by ~-agonists also fits this hypothesis [43, 60}. 
In guinea pig mesenteric artery, isoprenaline 
induces a relaxation which is accompanied by 
an increase in cyclic AMP. On the other hand, 
it was found that application of cyclic AMP 
and protein kinase to a skinned preparation of 
this tissue increases the uptake of calcium ions 
into an intracellular store [80}. 

Isolated mitochondria show a great capacity 
for Ca uptake {8I, 82}. In intact preparations 
the uncouplers of oxidative phosphorylation 
DNP and FCCP induce a release of 45Ca from 
the mitochondria. Based on these observations 
it could be argued that mitochondria might 
also function as an additional Ca storage site. 
However, electron-probe analysis revealed the 
presence of Ca granules in mitochondria of 
smooth muscle fibers which had been damaged, 
but not in normal smooth muscle cells {69J. 
Therefore it is rather unlikely that mitochon
dria play an important role in excitation-con
traction coupling. 

It has also been suggested that the inner 
edge of the cell membrane serves as a Ca store, 
which can be released upon stimulation and 
which can be filled directly from the outside 
{47}. These calcium ions might directly acti
vate the contractile proteins or they might 
serve as trigger calcium for the release of cal
cium from other intracellular stores (calcium
induced Ca release). Histochemical studies 
showed electron-opaque precipitates of calcium 
salts close to the cell membrane and its trans
location during stimulation {83-87J. Because 
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of the limited resolution of these techniques, 
these precipitates might correspond to calcium 
bound to the cell membrane or to calcium in 
junctional SR vesicles. Because these findings 
could not be confirmed by electron-probe anal
ysis, and because a membrane-bound Ca frac
tion is not present in more accessible cell types, 
it is rather unlikely it plays an important role 
in excitation-contraction coupling. 
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36. VASCULAR MUSCLE MEMBRANE 

PROPERTIES IN HYPERTENSION 

Kent Hermsmeyer 

Introduction 
Although it would be ideal to present a discus
sion of how the coronary circulation is altered 
at the cell level in hypertension, there exist vir
tually no data comparing membrane properties 
of coronary vascular muscle cells from hyper
tensive and normotensive animals. However, 
the elevated peripheral resistance in hyperten
sion is believed to be a predisposing influence 
to cardiac pathology. In this light, the present 
chapter is included to identify the changes in 
vascular muscle that result in increased periph
eral resistance and so increase the workload of 
the heart. It might be hoped that the proper
ties of the coronary circulation will be suffi
ciently different from the peripheral vasculature 
that new antihypertensive agents (e.g., perhaps 
selective Ca2+ antagonists such as nitrendipine) 
might cause relaxation of specifically the pe
ripheral vasculature without diminishing the 
regulatory mechanisms operating in the coro
nary circulation. In any event, the specific 
comparative study of the coronary vascular 
muscle cells of normotensive and hypertensive 
animals is needed. 

Several animal models have contributed to 
our understanding of mechanisms involved in 
hypertension. One of the most studied animal 
forms of genetic hypertension is the Okamoto
Aoki strain of spontaneously hypertensive rat 
(SHR) and the precisely genetically matched 
strain of normotensive rats (all derived from the 
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same parents), designated Wi star-Kyoto nor
motensive rats (WKY). Although cardiac con
tractility is not different in SHR and WKY 
during the developmental stages of hyperten
sion, cardiac function in SHR is dependent on 
an exaggerated j3-adrenergic drive, which is, 
however, apparently not essential to the devel
opment of hypertension because pharmacologic 
blockade of the increased j3-adrenergic drive 
does not hinder development of the hyperten
sive state in SHR {l}. However, older SHR 
develop ventricular hypertrophy and cardiac 
performance deteriorates (2}. The cardiac 
hypertrophy is associated with a decrease in the 
mitochondria per unit cell volume (3,4}. Even 
when cardiac hypertrophy is reversed by remov
ing the pressure overload, the normalization of 
cardiac mass does not necessarily follow. For 
example, hydralazine lowers blood pressure 
without decreasing left ventricular mass (5}. 
Furthermore, ex-methyldopa normalized the 
mitochondria to myofibril ratio even when ad
ministered in dosages that did not lower blood 
pressure, but only in animals treated beginning 
at one month of age (6}. There thus appears to 
be a selective effect of ex-methyldopa on myo
cardial cell changes independent of blood pres
sure. 

It is clear that hypertension is the most com
mon cause of left ventricular hypertrophy and 
the most common precursor of congestive heart 
failure (7}. Even in borderline hypertensive 
children, there is significant cardiac hypertro
phy and perhaps the early stages of cardiac 
problems (8}. Studies to determine whether re
duction in systolic blood pressure and thus the 
work load of the heart would improve coronary 
flow or further aggravate coronary blood flow 
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(by causing coronary insufficiency) have sug
gested that, in all cases, the reduction of the 
pressure load and excessive myocardial oxygen 
requirements improves cardiac function, pro
vided that the extent of vasodilator therapy did 
not excessively lower blood pressure P}. Thus, 
humans with hypertension suffer a loss of car
diac function, possibly beginning in early 
stages of elevated blood pressure, if blood pres
sure is not normalized. 

Evidence for Altered Vascular 
Muscle Function 
The extensive evidence for the broad range of 
altered vascular muscle function in hyperten
sion has been presented in several excellent re
views {e.g., 9, lO}, so only main features with 
mechanisms suggested by data will be pointed 
out here. A central feature of genetic hyperten
sion is the increased vascular reactivity to NE 
£II}, serotonin £I2}, and the extracellular 
Ca2+ requirement for contraction £I3, 14}. A 
further feature is the impaired ability to relax 
under the influence of powerful vasodilators, 
such as papaverine {9}. One important contrib
utor to the increased peripheral resistance has 
been established by Folkow et al. £I5} as vessel 
wall hypertrophy and thickening. Medial hy
pertrophy of hypertensive subjects and experi
mental animals has been documented and is 
agreed on {9}. However, the structural com
ponent cannot account for more than part of 
the increased resistance because antihyperten
sive drugs can lower blood pressure to normal 
levels by direct relaxation. Furthermore, in 
young animals there is the development of in
creased reactivity preceding the development of 
either increased blood pressure or medial thick
ening £I6}. Undoubtedly, one of the most im
portant clues for determining cause and effect 
in hypertension is which alterations precede de
velopment of increased blood pressure, as op
posed to those which might occur as a conse
quence of it. 

One change that has been identified as part 
of the sequence of development is the active 
transport of Na + and K + ions. Jones et al. 
{17} have shown in the DOCA-salt form of hy
pertension, in which the development of in-

creased blood pressure and the transport of 
Na + and K + in strips of aorta can be conve
niently correlated at each stage in the develop
ment of hypertension, that altered ion fluxes 
precede rather than follow the development of 
hypertension. Furthermore, there is substantial 
additional evidence for altered ion transport as
sociated with vascular muscle cells in hyperten
sion, at least some of which are associated with 
a humoral agent that might be similar to dig
italis (as an endogenous circulating substance), 
possibly also present in humans {I8}. 

The consequence of altered ion transport for 
the membrane function of vascular muscle cells 
appears to be greater stimulation by norepi
nephrine (NE), at least in the SHR form of hy
pertension. As a result of altered ion flux reg
ulation in SHR there is a lower intracellular 
K + concentration and a higher intracellular 
Na + concentration, which then causes in
creased activity of the electrogenic Na + pump 
(possibly a change to a 3: 1 ratio of Na + IK +) 
that contributes importantly to Em in vascular 
muscle {II}. The review presented in the latter 
reference argues, by subdivision of the possibil
ities leading to altered sensitivity due to 
change in membrane properties, for the cause 
being ion transport. A summary of the cellular 
mechanisms contributing to membrane poten
tial is shown in figure 36-1. The schematic 
diagram shows membrane potential (Em) of 
WKY and SHR cells in either the resting state 
or stimulated by NE. In the resting state, the 
principal alterations are that the SHR have an 
inappropriately low intracellular K + concentra
tion of 150 mM, a Na + of 20 mM, and a Em 
contributed by electrogenic ion transport (E,) of 
- 12 mY. Although the total Em is - 54 mV 
in both cases, the component ion movements 
leading to the potential (electrogenesis) are dif
ferent. Those differences are exacerbated by NE 
stimulation, where the greater ion transport in 
the SHR is effectively short-circuited by the in
creased passive ion permeability due to NE. 
During stimulation, increased Ca2 +, Na +, 
K +, and Cl- fluxes, determined according to 

electrochemical gradients (passively), dominate 
Em even though the Na + -K+ pump is still ac
tive. With increased membrane permeabilities, 
the ion gradients become the dominant factor 
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FIGURE 36-1. Ion gradient and electrogenic ion transport (E,) differences that lead to higher norepinephrine (NE) 
sensitivity in caudal artery of SHR are summarized in a comparison diagram based partly on measurements and partly 
on estimates. Intracellular free K + and Na + concentrations (and thus membrane gradients) are different in SHR and 
WKY as shown. The greater Na + in SHR cells may enhance the electrogenicity of the pump by conversion from 3 
Na +:2 K + to 3 Na +:K +, increasing the voltage contributed by E, while transporting less K + . 

At rest, the smaller K + gradient of SHR is compensated for by larger E, (rectangles at right end of each cell), giving 
membrane potential (Em) that is the same in SHR and WKY. During NE stimulation, ion conductances for Ca2+, Na +, 
K + , and Cl- are increased (larger circles and heavy flux arrows), depolarizing the cell by ion movements much in excess 
of ion transport and revealing the ion gradient difference between SHR and WKY {l9}. 

During NE stimulation, Em would be determined primarily by the balance of increased conductances for the four ions 
shown, with K + gradient particularly important because K + is the only outward gradient which could cause hyperpo
larization (more intracellular K + means greater electronegativity). Ca2 + and Na + are always depolarizing forces (inward 
gradients) and Cl- is assumed to change from depolarizing at rest to hyperpolarizing during NE stimulation (but Cl
substitution experiments have ruled Cl- relatively unimportant). Because of NE-increased membrane conductance, E, 
does not contribute much more than 3 or 2 m V (SHRlWKY) because a given ion flow produces less voltage through a 
lower resistance (Ohm's law). 

Na + concentrations are based on the assumption that about 33% of the total Na represents free concentration and 
the values measured by electron-probe microanalysis in our laboratory (unpublished observations). The higher intracel
lular Na + concentration probably leads to the greater voltage contributed by ion transport in SHR, with E, by chance 
being just enough to make Em equal to WKY in the resting state. 

The most important feature for explaining why SHR are more reactive to NE is the lower intracellular K+ concen
tration because during the NE-stimulated increase in ion conductances (larger flux arrows and conductance circles), Em 
is determined primarily by ion gradients. Intracellular K + concentration and E, values are from Hermsmeyer (l9}. 

Intracellular Na + concentrations are based on electron-probe measurements and the constraints of isotonicity {25}. 

in Em and the lower K + gradient in SHR leads 
to a less negative Em. Thus, under the influence 
of a moderate NE concentration, SHR depolar
ize more and, because Em is the principal de
terminant of contraction in vascular muscle, 
there is greater contraction. 

This mechanism of increased NE sensitivity 
was established by measurements of Em in cau
dal arteries of SHR and WKY in normal phys
iologic solutions or with the electrogenic Na + 
pump inhibited [l9}. Such a change in Em 
electrogenesis between SHR and WKY is not 
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found in cardiac muscle or in venous cells [20}. 
Mesenteric veins of anesthetized SHR in situ 
had different Em from those of WKY only 
when sympathetic nerves were functioning; af
ter blockade by TTX, there was no difference 
in Em, indicating that venous muscle cells were 
the same in SHR and WKY [21}. The normal 
electrogenesis of cardiac and hepatic portal ve
nous Em of SHR would seem to indicate an 
alteration specific to the arterial muscle mem
brane and might explain the elevated periph
eral resistance found in hypertension. 

Because the concept of pharmacomechanical 
coupling has recently been argued as being 
more important than Em [22}, a comment on 
the control of tension by voltage in vascular 
muscle is in order here. Although it is entirely 
possible that Ca2 + permeability of a muscle 
cell could be increased, triggering contraction, 
with the simultaneous and perfectly compen
sating increase in conductance for K + or Cl- , 
the specific instance providing the data for that 
argument has been countered [23}' Reviews 
summarizing arguments for the dominance of 
voltage-controlled tension in vascular muscle 
have recently been presented [24, 25}. Al
though it is still possible that there are changes 
in tension produced without accompanying Em 
alterations, and, in fact, the important vessel 
remaining to be explored is the coronary artery 
under the influence of acetylcholine [26, 27}, 
there is not sufficient evidence at this point to 
suggest that the peripheral vasculature is nor
mally regulated independently of Em. 

The alteration in Em electrogenesis found in 
SHR does not appear to be common to other 
forms of hypertension studied to date. In both 
the DOCA-salt and the Dahl genetic forms of 
hypertension, there was no alteration of the K + 
or Na + activity or the electrogenic Na + pump 
activity [28}. It is more likely that ion trans
port in isolated peripheral arteries in DOCA
salt hypertension may only secondarily be al
tered in response to primary changes in hu
moral factors and neural control mechanisms. 
In the case of Dahl hypertension, it would ap
pear that altered neural mechanisms may suffi
ciently explain the altered reactivity. 

A direct corollary of the hypothesis that 
SHR peripheral arteries have a decreased K + 

activity and increased Na + activity, and there
fore an increased activity level of the electro
genic Na + pump, is the prediction that tran
sient stimulation of the electrogenic pump 
might produce a larger effect in hypertensive 
than in normotensive animals. In fact, that 
prediction is borne out in what can be called 
the K + return relaxation. In the K + return re
laxation, a segment of artery which has been 
freed of adrenergic nerve endings is exposed to 
o K+ solution and to an agent such as NE, 
which will induce tension, for a period of at 
least several minutes and then is returned to 
solution containing K + (still in the presence of 
the NE). This was the basic protocol used to 
directly demonstrate increased electrogenic ion 
transport in the original observation [19, 24, 
25}. The contractile correlate of the increased 
electrogenic ion transport causing increased hy
perpolarization is an increased relaxation in 
SHR, which is exactly what is found [19, 29}. 
The direct correlation (same time course) of Em 
and tension has been demonstrated [23-25}, 
also supporting the hypothesis that Em is the 
controlling factor during NE contractions and 
K + return relaxations. These experiments thus 
suggest the importance of the Na + -K + pump 
in the increased reactivity seen in hypertension 
and suggest how increased intracellular Na + 
activity is translated into higher NE sensitiv
ity. 

Membrane Mechanisms of Increased 
Peripheral Resistance 
Having identified alterations in vascular muscle 
in hypertension, it is next important to deter
mine what mechanisms caused the altered vas
cular muscle properties. The first step taken by 
my laboratory to investigate this question is an 
experiment designed to determine whether the 
altered vascular muscle function is inherent in 
SHR arterial muscle or is the result of a neural 
or humoral influence. We carried out cross
transplantation experiments using the caudal 
artery of SHR rats, which is our most often 
studied artery, in the anterior eye chamber of 
rats, which is an immunologically privileged 
site supplied with the circulation and innerva
tion of the iris. In the anterior eye chamber, a 
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dense adrenergic innervation grows into the ar
tery transplant over a period of several weeks, 
reestablishing a pattern very much like that 
found in the caudal artery in situ [30}. As the 
result of the four possible combinations of host 
and donor (within the strain or cross-transplan
tation between SHR and WKY) , the arterial 
muscle always took on the characteristics of the 
host animal; that is, caudal arteries from SHR 
were converted to the Em-electrogenesis and 
NE-sensitivity characteristics of a WKY host, 
whereas WKY caudal arteries were converted 
conversely, and noncrosses were not converted 
[30}. 

However, the conversion of membrane prop
erties occurred only when the donor tissue was 
from animals two weeks old, not from donor 
animals 12 weeks old. Since adrenergic inner
vation of the caudal artery normally occurs at 
age 3-4 weeks, it appears that the sympathetic 
nervous system releases a trophic substance 
which triggers the subsequent characteristics of 
development of the artery [30}. 

With evidence for a neural or humoral factor 
as triggering the abnormal membrane property 
development in SHR, the next step was to de
fine whether it was the sympathetic nervous 
system, as hypothesized from the extensive evi
dence for altered function of the sympathetic 
nervous system in hypertension [1O}, or some 
humoral factor, for which there is also exten
sive evidence [31}. The experimental design 
was similar to the cross-transplantation experi
ments just explained, with the exception that 
in half of the animals, the sympathetic inner
vation to the iris was interrupted by superior 
cervical ganglionectomy before the transplan
tation. The result of the experiment, now with 
eight categories of arteries, is shown in figure 
36-2. Em electrogenesis and NE sensitivity fol
lowed the host animal only when sympathetic 
innervation was allowed to occur, as is shown 
in figure 36-2. These experiments strongly 
suggest the importance of the sympathetic ner
vous system, which we hypothesize is in the 
form of a trophic substance released from the 
sympathetic nervous system, to cause the de
velopment of higher intracellular Na + activity 
and lower intracellular K + activity, the subse
quent increased activity of the electrogenic 

Na + pump, and consequently increased NE 
sensitivity that causes elevated peripheral resis
tance. The sequence of events is thus begun 
with an abnormal trophic substance released by 
the sympathetic nervous system of SHR, which 
leads to altered Em electrogenesis and NE sen
sitivity. 

At this point, one cannot rule out a relative 
excess or deficiency of the trophic substance 
normally produced by WKY as possibly lead
ing to the same result. It is only possible to 
conclude that an abnormal trophic influence of 
SHR sympathetic nervous system is present, 
which can even convert otherwise inherently 
normal arterial muscle cells from WKY into 
the abnormal behavior seen in SHR. Further 
experiments will be necessary to establish the 
exact timing of the sympathetic trophic trigger 
event in both SHR and WKY and to define 
what may alter the process, and perhaps iden
tify the chemical nature of the substance. From 
such an understanding, it may be possible to 
therapeutically manage or even prevent the de
velopment of hypertension from this cause. 

Of course, the altered Em electrogenesis in 
vascular muscle of arteries is by no means the 
only mechanism leading to hypertension. Sub
stantial evidence is presented in other reviews 
on this subject for factors acting directly and 
immediately on the peripheral vasculature (see 
Abboud [1O} and Brody [31}). Certainly the 
central nervous system has a role in the produc
tion of hypertension. In fact, Brody and co
workers have identified an area in the anterior
ventral portion of the third cerebral ventricle 
(AV3V) that is critical for the maintenance of 
normal fluid homeostasis and cardiovascular re
sponses to central stimuli affecting water bal
ance and blood pressure [32}. The degree to 
which altered vascular muscle behavior is 
caused by circulating substances (e.g., vaso
pressin, endogenous digitalis-like substance, 
converting enzyme) would provide other classes 
of mechanisms for the development of high 
blood pressure. Similarly, cardiovascular re
flexes which are normally such a powerful reg
ulator of blood pressure (see Abboud [1O}) 
must play a role in the maintenance of long
term elevated blood pressure. However, the 
evidence cited in this chapter is almost entirely 
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from experiments in which the blood vessels 
have been isolated from the animal, freed of 
adrenergic nerve endings by 6-hydroxydopa
mine (a substance which rapidly destroys ad
renergic nerve endings) or similar procedures, 
and washed free of any circulating blood-borne 
substance. The demonstration of abnormally 
increased NE sensitivity under these conditions 
is a strong argument that the arterial muscle 
cells are involved in elevated peripheral resis
tance. 

Conclusions 
This chapter has reviewed a specific mecha
nism, suggesting that altered membrane prop
erties of arterial muscle in hypertension appear 
to be the result of an abnormal sympathetic 
trophic influence rather than inherent in the 
muscle cells. That there are also important hu
moral and neural contributions to elevated pe-

Em (mV) 
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FIGURE 36-2. Interconversion of membrane properties in 
reinnervated caudal artery transplants (left side) and non
conversion (right), when reinnervation was prevented by 
superior cervical ganglionectomy, demonstrate the impor
tance of a trophic influence of the sympathetic nervous 
system (from Abel and Hermsmeyer {33}). Both the Em 
determined at 16°C (upper) and the NE sensitivity (lower) 
show conversion by the reinnervation process. 

ripheral resistance has also been acknowledged. 
Many of the data for hypertension studies, like 
those cited here for cellular mechanisms, are 
derived principally from hypertension induced 
in rats, either by genetic selection or by surgi
cal and pharmacologic manipulation of the an
imal. The question has been raised about the 
applicability of data from rat experiments to 

the human condition of hypertension. It is im
portant to recognize that no animal model is 
exactly the same as human hypertension, and 
that one should not expect any single model to 
provide the answers necessary for understand-



36. VASCULAR MUSCLE MEMBRANE PROPERTIES IN HYPERTENSION 755 

ing and controlling human hypertension. That 
group of diseases with unknown etiology which 
we call human essential hypertension has char
acteristics that can and should be explored in 
different animal models. 

What is important is to identify and thor
oughly understand the mechanisms that pro
duce hypertension in experimental animals. It 
is highly likely that some of the same altered 
physiologic control mechanisms found in ex
perimental animals will in some way be guide
lines to mechanisms of human essential hyper
tension. Therefore, the correct question is not 
which experimental model is closest to human 
essential hypertension, but rather what altered 
blood pressure regulatory mechanisms identi
fied in experimental animals might exist in hu
mans. 

Then the answer to the question of which 
model is important is that all animal models of 
hypertension are important because they may 
lead us to an understanding that will allow in
creasing control and even prevention of human 
hypertension. By its nature, the disease hyper
tension is one requiring the skills of several dis
ciplines for rapid improvement in understand
ing. The extent to which each specialist 
approaches the problem with the realization 
that he is contributing one aspect of a large 
multidisciplinary effort will determine the suc
cess and the rate of progress in further under
standing this important disease. 
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37. MECHANICAL PROPERTIES, 

CONTRACTILE PROTEINS, AND 

REGULATION OF CONTRACTION OF 

VASCULAR SMOOTH MUSCLE 

Steven P. Driska 

Introduction and Scope 
An understanding of vascular smooth muscle 
contraction is important to cardiologists and 
cardiac researchers because ultimately vascular 
smooth muscle determines both the amount of 
work the heart must do (by altering total pe
ripheral resistance) and the amount of oxygen 
and substrates available to do it (by regulating 
coronary perfusion). With this relationship in 
mind this chapter presents a description of our 
present knowledge of the contractile process in 
vascular smooth muscle based on biochemical, 
biophysical, physiologic, and mechanical stud
ies. Since other chapters in this book cover the 
ultrastructure, electrophysiology, and metabo
lism and energetics, these subjects will not be 
covered in any detail, and will serve to delimit 
the boundaries of this chapter. 

Mechanical responses of vascular smooth 
muscle and the regulatory processes involved 
have been studied in a variety of preparations, 
ranging from intact cylindrical arteries to heli
calor circular strips of the arterial media. At 
the subcellular level, various protein prepara
tions from smooth muscle have been studied, 
but the ability to develop force or shorten is 
lost and usually MgATPase activity or super
precipitation (defined later) is taken as the 
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manifestation of the actin-myosin interaction 
responsible for muscular contraction. Midway 
between these two approaches is that of 
"skinned" preparations. In these preparations, 
the plasma membrane has been damaged or de
stroyed by mechanical methods, detergents, 
bacterial toxins, or freezing, yet the array of 
myofilaments presumably remains intact be
cause the preparations can develop measurable 
active force when they are bathed in appropri
ate solutions. These "skinned" preparations 
have advantages and disadvantages like isolated 
proteins and intact tissues do, but their major 
contribution has been in bridging the large gap 
between the biochemistry of isolated proteins 
and the physiology of intact muscle. They have 
done this by demonstrating the applicability of 
biochemical findings to more organized systems 
capable of transducing chemical energy into 
mechanical work. While the primary focus of 
this chapter is vascular smooth muscle, much 
of our knowledge, particularly in biochemistry, 
comes from the study of nonvascular smooth 
muscle, especially chicken gizzard. With the 
implicit understanding that there might be 
species and tissue differences, these findings 
from nonvascular smooth muscles will be as
sumed to apply to vascular smooth muscle as 
well. 

Mechanical Properties 
This section of the chapter describes the most 
widely used preparations for studying mechan-
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ical properties of vascular smooth muscle 
(VSM), the underlying assumptions for each, 
which properties are measured and which are 
calculated, and the general utility of each for 
studying different aspects of vascular function. 
Then a brief summary of findings obtained 
from such preparations will be presented. The 
order of coverage is from the most physiologic 
to the least physiologic. 

ISOLATED ARTERIES IN VITRO 

Studies on excised arteries in vitro have been 
important in building an understanding of how 
smooth muscle functions when forming part of 
the wall of a pressurized tube. In these studies 
an artery is dissected from its location, cannu
lated at both ends, stretched to its in vivo 
length, and immersed in a suitable bathing so
lution. The longitudinal (axial) length is set 
and the axial force can be measured. The blood 
vessel is pressurized with either a gas or with a 
saline solution, which may be flowing through 
it or static. The pressure within the vessel is 
measured with the outside of the blood vessel 
being at atmospheric pressure. (Actually the 
difference, or transmural pressure, is mea
sured.) The pressure can be set at any level by 
the apparatus, and pressure becomes the inde
pendent variable. The diameter of the vessel is 
a dependent variable, and is measured by cali
per devices or optical methods (for the external 
diameter) or radiologic methods (for the inter
nal diameter). Knowledge of the wall thickness 
at a known length and diameter allows the wall 
thickness to be computed at any tissue length 
and diameter, because the arterial wall itself 
has been shown to be essentially incompressible 
[l}. This then allows the computation of inter
nal diameter from external diameter measure
ments and vice versa. It is important to point 
out that the diameter cannot be set at a speci
fied value like the length of a muscle can be in 
a one-dimensional experiment. To achieve a 
given diameter the pressure and/or level of ac
tivation have to be varied and, if a constant 
diameter is to be maintained, a feedback sys
tem has to be used to vary the pressure. The 
orientation of the smooth muscle cells is usu
ally assumed to be circumferential in these 
preparations; this means that the diameter, ra-

dius, and circumference are all approximately 
proportional to the average smooth muscle cell 
length. Complications arising from the fact 
that the wall has a finite thickness, and the in
fluence of this on cell-length homogeneity, 
have been discussed [2}. 

By application of the law of Laplace for cyl
inders, T = Pr, the circumferential tension per 
unit length of artery can be computed. Here T 
is tension, P is transmural pressure, and r is 
the internal radius. This characteristic (T) is in
dependent of wall thickness and has units of 
force/length, typically given in either dyn/cm 
or Newtons/m. Frequently it is desirable to es
timate the stress arising from the distending 
pressure, which tends to stretch circumferen
tially oriented smooth muscle cells. This is the 
circumferential or tangential stress, which has 
units of force/wall cross-sectional area (typically 
dyn/cm2 or Newtons/m2). This can be com
pared to the stress developed by strips of 
smooth muscle. The average circumferential 
stress can be estimated by assuming that the 
wall is made of a uniform material, and is iso
tropic and thin in relation to the radius of the 
cylinder. In this case, the circumferential stress 
is given by S = Pri h, where S is stress and h is 
wall thickness. Since these assumptions are 
generally not good ones, particularly that of a 
thin wall, a more refined approach can be taken 
which allows the calculation of circumferential 
stress throughout the thickness of the wall as a 
function of the radius [3}' Here stress is calcu
lated by the formula S = PO +r~/r2)/[(rJ 
ri - I}, with rj and ro being the inner and 
outer radii, respectively. This formula has been 
used to compute circumferential stress as a 
function of radius within the wall and compare 
it to the average stress in figure 37-1. This is 
useful in illustrating the profile of stress within 
the arterial wall (fig. 37-1), but it still assumes 
the wall to be uniform, isotropic, and linearly 
elastic. Doyle and Dobrin (4} derived a similar 
result from finite deformation theory. They 
suggested that the higher circumferential 
stresses calculated for the inner layers of the ar
terial wall were responsible for the greater oc
currence of elastic lamellae they observed in the 
inner layers of the carotid artery. The arterial 
wall is made of different structures (primarily 
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FIGURE 37-1. Circumferential stress as a function of ra
dial position in the wall of a pressurized artery. Stress was 
computed by the equation S=P (1 + ro2/r2)/[(rJri - 1] 
for a relatively thick walled vessel with an inner radius of 
2 mm and a wall thickness of 1 mm. The transmural 
pressure used for calculation was 1.33 X 104 N/m2 (100 
mmHg). The dashed line indicates the average circumfer
ential stress, given by S = PrJh, where h is wall thickness. 
The stress is highest near the lumen and decreases toward 
the outside. In thin-walled vessels the dependence of 
stress on radial location is not as steep. 

endothelial cells, smooth muscle cells, elastin, 
and collagen) which differ in stiffness and ra
dial location and have nonrandom orientations, 
so the analytic treatment in figure 37-1 is an 
oversimplification. Clearly a more complete 
mathematical model of an artery needs to con
sider the nonlinear stiffness of given elements, 
their orientation, and the radius at which they 
are located. 

In studies with intact excised arteries, it is 
common to measure the diameter over a wide 
range of transmural pressures, and to repeat 
this process under varying degrees of smooth 
muscle activation. Changes in diameter and 
length are usually expressed as strains, strain 
being the length change divided by a reference 
length. From a number of such measurements 
it is possible to compute values of circumfer
ential and longitudinal elastic moduli. (The 
elastic modulus is the change in stress divided 

\ 

2 3 

Radius,mm 

by the change in strain.) The circumferential 
incremental Young's modulus is given by 

E 
ilP;2derif( 1 - u 2) 

ild,(cf; - rif) 

where de and d j refer to the exterior and inter
nal diameters, respectively, dP j is the change 
in pressure, and dde is the change in external 
diameter. Sigma (a) is the Poisson ratio which 
is 0.5 for an incompressible isotropic material 
undergoing small deformations. The Poisson 
ratio describes the ratio of strains in perpendic
ular directions when three-dimensional solids 
are deformed. This equation was popularized 
by Bergel (51 and applies when a blood vessel 
is held at constant length. In studies such as 
these, the value of E usually increases with 
pressure, meaning the vessel wall is becoming 
stiffer, i.e., less extensible with inflation. This 
is generally understood to be a result of more 
stress being borne by collagen, which is the 
stiffest element of the wall. One of the most 
interesting findings to come from these studies 
was that contraction of vascular smooth muscle 
was found to decrease the elastic modulus, when 
the elastic moduli of stimulated and control ar
teries were compared at the same pressures. 
This is because, in the constricted arteries, less 
of the load was borne by the stiff collagen. 
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However, when they were compared at the 
same diameter (and hence the same strain), the 
arteries with stimulated VSM were stiffer {6}. 

Dobrin and Rovick {6} calculated circumfer
ential stress as a function of arterial diameter 
for both passive and norepinephrine-stimulated 
arteries. The difference between the two 
stresses at a given diameter was taken as the 
active circumferential stress. They obtained a 
maximum value of 0.88 X 105 N/m 2 for the 
whole wall, or 2.73 X 105 N/m2 for the esti
mated smooth muscle component. This is in 
reasonable agreement, considering the low 
muscle content of the canine carotid artery {7}, 
with the active stress development found in 
many VSM strip preparations (summarized by 
Murphy {2}). This finding gives an idea of the 
loads applied to vascular smooth muscle in ar
teries compared to loads imposed in one-di
mensional studies of VSM strips. The maxi
mum active stress was found to be developed at 
a diameter that corresponded to that found 
with relaxed smooth muscle at a pressure of 150 
mmHg {8}. Maximum shortening is usually 
found when arteries are stimulated at pressures 
ranging from 50 to 175 mmHg (summarized 
by Dobrin {9}). Excitation of vascular smooth 
muscle in very distended arteries leads to de
creased active stress development {8}, presum
ably analogous to the results of overstretching 
smooth muscle. When arteries are removed 
from their in vivo location, they retract approx
imately 30% {9}, indicating that they had been 
under longitudinal (axial) stress. Interaction of 
this axial stress with circumferential stress leads 
to complicated analytic relationships between 
stresses and strains in different directions. The 
arterial wall is not isotropic, meaning that its 
properties, such as stiffness, are different in dif
ferent directions, and this makes the interac
tions between stresses in different axes more 
important. Dobrin and Doyle nO} analyzed the 
error arising from the assumption of isotropic 
mechanical properties and concluded from their 
data on canine carotid arteries that the error in 
the calculated circumferential elastic modulus 
was small between 75 and 135 mmHg pressure 
and larger at both higher and lower pressures. 
The dynamic elastic properties have been stud
ied with sinusoidal volume changes and, in 

general, the dynamic elastic moduli are 1. 5- to 
twofold greater than the static values for the 
same artery (summarized by Dobrin {9}). 

The study of three-dimensional mechanical 
properties of arteries and changes with aging or 
hypertension has provided valuable insights 
into these conditions. Cox {II} found that the 
value of the passive incremental elastic modu
lus was greater in carotid arteries of older rats 
when the vessels were compared at the same 
value of strain. Larger values of maximum ac
tive stress development and also of maximum 
active constriction were found with carotid ar
teries from DOCA {12], Goldblatt {12}, and 
spontaneously hypertensive {13] rats compared 
to the appropriate controls. 

Studies on excised arteries have made impor
tant contributions to our understanding of vas
cular function but, like studies using other 
techniques, they have limitations. Their major 
strength is that they provide information about 
the internal diameter as the final dependent 
variable, under the effect of physiologic forces 
(i.e., distending pressure). So in this sense, it 
is the best preparation to study to learn how 
arteries work. There are some limitations, how
ever. It is always assumed that the outside 
pressure is zero or atmospheric. Clearly this is 
not always the case in many situations, partic
ularly for arteries within the ventricular wall. 
Secondly, it is sometimes just assumed that the 
VSM is circularly oriented, and that circumfer
ential stress can be equated with VSM cell 
stress. In most cases the arterial wall has been 
considered to be isotropic, meaning that it has 
the same elastic modulus in all directions, 
which is not true. Recent progress has been 
made in theoretical treatments of anisotropy, 
allowing better calculations of circumferential 
moduli {14}. Even when anisotropy is consid
ered, the wall is viewed as being uniform in 
the radial direction (yet it has long been known 
to be a layered structure). Often calculations 
require the use of the Poisson ratio, which is 
0.5 for isotropic materials undergoing small 
deformations. But in many experiments the de
formations are much larger and the Poisson ra
tio would be less than 0.5 even for an isotropic 
material. Most of these problems are due to the 
application of classic physical methods to soft 
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biologic tissues which undergo much larger de
formations than the steel wires or tubes on 
which classic theories were based. There has 
been some use of finite deformation analysis, 
and this is encouraging because it is more ap
propriate when strains are as large as those that 
occur with blood vessels [15}. The final limi
tation is that most studies use static pressures. 
The arterial wall has viscoelastic properties, so 
a pressure-diameter tracing depends on the rate 
of change of pressure and the direction of 
change. 

Investigators usually inflate and deflate the 
arteries until reproducible responses are ob
tained, but the dynamic relationship of arterial 
diameter to the pulse pressure is required for 
complete physiologic relevance. In spite of 
these limitations, the study of excised arteries 
has made major contributions to the knowledge 
of vascular function. Recent technological ad
vances have made it possible to extend these 
studies from large arteries to resistance vessels 
and terminal arterioles [16, 103}. The mechan
ical properties of arteries have recently been the 
subject of a thorough review {9}. 

RING AND STRIP PREPARATIONS 

The most commonly studied vascular smooth 
muscle preparation is the smooth muscle strip. 
These are either circularly oriented or (espe
cially in the case of smaller vessels) helically 
oriented. Great care must be taken with helical 
strips because arterial diameter, strip width, 
and helix angle are all interrelated. Herlihy 
{17} has pointed out that the different helix 
angle could compromise comparisons between 
arteries of different diameters even if strip 
width is the same, because stress development 
is a function of the helix angle. These prepara
tions mayor may not have the adventitial and 
intimal layers removed. The presence or ab
sence of endothelial cells of the intimal layer is 
a major determinant of pharmacologic respon
siveness [18}. With these preparations, length 
changes and forces are measured in just one di
rection, which is hoped to be the axis of the 
smooth muscle cells. Ring preparations have 
more in common with strip preparations than 
with intact arteries because, as with strips, 
force and length changes are imposed and mea-

sured in only one dimension. Rings are often 
everted so that the adventitia forms the inside 
and agonists, nutrients, and O 2 can reach the 
smooth muscle cells more easily. 

In contrast to studies on intact arteries where 
diameter (and hence smooth muscle length) is 
dependent on transmural pressure and muscle 
activation, muscle length is the independent 
variable with muscle strips and rings. By anal
ogy with striated muscle research, the length
isometric-force and force-velocity relationships 
are most commonly studied. This approach has 
been quite fruitful for understanding how vas
cular smooth muscle functions, but it tells less 
about how arteries function. For cardiovascular 
relevance it would be most important to know 
the final length of the muscle after shortening 
against a nonconstant load. This would be 
analogous to knowing the inside diameter of an 
artery after stimulation at some pressure. Some 
studies of nonvascular smooth muscle have ad
dressed this question, namely, whether the 
length-isometric-tension curve is the same as 
the length-tension curve obtained by measur
ing the final length obtained after contraction 
against constant loads. The length-tension 
curves were found to be essentially the same 
regardless of the method used up to a length of 
0.8 Lo. At greater lengths, a shortening defect 
was found, meaning that the muscle did not 
shorten as much as expected from the isometric 
length-tension curve [19}. 

The Length-Tension Curve. The elegant corre
lation of mechanical and morphologic data that 
forms the basis for the sliding-filament model 
of striated muscle contraction {20} is lacking in 
smooth muscle. However, the sliding-filament 
model is generally accepted even though the 
precise dimensions of a smooth muscle sarco
mere are not known. The thick filaments are 
slightly longer in smooth muscle, being 2.2 
microns in smooth vs 1.5 microns in striated 
muscle {21}. The thin filament length in 
smooth muscle is not known because of numer
ous technical difficulties. Filament counts from 
electron micrographs of transverse sections of 
smooth muscles show a much higher ratio of 
thin to thick filaments, ranging from 12: 1 to 
18: 1, than occurs in striated muscle. These fil-
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FIGURE 37-2. Possible explanations of filament counts in electron micrographs of cross sections of smooth muscle. In 
the overlap region of vertebrate skeletal muscle (left) the area encompassed by the parallelogram contains a total of one 
rhick filament and two thin filaments . The smooth muscle does not show as much order (right) and there are generally 
12-18 rhin filament profiles per rhick filament profile. Because rhick filaments in smooth muscle are nor in good lareral 
regisrrarion, rhe plane of section might pass rhrough rhe thick filament of one sarcomere, bur only intersecr rhin 
filaments in adjacent sarcomeres . This makes secrioning a random sampling process, and rhe high number of rhin 
filamenr profiles could arise from large numbers of rhin filaments (A , lower left) or a smaller number of exrremely long 
rhin filaments (B , lower righr) . Borh models represent exrreme cases thar are consistent with the 15 : 1 filament count 
and conrain equal amounts of myosin and acrin . In B rhe thin filaments are 8.25 microns long, giving rise ro a 16.5-
micron sarcomere; in A rhe sarcomere length is 2.9 microns. Both models use a 2.2-micron-rhick filament. 

ament counts are in good agreement with the 
amounts and ratios of myosin and actin in 
smooth muscles [22}, but because thick fila
ments are not in good lateral registration this 
has to be regarded as a random sampling pro
cess. Therefore, these data are consistent with 
a spectrum of sarcomere models ranging from 
one where the thin to thick filament length ra
tio is the same as in skeletal muscle, but there 
are more thin filaments interacting with each 
thick filament, to the opposite extreme where 
only two thin filaments interact with each end 
of the thick filament, but the thin filaments are 
much longer. These extremes are shown in fig
ure 37-2. The idea that long thin filaments 
could explain the high force generation and 
economy of smooth muscle has been proposed 
[21, 23}. Calculations of how long the thin fil
aments would have to be (for a 15: 1 filament 
count) show that the hypothetical thin filament 
length would be 8.25 microns (from tip to Z
line equivalent) making a 16.5-micron sarco
mere. If the proteins of skeletal muscle were ar
ranged in this type of sarcomere, only 18% as 

much myosin would be needed. The muscle 
would develop 47% more force and it would 
shorten only 12% as fast. While the true situ
ation can be anywhere on this spectrum, the 
long sarcomere model has many attractive fea
tures in explaining mechanical data, and it 
maximizes the fraction of the limited number 
of thick filaments present that can develop 
force in parallel. At present all these models 
must be considered as possibilities when inter
preting mechanical properties. 

The previous paragraph has explained the in
ability to describe a "sarcomere length" in 
smooth muscle, but it is still possible to com
pare the length-tension curves of skeletal and 
smooth muscle, if the muscle length is ex
pressed in relation to the optimum length for 
force development, Lo. (In skeletal muscle, Lo 
would correspond to sarcomere lengths of 2.0-
2.2 microns.) All muscles develop a certain 
amount of passive tension (arising from elastic 
and connective tissue) when stretched . This 
passive tension is particularly prominent in vas
cular smooth muscle, and it must be subtracted 
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FIGURE 37-3. Length-tension curve of hog carotid artery 
smooth muscle strips. Muscle length is expressed as a 
fraction of Lo, the optimum length for active force gen
eration; tension is expressed as a fraction of Po, the max
imum active force. Closed circles: passive force estimated 
by quick release of the muscle from a longer length; tri
angles: isometric force during stimulation with K +; open 
circles: active tension (the total tension in the stimulated 
muscle minus the passive tension at that length). Error 
bars represent ± 1 SE. From Herlihy and Murphy [104) 
with permission of the American Heart Association. 

from the total tension of the stimulated muscle 
to obtain the active tension. The active tension 
is attributed to force generation by myosin 
cross-bridges, and the accuracy of its measure
ment depends on the ability to measure and sub
tract passive tension accurately. The length
passive-tension curve is usually estimated by 
relaxing the tissue with drugs or calcium che
lators, or it may be determined by imposing 
rapid shortening steps (quick releases) that dis
charge any force developed by the cross-bridges 

before they can recover, revealing the passive 
tension due to elastic structures at the new 
length. 

The active tension curve typical of vascular 
smooth muscle (fig. 37-3) shows an optimum 
length with decreasing forces developed at both 
longer and shorter lengths. Usually a smooth 
curve is obtained; sharp corners (like those 
found with single skeletal fibers) are not ob
tained, but this is not surprising in view of the 
complexity of most preparations relative to the 
single fiber studied with the spot follower servo 
system [20}. There has been one report of a 
plateau on the length-tension curve of smooth 
muscle {24}, but this was found with an inver
tebrate smooth muscle, the anterior byssus re
tractor of Mytilus edulis. Little data are available 
on force development in highly stretched VSM 
because tissues often are damaged by extreme 
stretching, and the high passive tensions sub
ject the active tension measurements to large 
error. However, the decline of active force is 
steeper at lengths greater than La than it is at 
muscle lengths less than La. At short muscle 
lengths, smooth muscle retains its ability to 

develop force better than skeletal muscle. The 
common assertion that smooth muscle can 
shorten much more than striated muscle is 
probably an exaggeration; Murphy {25} has 
pointed out (fig. 37-4) that published length
tension curves of skinned skeletal fibers are 
similar to those of smooth muscle tissues, im
plying that the limited capacity of skeletal 
muscle is a more consequence of length-depen
dent activation, rather than myofibrillar geom
etry. 

If one compares the values of Fa (the maxi
mum active force developed per unit cross-sec
tional area) obtained for skeletal and vascular 
smooth muscle, it is found that the smooth 
muscle can develop as much or more force. 
This is particularly surprising because the 
smooth muscle contains only about one-fourth 
as much myosin [22}. The ability of vascular 
smooth muscle tissues to develop this much 
force has been shown to be a cellular property, 
and not the result of a complicated tissue ar
chitecture that confers a mechanical advantage 
to cells {26-28}. Thus, the length-tension 
curve and the high force development of vas-
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FIGURE 37-4. Comparison of the active tension-length curves of smooth and skeletal muscle. Forces are normalized to 

peak forces generated by each preparation, and lengths are normalized to the optimum length for each preparation, 
which represents a 2.1-l.l.m sarcomere length in skeletal muscle. Solid line: single skeletal fiber, data from Gordon et al. 
{20}; dashed line and filled circles: skinned skeletal fibers activated directly by Ca2+; open circles: hog carotid artery 
strips, data from Herlihy and Murphy {l04]; open squares: cat duodenal circular muscle; stars: dog tracheal smooth 
muscle. Note that the smooth muscle preparations develop force at shorter lengths than the intact skeletal fibers , but 
that skinned skeletal fibers are able to develop force relatively better than intact smooth muscle at short lengths. From 
Murphy {2) with the permission of the American Physiological Society and S. Karger. 

cular smooth muscle are a property of the in
dividual cells. This finding is corroborated by 
direct evidence from studies on the very large 
smooth muscle cells of amphibian stomach. 
Force development by single cells from this tis
sue, when expressed relative to cross-sectional 
area, shows the same high value seen in smooth 
muscle strips {29}. 

Application of the length-tension curve ob
tained from smooth muscle strips to intact ar
teries leads to some complications. As a first 
approximation, the mean circumference (aver
age of inner and outer) can be equated to the 
muscle length. As the muscle contracts, how
ever, there has to be a greater extent of con
traction by the inner layer, since the wall 
thickening displaces mass toward the lumen. 
For example, in the case of an artery with a r/ 
ro ratio of 0.7, constriction leading to a de
crease of ro to 80% of its initial value causes rj 

to decrease to 52% of its initial value. Circum
ferences are of course proportional to radii. 
This implies that there could be slippage be
tween layers . The point to be made here is that 

the shortening capacity of vascular smooth 
muscle is adequate to cause pronounced con
striction, but it is not possible to define equiv
alent muscle cell length or "strip length" at a 
given radius precisely. Even if all muscle cells 
in the artery had exactly the same length at 
some radius, cell-length inhomogeneity would 
appear at other radii {2}. 

The Force-Velocity Curve. The force-velocity 
relationship in vascular smooth muscle is qual
itatively similar to that seen in skeletal muscle, 
in that both are fit reasonably well by the hy
perbolic equation of A. V. Hill: (F + a) (V + b) 

= (Fo+a)b. Values of Vmax , the maximum 
shortening velocity, can be extrapolated from a 
linearization of the equation and expressed in 
muscle lengths/so At 37°C these values are 
much lower in vascular smooth muscle (0.02-
0.7 Lois) than in skeletal muscle (typically 1-
10 Lois). Recent evidence, however, has 
pointed out some difficulties involved in mea
suring V max in smooth muscle. Foremost 
among these is the finding that shortening ve-
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loci ties obtained with a given load are time de
pendent, i.e., the velocity depends on how 
long the muscle has been stimulated isometri
cally before it is allowed to shorten isotonically 
(30-34}. In these experiments, muscles are 
usually stimulated isometrically as tension de
velops and then rapidly released to shorten 
against selected constant loads. Surprisingly, 
the highest values of V max (the unloaded short
ening velocity) are measured before isometric 
tension is fully developed. This phenomenon 
will be discussed at length in a subsequent sec
tion, but its importance here is that it suggests 
that values of V max in the literature may be un
derestimates. Another complication with V max 

measurements made by the method of isotonic 
quick releases is the transiently high shortening 
velocity observed following quick releases. It is 
not clear whether this is a manifestation of 
cross-bridge kinetics (34} or a damped series 
elastic component [35}. In either case, these 
initial rates are about six times greater than 
steady-state shortening velocities and could 
lead to overestimates of the true V max. In after
loaded isotonic contractions, load (force) is an 
independent variable, and velocity is the de
pendent variable. The opposite approach is 
sometimes taken, with velocity being the in
dependent variable by imposing constant veloc
ity shortenings on the muscle and measuring 
the force the muscle can exert under these con
ditions. 

The maximum shortening velocity can also 
be estimated by a procedure known as the 
"slack test" method. In this method, a stimu
lated muscle is rapidly shortened to a new 
length beyond the point where force drops to 
zero, and the portion of the length change 
when force was zero is divided by the time that 
force remains at zero to compute an unloaded 
shortening velocity. 

The Series Elastic Component. The contractile 
component (CC) of muscle behaves like it is 
transmitting force to an external load through 
a spring, the series elastic component (SEC). In 
the early analogue models of muscle, the ana
tomic feature responsible for the SEC was not 
known, and it was treated as something inde
pendent of the myofilaments which constitute 

the contractile component. Later studies on 
skeletal muscle led to the more modern view 
that much of the SEC is in the myosin cross
bridge itself. One way of measuring the SEC is 
to rapidly shorten a muscle during the peak of 
an isometric tetanus, so that all force is dis
charged. With a very stiff SEC, very little 
shortening is required. A plot of length and 
force during this procedure defines the charac
teristics of the SEC. For skeletal muscles, rapid 
shortening by 3% totally· discharges tension 
(36} and using faster length changes with sin
gle fibers a shortening of less than 1 % is 
needed (37, 38}. The force-length relationship 
is not linear at low values of force so the linear 
region is often extrapolated to zero force. This 
intercept represents about 0.5 % shortening 
with single fibers [37, 38}, and about 1. 5 % 
with whole muscle [36}. When similar experi
ments were performed with vascular smooth 
muscle strips, shortening of 2%-3% was ade
quate to totally discharge force and the linear 
extrapolation had an intercept of 1. 5 % short
ening [39}' Unfortunately the estimates of the 
series elasticity depend on the quality of the 
instrumentation and the speed with which the 
releases can be performed; series elasticities of 
5 %-10% of muscle length have been reported 
in the past. In summary it appears that isomet
rically contracting vascular smooth muscle is 
almost as stiff as skeletal muscle. The series 
elastic component has an important influence 
on measurement of isotonic shortening veloci
ties because it has been reported to be respon
sible for transiently high shortening velocities 
after a release (35}. This undesirable influence 
of the SEC on shortening velocities could be 
avoided by using afterloaded isotonic contrac
tions, but with this method shortening under 
different isotonic loads starts at different times 
after stimulation, a real disadvantage because of 
the dependence of shortening velocities on the 
duration of stimulation [32, 33}' 

Estimation of Cellular Mechanical Properties in 
Multicellular Preparations. The small size of 
vascular smooth muscle cells has prohibited the 
use of single cells for mechanical studies, al
though this has been achieved with the much 
larger cells from amphibian stomach [29}. This 
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means that vascular smooth muscle cellular 
properties have to be inferred from mechanical 
measurements made on complex multicellular 
tissues, and because of this it is vitally impor
tant to know whether any mechanical advan
tages are conferred on cells as a result of tissue 
structure. The high force development of vas
cular smooth muscle tissues in spite of their 
limited myosin content {22}, coupled with re
curring suggestions that a mechanical advan
tage for muscle cells exists in the arterial wall 
(see Driska et al. (28}), led to an examination 
of this possibility. Two lines of evidence have 
ruled out the existence of mechanical advan
tages in the tissues examined. First, it was 
found that the force development of vascular 
smooth muscle strips did not depend on how 
long a segment of the strip was chosen for force 
measurement, i.e., force did not depend on 
how many cells long the preparation was (26}. 
The second type of experiment measured either 
the change in cell length or distance between 
features in the same cell in response to known 
changes in tissue length. In the absence of me
chanical advantages, 10% shortening of the tis
sue would lead to a 10% reduction in mean cell 
length or distance between distinguishable cel
lular features. A 20% reduction in mean cell 
length would indicate a 2 : 1 mechanical advan
tage. Data of this type for hog carotid artery 
(27, 28}, guinea pig taenia coli (40}, and rab
bit bladder {19} strips, and rings of small ar
teries {41} indicated that the cells do not have 
a mechanical advantage, and that cellular esti
mates of shortening velocity and active stress 
development made by proper normalization of 
tissue measurements are valid. 

Contractile Properties of Single Smooth Muscle 
Cells. Single cells can be dispersed from vas
cular smooth muscle, and certain mechanical 
measurements such as extent and velocity of 
unloaded shortening can be made. However, it 
is necessary to fasten cells to a force transducer 
for studies of force development or shortening 
against external loads, and this has not yet 
been reported. Much progress has been made, 
however, on stomach muscle cells from the 
toad Bufo marinus, and even though these cells 

are neither vascular nor mammalian, the stud
ies have produced data that are highly relevant 
to vascular tissue. The large size of these cells 
allows them to be tied around a microprobe 
and still have a portion of the cell left to gen
erate force. The conclusions presented in the 
preceding section receive strong support from 
the fact that the active stress development for 
single Bufo cells is as high as that estimated 
from vascular smooth muscle tissue measure
ments {29}. These cells retain their cholinergic 
receptors and have been very useful in studies 
of pharmacology and electrophysiology. An
other interesting finding is that after direct 
electrical stimulation there is a measurable la
tency before force develops {29}, and the clear 
demonstration of it in a preparation free of ag
onist diffusion delays establishes this as a char
acteristic that all theories of regulation and ex
citation-contraction coupling must explain. 

MECHANICAL PROPERTIES OF 
"SKINNED" PREPARATIONS 

Various techniques have been applied to de
crease or eliminate the permeability barrier of 
the plasma membrane of vascular smooth mus
cle strip preparations and allow direct activa
tion of the contractile machinery by Ca2 + 
Sophisticated mechanical studies have not gen
erally been performed with these preparations 
because force development usually declines 
with each contraction-relaxation cycle, and 
many such cycles would be necessary for a 
force-velocity curve. Usually isometric tension 
is the measured response and in some cases 
ATPase activity can be measured. A major con
tribution of these preparations is that they 
serve as a bridge between muscle protein bio
chemistry and muscle mechanics. 

Methods of "Skinning" VSM Strips. The small 
size of VSM cells precludes true mechanical 
skinning of the sarcolemma, so the membrane 
is usually made permeable by dissolution with 
detergents {42} or glycerol {43}, physical 
trauma by grinding {44} or freeze-glycerination 
(45}, or through the action of specific agents 
such as staphylococcal alpha toxin {46} or ion
ophore A-23187 {47}. Nonionic detergents 



37. VASCULAR SMOOTH MUSCLE MECHANICS 767 

like Triton X-100 attack all membranes, but 
saponin treatment has been reported to disrupt 
the plasma membrane but not the sarcoplasmic 
reticulum [48}. The freeze-glycerination tech
nique is thought to involve membrane crack
ing, rather than dissolution [45}. Saida re
ported that the divalent cation ionophore A-
23187 can be used to reversibly "skin" smooth 
muscle, allowing anions such as ATP to enter, 
with resealing of the membrane occurring on 
removal of the agent [47}. Two important 
criteria for skinned preparations are the active 
stress development and extracellular space 
measurements made with small solutes. Ideal 
preparations develop as much stress as the 
native tissue, and allow small solutes to 
equilibrate through the entire volume of the 
tissue. 

Results with "Skinned" Preparations. Skinned 
preparations of smooth muscle have been used 
to demonstrate the ci + dependence of force 
generation [42-48}, ATPase [45}, and myosin 
light-chain phosphorylation [44, 46}. Kerrick 
and co-workers have made extensive use of 
skinned preparations in their studies on the 
role of myosin light-chain phosphorylation in 
the regulation of contraction. They found that, 
when the myosin light chains in the prepara
tions were irreversibly thiophosphorylated by 
ATP-,,(-S, the force development was no longer 
dependent on Ca2+ [44}. This agreed with bio
chemical studies wherein ATP-,,(-S had the 
same effect on actomyosin MgA TPase activity 
[49}. Skinned preparations have also been used 
to demonstrate Mg2 + dependence of force de
velopment [43, 48}, and that relaxation in
duced by vanadate occurs at a step following 
light-chain phosphorylation [45}. One practical 
disadvantage of skinned preparations is the 
amount of time required for a contraction-re
laxation cycle, but it has been found that the 
relaxation rate can be increased by inorganic 
phosphate [50}. Using skinned preparations it 
has also been possible to demonstrate relaxation 
by the cAMP-dependent protein kinase [51}. 
This enzyme has many substrates, but here it 
was presumably acting by phosphorylating 
myosin light-chain kinase, which decreases the 

myosin kinase actIvIty, leading to decreased 
levels of phosphorylated light chain and relax
ation. 

Biochemistry of the Contractile Proteins 
In biochemical studies of dispersed proteins, 
the ability to measure force development or 
shortening is lost because the ordered structure 
of the muscle is lost. The biochemical correlate 
of contraction that is usually studied is the 
Ca2+ -dependent MgATPase activity. Here the 
substrate is MgATP (usually present in milli
molar concentrations), but low concentrations 
of Ca2+ (10- 5 M) are required for full activity. 
When [Ci+} is very low (10- 8 M), the 
MgATPase activity of good preparations is in
hibited to less than 10% of its value at 10 - 5 

M Ca2 +. Another biochemical correlate of con
traction that is often studied is called superpre
cipitation. This is the ATP-dependent increase 
in light scattering that results from contraction 
of aggregates of actin and myosin molecules. 
Superprecipitation cannot be quantitated as 
precisely as ATPase activity, but it is free from 
interferences by other contaminating A TPases, 
and is a useful adjunct to ATPase measure
ments. 

The protein preparations used in these stud
ies range in complexity from myofibrils to ac
tomyosin to mixtures of purified proteins. The 
term smooth muscle myofibrils is used to de
scribe the insoluble material after homogeniza
tion of muscle in low-ionic-strength solutions 
to remove cytoplasmic proteins. Usually these 
preparations have to be washed with nonionic 
detergents to remove contaminating membra
nous ATPase activities. Myofibrils are not a 
simple system, but they are easily prepared and 
presumably the actin and myosin are present as 
native filaments. Actomyosin is a mixture of 
actin, myosin, tropomyosin, and other proteins 
which has been solubilized, extracted from the 
homogenized muscle tissue, and precipitated. 
Thick filaments are probably disrupted by so
lubilization and then reform on precipitation, 
so that even though the complement of pro
teins present in actomyosin is simpler than that 
in myofibrils, some native structure is lost. 
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Finally, individual proteins, (myosin, actin, 
etc.) can be prepared and purified separately 
and recombined in known stoichiometry. This 
approach is the most time-consuming, but 
leads to the most definitive results. 

CONTRACTILE PROTEIN COMPOSITION OF 
SMOOTH MUSCLE 

Like skeletal muscle, smooth muscle contains 
the structural proteins myosin, actin, and tro
pomyosin. It also appears to contain smaller 
but significant amounts of other structural pro
teins (a-actinin, desmin or vimentin, vinculin, 
and filamin), some of which may be present in 
skeletal muscle. The chief qualitative difference 
from skeletal muscle is that it does not contain 
stoichiometrically significant amounts of the 
regulatory protein troponin [52-54]. Smooth 
muscle has been reported to contain a different 
type of thin filament regulatory protein called 
leiotonin [55, 56), but its role as a regulatory 
protein is not at present widely accepted. All 
vertebrate muscles also contain enzymes known 
as myosin light-chain kinase (MLCK) and 
myosin light-chain phosphatase (MLCP), and 
in smooth muscle these enzymes appear to have 
an important role in the regulation of contrac
tion. 

Stoichiometry. Before considering specific prop
erties of each of the purified proteins it is ap
propriate to consider the amounts present in 
the cell. The most striking quantitative feature 
of the protein composition of smooth muscle is 
the abundance of actin and scarcity of myosin 
relative to skeletal muscle [22]. The actin
myosin weight ratio in smooth muscle is about 
tenfold higher than in skeletal muscle, reflect
ing both a lower myosin content and a higher 
actin content [22]. These findings agree well 
with morphologic measurements made with 
the electron microscope. The rather high tropo
myosin content of smooth muscle, which had 
led to some confusion in the early biochemical 
literature, was seen to be consistent with the 
high actin content, implying a thin filament 
structure like that of skeletal muscle with one 
tropomyosin molecule spanning about seven ac
tin monomers. Surveys of the contractile pro
tein contents of several mammalian smooth 

muscles have revealed a dichotomy between 
two groups of tissues, those which have very 
high amounts of actin and those which have 
less (but still much more than skeletal muscles) 
[57}. The tissues in the first group (arteries) 
seem to develop more force than those in the 
other group (veins and other nonvascular 
smooth muscle), although some anomalous ex
amples have been found. The higher amounts 
of actin present in smooth muscle tissue carry 
over into myofibril and actomyosin prepara
tions, and the preparation of myosin free from 
contaminating actin is more difficult than it is 
with skeletal muscle. 

Specific Proteins 
MYOSIN. Myosin is the major protein compris

ing the thick filaments of muscle, and possesses 
the ATPase activity that converts the chemical 
energy of ATP hydrolysis to mechanical work. 
Its native molecular weight is about 470,000 
daltons, being composed of two heavy chains of 
200,000 daltons each, and two of each of two 
classes of light chains, 20,000 and 17,000 dal
tons. The 20,000-dalton light chain can be 
phosphorylated by myosin light-chain kinase, 
and this will be discussed in a subsequent sec
tion. Like myosin from other muscles, the 
smooth muscle protein binds Ca2 +, and this 
may be involved in regulation. The myosin 
content of smooth muscle is about 16 mg/g 
cells (or about 10 mg/g tissue in a preparation 
where cells make up 60% of the tissue) [22]. 
The protein differs from that of skeletal muscle 
in amino acid composition, solubility, aggre
gation characteristics, and in the enzymatic 
properties of the ATPase (in that the ATPase 
activity of the smooth muscle enzyme is lower 
and usually cannot be activated by actin as dra
matically). In a subsequent section, there 
is a more detailed discussion of myosin 
MgATPase in reference to regulatory mecha
nisms. For a recent comprehensive review arti
cle on myosin and the other contractile proteins 
of smooth muscle, see Hartshorne and Gorecka 
[58). 

ACTIN. Actin is a globular protein with a mo
lecular weight of about 42,000 daltons consist
ing of one polypeptide chain. Actin polymer
izes to form a long-double-helical structure 
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known as F-actin, and this constitutes the 
backbone of the thin filaments in muscle. Ac
tin activates the MgATPase activity of myosin 
in vitro and this is the basis for the increased 
energy usage in contracting muscle. Actin is 
present in larger quantities (on a weight basis) 
than any other cellular protein in vascular 
smooth muscle, there being about 30 mg/g tis
sue in the hog carotid artery [22}. Actins from 
all types of muscle are quite similar, but not 
identical. Isoelectric focusing reveals that there 
are three isoelectric variants in smooth muscle 
termed a, 13, and 'Y [59}. The a subunit is 
most similar to skeletal actin, but the roles and 
significance of the isoelectric variants have yet 
to be unambiguously determined because of the 
difficulty in separating them without denatur
ation. 

TROPOMYOSIN. Tropomyosin is a rod-shaped 
protein whose secondary structure is nearly 
100% alpha helix. It has two subunits, an a 
subunit having a molecular weight of about 
34,000 daltons, and a 36,OOO-dalton 13 sub
unit. There are different amounts of these two 
tropomyosin variants in striated muscle, de
pending on the fiber type. The corresponding 
tropomyosin subunits in smooth muscle _seem 
to be slightly larger, having subunit molecular 
weights of 36,000 and 39,000 in chicken giz
zard [53}, but the significance of this is not yet 
understood. In striated muscles it is thought 
that the long tropomyosin molecules, which 
bind the regulatory protein troponin, lie in the 
grooves formed by the actin double helix and 
serve to control a block of 6-7 actins by mov
ing further into the groove in response to Ca2 + 
binding by troponin. The absence of troponin 
in vertebrate smooth muscle means that this 
cannot be the role of tropomyosin, here, but it 
is often thought to have a structural role in 
maintaining thin filament rigidity. In bio
chemical studies tropomyosin has been shown 
to be an activator of actomyosin ATPase in sys
tems containing purified myosin light-chain ki
nase and phosophatase [60}, but the mecha
nism for this activation is not known. 
Tropomyosin does not seem to have a regula
tory role in smooth muscle because it is not 
needed for Ca2+ -sensitive actin activation of 
smooth muscle myosin MgATPase. Native tro-

pomyosin is a term for a crude mixture of pro
teins that is predominantly tropomyosin. In 
striated muscle, native tropomyosin prepara
tions contain troponin, and therefore can confer 
Ca2+ sensitivity to mixtures of skeletal myosin 
and actin. The term native tropomyosin has 
also been applied to crude mixtures from 
smooth muscle, but here the active factor is not 
troponin, but rather either myosin light-chain 
kinase and phosphatase [61} or leiotonin [56}. 

TROPONIN. Troponin is not found in CaL + -sen
sitive actomyosin preparations from smooth 
muscle [53, 54}, or thin filament preparations 
[53}, nor could it be prepared from smooth 
muscle using skeletal muscle techniques. Most 
investigators believe it is not present, in spite 
of earlier [62} and recurring [63} reports of 
troponin or troponin-like components. The 
concept of thin filament regulation has been 
further broadened by reports of the phosphory
lation of thin filament components [64}. Wider 
acceptance of these results awaits further puri
fication and characterization of the active com
ponents. The word troponin appears in the ear
lier papers [e.g., 55} of several workers who 
now feel that leiotonin is the active component 
of their thin filament regulatory systems. After 
about 1977, they began to refer to this active 
component as leiotonin because it is not com
parable to skeletal troponin. 

LEIOTONIN. Ebashi and co-workers have re
ported that a thin filament protein they call 
leiotonin is responsible for regulation. This 
protein has two subunits, with molecular 
weights of about 80,000 (leiotonin A) and 
18,000 (leiotonin C) [65}. They claim that the 
C subunit binds Ca2+ but is not calmodulin or 
troponin C, and that the purified protein, un
like crude preparations, does not have myosin 
light-chain kinase activity [55}. Estimates of 
the amount of leiotonin present in smooth 
muscle are very low, about one-tenth the 
amount of tropomyosin present [55}. Since it 
is supposed to bind to actin, it is difficult to 
picture a role for leiotonin in regulation unless 
it acts as an enzyme rather than as a structural 
protein like troponin. 

MYOSIN LIGHT-CHAIN KINASE (MLCK). Myosin 
light-chain kinases are present in all types of 
muscle, where they catalyze the ATP-depen-
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dent phosphorylation of a specific serine resi
due in one of the light chains. Smooth mus
cle is the type of muscle where this phos
phorylation seems to have its most clear-cut 
role, allowing actin activation of myosin 
MgATPase activity {66}. The enzyme has a 
catalytic subunit with a molecular weight of 
100,000-140,000 and calmodulin, the ubiq
uitous 17,000-dalton Ca2 + -binding protein 
{67, 68}, is the regulatory subunit. The sto
chiometry is now established as one catalytic 
subunit per calmodulin as reported by Adel
stein and Klee {69}. The enzyme is activated 
when the ci + -calmodulin complex binds to 
the catalytic subunit. The 140,000-dalton 
subunit may itself be phosphorylated by the 
well-known cAMP-dependent protein kinase, 
reducing the MLCK activity at a constant 
level of Ca2+ -calmodulin {70}. This would 
tend to relax smooth muscle, and has at
tracted much attention as a possible mecha
nism for l3-adrenergic relaxation. However, 
the phosphorylation of MLCK at the site de
creasing MLCK activity does not take place 
when Ca2 + -calmodulin is bound (as it would 
be expected to be in a contracting muscle) 
PO}. Therefore, it seems that this mechanism 
could reduce vascular reactivity in a relaxed 
blood vessel, but not relax a constricted blood 
vessel. The MLCK catalytic subunit is subject 
to proteolysis, losing the ability to be in
hibited by phosphorylation, then its Ca2 + 
requirement, and finally its activity. The 
first MLCK preparations studied had lower 
molecular weights (83,000) and were not 
Ca2 + dependent, Pl} probably due to this 
fact. 

MYOSIN LIGHT-CHAIN PHOSPHATASE (MLCP). The 
myosin light-chain phosphatases in muscle are 
difficult to purify without denaturation, so 
comparatively less is known about them. The 
enzyme removes the phosphate group from the 
phosphorylated 20,000-dalton light chain. The 
dynamic balance of the reactions catalyzed by 
MCLK and MLCP determines the fraction of 
the light chains that are phosphorylated, so 
knowledge about this enzyme is just as impor
tant as knowledge about the kinase. Two dif
ferent enzymes have been studied in turkey giz
zard {72}. Neither is thought to be Ca2+ 

dependent, but Ml+ modulation of phospha
tase activity has been reported P3}. One en
zyme, myosin phosphatase I, has equimolar 
amounts of three subunits (60,000, 55,000, 
and 38,000 daltons), does not require Mg2 + , 
and is active on phosphorylated light chains 
and phosphorylated MLCK. The other enzyme, 
phosphatase II, has a single 43,000-dalton sub
unit, requires Mg2+, and is relatively more 
specific for phosphorylated myosin light chain 
over phosphorylated MLCK, compared to phos
phatase I {72}. 

ALPHA-ACTININ. The remaining proteins are 
structural proteins identified in smooth muscle. 
a-Actinin has a molecular weight of about 
110,000 and is found in cytoplasmic dense 
bodies and plasma membrane dense patches in 
smooth muscle P4}. It is thought to be in
volved with anchoring of thin filaments to 
plasma membrane dense patches and cyto
plasmic dense bodies, structures which are 
thought to be analogous to the Z lines of 
striated muscle. 

VINCULIN. Vinculin is a protein with a sub
unit molecular weight of 130,000 daltons 
found in the brush border of epithelial cells and 
also smooth muscle. It, too, is thought to fas
ten thin filaments to the plasma membrane, 
but unlike a-actinin, it is not located in cyto
plasmic dense bodies. Immunoelectron-micro
scopic techniques show that vinculin is located 
closer to the membrane than a-actinin is {75}. 
Vinculin binds to actin in vitro causing it to 
form bundles P6}. 

DESMIN AND VIMENTIN. Smooth muscle has a 
class of myofilaments known as intermediate 
filaments because their diameter of 10 nm is 
between that of the thin actin filaments (6-8 
nm) and the thick myosin filaments (12-15 
nm). The intermediate filaments are very resis
tant to solubilization by solutions used for ex
tracting actomyosin. The protein component 
comprising these filaments was shown by 
Cooke to have a subunit molecular weight of 
55,000 {77}. Two other groups of workers sub
sequently named this protein desmin P8} and 
skeletin P9}, and now the term desmin is 
most widely used. A very similar protein called 
vimentin has been characterized as the lO-nm 
filament protein in nonmuscle cells, and also 
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occurs In smooth muscle. Desmin and vimen
tin are fairly similar in overall structure, vi
mentin being slightly larger (58,000 daltons) 
and having a lower apparent isoelectric point. 
Gabbiani et al. [80} have reported that vascular 
smooth muscle differs from other smooth mus
cle in having vimentin (rather than desmin) as 
its major intermediate filament protein. Other 
workers, however, have shown that both pro
teins are present in some blood vessels [81}. 
Some preliminary work has been done using 
the presence of vimentin or desmin to identify 
the nature of intimal smooth muscle cells that 
accumulate after endothelial injury to the rat 
aorta [82}. At present the role of intermediate 
filaments in smooth muscle is not known, but 
the most common supposition is that they form 
a cytoskeleton [77}. A comprehensive review of 
the ultrastructure of smooth muscle, including 
intermediate filaments, has appeared [83}. 

FILAMIN. Filamin is a protein with a subunit 
molecular weight of 250,000 that is present in 
reasonably large amounts in chicken gizzard 
(one-third as much as myosin on a weight basis 
[84}). This large protein is thought to function 
as an actin filament cross-linker [85}, and it is 
very similar, if not identical, to the actin-bind
ing protein isolated from rabbit macrophages 
[86}. The role of filamin in smooth muscle is 
not known, but based on its presence in large 
amounts in smooth muscle and other motile 
nonmuscle cells, it has been assumed to be in
volved in contraction. 

Currently the structure of the cytoplasm is 
the subject of intense research in both smooth 
muscle and nonmuscle cells. For further details 
on ex-actinin, vinculin, desmin, vimentin, and 
filamin, the reader should refer to the volume 
that includes the summary by Brinkely [87}. 

Regulation of the Contractile 
System by Ca2 + 

INTRODUCTION 

One of the most important questions in smooth 
muscle research is the nature of the regulatory 
systems governing contraction. The lack of tro
ponin [52-54} meant that a different system 
must exist, and an obvious alternative was the 

myosin-linked system found In molluscs. 
(These molluscan muscles lack troponin, and 
Ca2 + causes contraction through binding to the 
myosin molecule.) However, the regulatory 
system in VSM is more complicated than the 
simple molluscan system, even though myosin 
ci + binding might be involved. Most inves
tigators believe that myosin light-chain phos
phorylation is at least part of the system. The 
regulation of actomyosin ATPase activity by 
light-chain phosphorylation was first reported 
with contractile proteins from blood platelets 
[88} and subsequently was found in smooth 
muscle [60, 61, 89}' While the phosphoryla
tion theory is certainly the most popular, it is 
not the only one still held. A list of the differ
ent regulatory mechanisms that have been pro
posed, and an assessment of their current popu
larity, is presented below. 

STATUS OF PROPOSED MECHANISMS 

Troponin. Early reports of troponin in smooth 
muscle [62, 90} have not been widely accepted 
and are generally thought to be the result of 
preparative artifacts. The concept of thin fila
ment regulation has been revived recently [63} 
but as yet has found little support. 

Myosin-linked Systems. In 1974 it was reported 
that vertebrate smooth muscle had myosin
linked regulation [52} like molluscan muscles. 
In these molluscan muscles, which lack tro
ponin, Ca2 + binds to myosin to initiate con
traction. The vertebrate system is now known 
to be more complicated, although the phos
phorylation mechanism can be considered to be 
myosin-linked. Furthermore, there might be a 
physiologic role for myosin Ca2+ binding. 

Leiotonin. Several prestigious research groups, 
mostly in Japan, believe that regulation of 
smooth muscle contraction is achieved through 
a thin-filament protein different from troponin, 
known as leiotonin [55}. Like phosphorylation, 
it confers Ca2 + sensitivity by activating in the 
presence of Ca2 + (rather than by inhibiting 
ATPase in the absence of Ca2+ like the skeletal 
troponin system). Thus it is a true activator. 
The difficulty in preparing this protein has 
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been an obstacle to its wide acceptance outside 
of Japan. 

Thin Filament Phosphorylation. It has been re
ported that proteins on thin filaments from 
some (but not all) smooth muscles can be phos
phorylated in a Ca2+ -dependent manner, 
which makes the activation of skeletal myosin 
by these preparations Ca2+ dependent [64}. 
The thin filament component that is phospho
rylated has a molecular weight of 21,000, but 
it is claimed to not be the myosin light chain. 
Wider acceptance of this view hinges on isola
tion, purification, and characterization of the 
active components. 

Myosin Light-Chain Phosphorylation. The wide 
acceptance of this hypothesis justifies a histori
cal development and more detailed coverage. 
Phosphorylation of skeletal myosin light chains 
had been reported by Perrie and co-workers, 
but there was no detectable change in any of 
the ATPase activities on phosphorylation [91}. 
Adelstein's group then reported that, with 
myosin made from blood platelets, phosphory
lation caused an increase in actin-activated 
MgATPase activity [88} . Soon several labora
tories reported that smooth muscle myosin 
light chain was phosphorylated in a Ca2 + -de
pendent manner, and that this phosphorylation 
roughly paralleled the MgATPase activity in its 
Ca2+ dependence [60, 61, 68}. Subsequently, 
it was shown that phosphorylation of smooth 
muscle myosin was required for appreciable ac
tin-activated MgATPase activity. [66} Numer
ous lines of biochemical evidence led to the hy
pothesis that contraction is regulated by Ca2 + 
only through the Ca2 + dependence of the phos
phorylation step {49}. This hypothesis predicts 
that, if myosin can be maintained permanently 
phosphorylated, actin activation will no longer 
be Ca2+ dependent. Using different tissues and 
techniques, it was found that fully phosphoryl
ated guinea pig vas deferens myosin was acti
vated by actin in the absence of Ca2 +, but fur
ther activated in its presence {60}; chicken giz
zard myosin, however, when irreversibly 
thiophosphorylated, is activated no more by ac
tin in the presence of Ca2+ then in its absence 
[49}. The results with chicken gizzard were 
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FIGURE 37-5. Dependence of actin-activated MgATPase 
activity of smooth muscle myosin on the extent of phos
phorylation of the light chain. Solid line describes the 
experimental data; alternating dots and dashes show be
havior expected if the two ATPase sites were independent 
and activated only by phosphorylation of their associated 
light chains; dashed line shows the result expected if 
phosphorylation was random and both light chains had ro 
be phosphorylated before either ATPase site was acti
vated. If phosphorylation were an ordered process and 
both light chains had ro be phosphorylated for any 
ATPase activity, the plot would be a straight line from 
zero ATPase at 0.5 mol Plmol LC20 ro full ATPase at 
full phosphorylation. From Persechini and Hartshorne 
{92} with permission of the American Association for the 
Advancement of Science. 

consistent with the hypothesis that Ca2 + regu
lates contraction only through activation of the 
kinase, and that phosphorylation is both nec
essary and sufficient for full activation. The vas 
deferens results, while also pointing to the ne
cessity (but not sufficiency) of phosphorylation 
for full activation, also suggested the existence 
of a second site for the action of Ca2+. While 
this might be an example of a true species or 
tissue difference, it is also possible that during 
protein preparation certain aspects of a Ca2+ 
regulatory mechanism are lost or artifacrually 
generated. 

Recent reports indicate that the relationship 
between myosin phosphorylation and ATPase 



37. VASCULAR SMOOTH MUSCLE MECHANICS 773 

activity might not be as simple as it was once 
thought to be. Because myosin is a hexamer, 
having two 200,000-dalton heavy chains and 
two each of 17,000- and 20,000-dalton light 
chains, a given myosin molecule can have 0, 1, 
or 2 of its 20,000-dalton light chains (LC20) 
phosphorylated. Each of the two 200,000-dal
ton heavy chains has an ATPase site, and thus 
the question arises of whether phosphorylation 
of one light chain activates the associated heavy 
chain's ATPase site, or whether both light 
chains must be phosphorylated before either of 
the ATPase sites are activated. Persechini and 
Hartshorne [92} recently reported data (shown 
in fig. 37-5) that they interpreted as support
ing the second possibility, i. e., they claimed 
that the ATPase sites do not act independently. 
Thus a plot of MgATPase activity vs mol PI 
mol LC20 is not a straight line intercepting the 
origin (as it would be if the ATPase sites were 
independent), but rather a concave-up curve. 
The authors suggested that the results were 
consistent with phosphorylation being an or
dered process, with one light chain being pref
erentially phosphorylated, resulting in only 
about 10% of the activity of the doubly phos
phorylated myosin. Addition of the second 
phosphate group would then lead to a dramatic 
increase in ATPase, as both ATPase sites be
came maximally activated. 

In vitro studies of the biochemistry of con
tractile proteins are very much affected by sub
tle alterations of proteins which are not easily 
detected but have important effects on enzy
matic properties. Apparently under some con
ditions with some myosin preparations, phos
phorylation by purified MLCK alone is not 
adequate to fully activate ATPase activity, and 
other factors (present in crude preparations of 
MLCK) seem to be needed [93}. This is sur
prising because in other work from the same 
laboratory, phosphorylation alone seems to re
sult in full activation [92}. This then suggests 
that myosin could be very sensitive to prepara
tive conditions, and that this could be the ex
planation for disagreements between the advo
cates of leiotonin and the advocates of the 
various mechanisms involving phosphorylation. 
If this is the reason for the disagreements, the 
next problem is determining which of these 

mechanisms is most important in vivo. Much 
progress has been made in this area through the 
study of phosphorylation as a regulatory mech
anism in living smooth muscle preparations, 
and this will be discussed in the next section. 

It is not known whether phosphorylation in
creases actomyosin MgATPase by increasing ac
tin-myosin binding or by increasing V max' the 
maximum ATPase rate at saturating actin con
centrations, or both. This would be useful to 
know because in living tissues, phosphorylation 
is thought to increase maximum shortening ve
locity [32, 33} which would predict an in
creased value of V max of ATPase in vitro. Hope
fully this question will soon be answered. 

STUDIES ON THE ROLE OF MYOSIN LIGHT
CHAIN PHOSPHORYLATION IN THE 
REGULATION OF CONTRACTION 
OF INTACT SMOOTH MUSCLE 

The hypothesis that smooth muscle contraction 
is regulated exclusively by myosin light-chain 
phosphorylation (LCP) makes several testable 
predictions: (a) on stimulation or relaxation, 
changes in LCP should precede or coincide 
with the mechanical response; (b) there should 
be low levels of phosphorylated LC20 in resting 
muscle; and (c) the magnitude of the mechan
ical response, whether force, shortening veloc
ity, or stiffness, should be proportional to the 
extent of phosphorylation, although this pro
portionality need not be linear. Numerous 
workers have demonstrated that phosphoryla
tion takes place on stimulation of intact 
smooth muscle [94-98}, and that it coincides 
with or precedes the mechanical response. 
These findings support the hypothesis that 
phosphorylation is involved as a regulatory sys
tem in vivo. But phosphorylation does not al
ways change on contraction of pig aortic strips 
[98} and phosphorylation cannot explain all the 
mechanical responses, because it reaches its 
peak level before isometric force does and then 
declines during the time that force reaches its 
peak [32, 33, 95, 99, 100}. During prolonged 
stimulation of the hog carotid, force is well 
maintained while phosphorylation falls to near
resting values [32, 33, 99}. This means that 
any proportionality between force and phos
phorylation would have to have a time-depen-
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dent proportionality constant. By measure
ments of shortening velocities after varying 
periods of isometric stimulation it was found 
that velocity of shortening had a similar time 
course to light-chain phosphorylation [32, 33} 
as shown in figure 37-6. This led to the sug
gestion that shortening velocity (but not iso
metric force) was regulated by light-chain 
phosphorylation. To explain the decrease in 
shortening velocities during prolonged stimu
lation, it was proposed that phosphorylated 
cross-bridges cycled rapidly and that attached 
cross-bridges could be dephosphorylated, form
ing a so-called latch bridge that cycled very 
slowly, if at all [32}. These latch bridges could 
be similar to attached, noncycling cross-bridges 
in other smooth muscles {lO 1}. These latch 
bridges were hypothesized to maintain force 
economically, but to provide an internal load 
which decreases the shortening velocities at
tained by phosphorylated cycling cross-bridges. 
The number of attached cross-bridges is 

b 2+ thought to be regulated y some other Ca -
dependent mechanism. Some support for the 
latch-bridge hypothesis can be drawn from 
studies which show the rate of energy con
sumption decreases with time during isometric 
contraction [IOO}. This latch-bridge hypothesis 
has attracted much attention, but it is cur
rently based on rather indirect evidence. The 
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F[GURE 37-6. Time courses of LC20 phosphorylation, 
shortening velocity , and load-bearing capacity on K + 

stimulation of hog carotid artery strips. Open circles: 
LC20 phosphorylation; filled squares: shortening velocity 
against a load that was 12 % of the maximum active iso
metric force; filled circles: load-bearing capacity. Load
bearing capacity is the peak force measured when a quick 
stretch of 0.025 Lo was applied at a rate of 0 . 1 Ljs, and 
it provides a better estimate of the number of attached 
cross-bridges than does isometric force measurement. Er
ror bars represent ± 1 SE; phosphorylation data are single 
points, and C denotes control, unstimulated muscle 
strips. Note the logarithmic time base. From Dillon et 
al. [32J with permission of the American Association for 
the Advancement of Science . 

latch-bridge mechanism, if correct, would al
low a vascular smooth muscle to shorten rap
idly when stimulated, but then the cross
bridge cycling rate would fall, decreasing the 
energy usage required to maintain tension. 
This would be well suited to the role of vascu
lar smooth muscle, allowing it to maintain the 
diameter of a blood vessel economically for 
long periods of time. 

STUDIES ON THE REGULATION OF 
"SKINNED" PREPARATIONS BY 
LIGHT-CHAIN PHOSPHORYLATION 

One of the strongest arguments for the hypoth
esis that only phosphorylation regulates con
traction comes from studies on "skinned" 
smooth muscle preparations. The ATP ana-
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logue ATP-'Y-S is a substrate for the light
chain kinase, but once the light chain is thio
phosphorylated it is a poor substrate for the 
phosphatase. After treatment of skinned prep
arations with ATP-'Y-S, force development no 
longer requires CaH [44}. Uncertainties about 
whether thiophosphorylated light chain is func
tionally the same as phosphorylated light chain 
were answered by the demonstration that phos
phorylation by ATP and a modified MLCK 
that no longer required Ca2 + for activity could 
remove the Ca2 + requirement for force devel
opment [l02}. This seems to be strong evi
dence for the primacy of phosphorylation as the 
regulatory mechanism in this skinned prepara
tion. Unfortunately, mechanical responses of 
the skinned preparations are not as completely 
characterized as those of intact tissue. These 
studies [44, 46, 102} with skinned prepara
tions have often been criticized because the 
amount of phosphate incorporated into the 
light chain from ATP was not as great as ex
pected, increasing from 0.01 mol P/mol LC20 
to 0.20 mol P/mol LC20 when the [CaH} was 
increased from 10 - 8 M to 1. 6 X 10 - 4 M in 
gizzard preparations. With rabbit ileum, the 
increase was even less, from 0.00 to 0.05 {46}. 
When these preparations were incubated with 
ATP-'Y-S, however, the incorporation of thio
phosphate in the light chain increased from 
0.10 to 0.80 mol thiophosphatelmol LC20 for 
gizzard, and from 0.04 to 0.75 for ileum, over 
the same range of Ca2 + concentrations. Force 
development was the same in both cases even 
though much higher levels of thiophosphoryla
tion were achieved than of phosphorylation. 
Taken at face value, this data is difficult to rec
oncile with a model that has force production 
regulated by phosphorylation. The disagree
ment between these studies and those support
ing the latch-bridge hypothesis and its postu
lation of a second site for Ca2 + action might 
be simply due to a species or tissue difference. 
Alternatively, certain aspects of the regulatory 
mechanism of living muscle might be lost on 
membrane disruption. 

REGULATORY MECHANISMS: A SUMMARY 

There is at present no uniformly accepted view 
of the mechanisms regulating smooth muscle 

contraction. Almost all researchers agree that 
the regulatory system is different than the tro
ponin system of skeletal muscle, but there is 
little uniform agreement beyond this. Most re
searchers feel that myosin light-chain phos
phorylation is involved as at least part of the 
system. Myosin light-chain phosphorylation 
appears to be the only regulatory mechanism in 
some isolated protein preparations and in some 
"skinned fiber" preparations, but additional 
mechanisms seem to operate in other protein 
preparations and in living smooth muscle tis
sues. Some prestigious laboratories deny the 
importance of light-chain phosphorylation and 
assert that a new thin filament protein named 
leiotonin is responsible for regulation. Other 
proposed and possible mechanisms include 
CaH binding by myosin and phosphorylation 
of thin filament components. 

A chapter such as this should provide some 
basis for the reader to see beyond all the dis
agreements toward some unified view of 
smooth muscle regulatory mechanisms. One 
approach, then, is to allow for the possibility 
that not all smooth muscles are identical in 
their regulatory mechanisms, just as they are 
not identical in many other respects. The di
versity of smooth muscles has often been em
phasized, and smooth muscle cells in chicken 
gizzard need not be regulated the same way as 
those in cow aorta. Another possible explana
tion is that, under different experimental con
ditions, different mechanisms are masked or 
unmasked as a different step in the cross-bridge 
cycle becomes rate-limiting for ATPase activ
ity. This could be a result of the loss or even 
artifactual generation of regulatory mechanisms 
during the preparative procedures involved 
with each model system. If this possibility is 
accepted, it leads to the conclusion that the 
best preparations to study are the most physi
ologic ones. Since myosin light-chain phos
phorylation can be demonstrated on stimula
tion of strips of intact smooth muscle, the 
physiologic occurrence of phosphorylation on 
contraction is established {94-97, 100}, and 
biochemical work has demonstrated that it can 
act in a regulatory role {49, 60, 66, 102}. But 
because more thorough mechanical studies 
point to a role for phosphorylation in regulat-
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ing velocity of shortening but not contractile 
force (32, 33}, another regulatory mechanism 
is needed to explain regulation of force in the 
living tissue (32, 33, 95, 99}. The other pro
posed mechanisms (leiotonin, myosin Ca2 + 

binding, or thin filament phosphorylation), 
which apparently regulate ATPase under other 
conditions, might serve this purpose. The field 
of smooth muscle regulation is a very active 
one, and current research should soon tell us 
whether this speculative explanation of diverse 
and apparently conflicting results is correct. A 
more complete understanding of the mecha
nisms regulating vascular smooth muscle con
traction is of great importance, and the results 
of current and future research should be just as 
interesting. 
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38. METABOLISM AND ENERGETICS OF 

V ASCULAR SMOOTH MUSCLE 

John W. Peterson 

Introduction 
The metabolism and energetics of vascular 
smooth muscle contractility have been compre
hensively reviewed in the past several years {I-
8}. This short review attempts therefore only 
to summarize briefly what is rather widely ac
cepted regarding the energy metabolism of vas
cular smooth muscle and the demands imposed 
upon that metabolism by contractile activity. 
In the latter part, I try to focus on several is
sues which are currently unresolved and topics 
of some debate. 

Amphibian skeletal muscles and vascular 
smooth muscles represent two extreme modes 
of how chemical energy in the form of the ter
minal phosphate bond of adenosine triphos
phate (ATP) might be provided to the contrac
tile proteins of muscles to supply the motive 
power needed to drive muscular contraction 
(cf., Kushmerick [9} for a schematic sum
mary). During contraction at O°C, amphibian 
skeletal muscle utilizes A TP approximately 
100 times faster than its aerobic metabolism 
can resynthesize ATP. During a brief isometric 
tetanus, therefore, the available preformed 
high-energy phosphate compounds decline rap
idly, limiting the ability of the muscle to 
maintain the developed force. After some pe
riod of time, aerobic resynthesis of ATP is ac
tivated and, on a time scale greatly longer than 
the sustained contractile period itself, the orig
inal phosphagen content is restored. In order to 
support the brief but intense period of ATP hy
drolysis associated with contraction before the 

N. SperelakiJ (ed.i. PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
All righu meet"". Copyright © 1984. 
MartinNS Nijhoff Puhlishing, Bruton/The Hague! 
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onset of aerobic recovery metabolism, skeletal 
muscles possess a large pool of preformed high
energy phosphate compounds on the order of 
15-25 IJ.mollg fresh muscle. While ATP (the 
substrate used directly by the contractile pro
teins) is present in only moderate concentra
tion, ADP generated by the actomyosin 
ATPase is immediately rephosphorylated to 

ATP by phosphate transfer from a phosphocrea
tine (PCr) pool present at relatively high con
centrations. 

Vascular smooth muscle (VSM) operates on 
the opposite tack. The initiation of contractile 
activity is associated with virtually no measur
able decline in the available A TP + PCr content 
of the muscle {IO}, since the rates of ATP uti
lization by the contractile apparatus and the 
rates of aerobic resynthesis are compatible. 
Only if aerobic and glycolytic metabolisms are 
blocked can a net decline in the tissue content 
of ATP and PCr be noted. This leads then to 
two distinct strategies to study the energetics 
of vascular smooth muscle contraction, both of 
which are represented in the literature. 

One method relies on measuring steady-state 
metabolic rates (that is, the rate at which ATP 
is being resynthesized) during rest and contrac
tile activity to estimate the usage of ATP. This 
method depends upon the assumption (verifi
able, in most instances) that during the time of 
measurement the intracellular A TP + PCr pool 
is constant and that ATP utilization and pro
duction rates are in constant balance. This 
method is, of course, subject to the limitation 
that, on short time scales, such may not be the 
case. An alternative method is to block all ATP 
resynthesis (using combinations of oxygen- and 
substrate-free environments and various meta-

781 
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bolic poisons) and measure directly the decline 
in intracellular ATP + PCr at rest and during 
contractile activity. This method is also subject 
to inherent limitations. The use of metabolic 
poisons, in general, raises the issue of how rep
resentative the particular measurements are of 
the normal tissue (cf., Daemers-Lambert [ll}, 
for example). Also, since the method of deter
mining tissue ATP content is inherently de
structive, one is limited to one data point per 
tissue, thus requiring less direct statistical 
comparisons among a large population of tis
sues. The advantage of the method, however, 
is that it is not dependent on the steady-state 
assumption and can be applied, in principle, to 
arbitrarily short time periods. Limiting the 
time resolution of the method, however, is the 
extremely low ATPase rate manifest in vascular 
smooth muscle, even when taken in compari
son to the small pool size of preformed high
energy phosphates. Both methods have been 
used in the study of smooth muscle energetics 
and, for the most part, the resulting data have 
proven complementary, so that methodologic 
limitations alone don't seem to play an im
portant role in our understanding of the re
sults. 

These two energy-provision strategies appear 
to have evolved to meet the specific physiologic 
demands placed upon the various muscle types. 
Vascular smooth muscle's role in situ is to 
maintain blood vessel tone over long periods of 
time and to adjust tone gradually in response 
to changing conditions of the cardiovascular 
system. To do so economically, smooth muscle 
actomyosin possesses an extraordinarily low in
herent ATPase and yet is capable of developing 
and maintaining forces quantitatively compa
rable to that of skeletal muscles. Paul has esti
mated that only 3%-5% of the total human 
basal metabolism is consumed by the vascula
ture and only about one-fifth of that is required 
to maintain circulatory regulation {4}. While 
the vascular mass, which distributes the cardiac 
output and plays an extremely important role 
in cardiovascular dynamics, is about ten times 
greater than that of the heart itself, it con
sumes less than one-half as much energy in ful
filling its role. 

Content of High-Energy Phosphates 
This chapter will throughout make no attempt 
to present an exhaustive compilation of data, 
but will instead focus on the most typical val
ues of various parameters, with the observed 
ranges indicated when possible. Extreme values 
reported in the literature have, for the most 
part, been deleted. I hope, in this way, to con
centrate on general features of vascular metab
olism and energetics without the added com
plication of reconciling specific items of data 
from various tissues, species, and laboratories. 
While an extensive literature exists on the rat 
portal vein Oohansson, Hellstrand, and col
leagues), this spontaneously active vessel seems 
atypical of the tonic vessels most frequently 
studied and has, therefore, not been included 
in numerical comparisons. 

Table 38-1 summarizes the content of high
energy phosphates found in quiescent mamma
lian muscles. The most notable feature is sim
ply that vascular smooth muscle has, in gen
eral, the lowest content of preformed high
energy stores; in some cases less than one-fif
tieth of the preformed energy available to skel
etal muscles. 

These conditions set the stage then for the 
two modes of energy provision described above. 
At room temperature and at the maximum iso
metric tension that each muscle type is capable 
of producing, the mammalian skeletal muscles 
would consume their available preformed high
energy phosphates in about 2-3 s; while the 
smooth muscles would not substantially de
plete their supplies, on the other hand, until 
2-3 min. Daemers-Lambert and Roland [12} 
found no change in the A TP + PCr content of 
isolated oxygenated bovine carotid arteries after 

TABLE 38-1. High-energy phosphate 
content of resting mammalian muscles 

(ATP) (PCr) 

Vascular smooth muscle 0.3-1 0.3-1 
Other smooth muscles 1-2 1-3 
Skeletal muscle -5 10-15 

(Total -P) 

0.5-2 
2-5 
15-25 

All values in f.Lrnollg wet tissue. The ranges have been estimated from 
tables of specific values contained in the reviews cited (1-7) and from 
references 22-25. 
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30 min of maximal activation with potassium 
chloride; whereas similar experiments with 
metabolically inhibited iodoacetate-treated ar
teries led to a complete depletion of high-en
ergy phosphates. On a much shorter time scale, 
Krisanda and Paul {13} have been able to de
tect no change in the A TP or PCr content of 
well-oxygenated pig carotid arteries in times as 
short as 30 s following activation of isometric 
tension development. Clear! y , in the case of 
vascular smooth muscle, the aerobic capacity to 
resynthesize ATP is capable of rapidly achiev
ing a balance with the ATPases which activate, 
develop, and maintain contractile activity. 

Respiration 
As discussed above, it has been observed that 
the metabolic capacity of vascular smooth mus
cle is sufficient to resynthesize ATP at least as 
rapidly as ATP is utilized by the contractile 
machinery. The biochemical pathways for ATP 
synthesis appear to be similar to those found in 
mammalian skeletal muscles. Studies of the 
respiratory quotient {14, 15} indicate that the 
primary substrate for energy metabolism is car
bohydrate, although the capacity to utilize a 
wide variety of substrates is present {16}. The 
necessary enzymes of glycolysis, the Krebs cy
cle, and the respiratory transport chain have 
been demonstrated in VSM {17-19}. Mito
chondria isolated from vascular smooth muscle 
and characterized with respect to P/O ratio, 
respiratory control ratio, and substrate utiliza
tion appear not to differ substantially from the 
mitochondria of other mammalian tissues {20, 
2l}. 

The resting respiratory rates of mammalian 
smooth and skeletal muscles show relatively 
similar values. For both red and white skeletal 
muscles, basal respiratory rates are in the range 
150-300 nmol 02/min/g tissue {22-25}, while 
the smooth muscles range from 50-200 nmol 
02/min/g tissue {I-7}. This suggests that, in 
the absence of an activated actomyosin ATPase 
and consequent contractile activity, the basal 
energy cost of maintaining life processes in 
mammalian muscle types is similar. A major 
difference arises, however, upon activation of 

contractile activity. In continuously twitching 
or tetanized mammalian skeletal muscle, for 
example, steady-state O 2 consumption rate in
creases by factors typically 25- to 50-fold {22, 
25}, as does recovery O 2 consumption rate fol
lowing tetani of moderate « 15 s) duration 
{22}. In isometrically contracted vascular 
smooth muscle, O 2 consumption rate increases 
typically no more than twofold {l-7}. This 
much lower maximum oxygen consumption 
rate is, of course, consistent with the above
mentioned differences in the inherent acto
myosin ATPases, the pool size of preformed 
high-energy phosphates, and the different en
ergy-provision strategies between the two mus
cle types. 

A consistent finding in studies of isolated 
vascular smooth muscle is that the increases in 
the rate of aerobic metabolism are very tightly 
correlated with the levels of maintained isomet
ric tension under a wide variety of conditions 
{26-33}. This is illustrated in figure 38-1 for 
studies using strips of hog carotid artery {31} 
stimulated to develop and maintain varying 
levels of isometric tension in response to graded 
isotonic increases in the ratio of K + to Na + in 
the bathing saline. The upper panel shows con
tinuous recordings of the oxygen tension in the 
bathing solution determined polarographically 
by oxygen electrode. The slopes of the oxygen 
concentration records are proportional to the 
rates of oxygen consumption by the arterial 
segment. It is evident from figure 38-1 that 
the steady-state rate of O 2 consumption in
creases progressively as isometric tension in
creases and returns to the initial resting value 
when contractile activity ceases. The results of 
identical experiments with five artery segments 
are plotted in figure 38-2 (open circles), dem
onstrating the tight linear correlation between 
supra basal O 2 consumption rate and the level of 
maintained isometric tension. 

In most cases, the quantitative correlation 
between isometric tension maintenance and in
creased O 2 consumption rate has been found 
not to change substantially over long periods of 
time (up to 12 h in vitro), nor to vary signifi
cantly with the mode of stimulation of the 
blood vessel whether ionic, pharmacologic, or 
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FIGURE 38-1. (Top panel) Records of O 2 concentration measured by O 2 electrode in a closed chamber containing a 
segment of hog carotid artery. The rapid vertical rises in the O 2 records correspond to changes of the bathing medium 
which both restored O 2 concentration to apptoximately the initial value and accomplished the change in ionic composi
tion of the bathing physiologic saline solution. The downward slope of each trace is proportional to the O 2 consumption 
rate of the arterial segment in the chamber (cf., Paul et al. (29]) during the mechanical state directly below. (Bottom 
panel) Record of the isometric tension development of the arterial segment in response to the indicated increase in the 
percentage substitution of Na + by K + in the bathing solution. "Na + .. indicates normal saline (Krebs-Henseleit). "Hist" 
indicates the addition of 10- 5 M histamine to the already K+ -depolarized artery segment. 

electrical (1-7, 26-33], Data illustrating this 
relative invariance are shown in figure 38-2. 
Additional data beyond that discussed above 
are shown for experiments with hog carotid ar
teries in which isometric tension was varied by 
maintaining a constant elevated ratio of K + to 
Na + in the bathing solution, but varying the 
extracellular Ca2 + concentration {31}. Over the 
range of (Ci + } from 0.1 to 1.0 mM, graded 
isometric tension responses similar to those 
shown in the lower panel of figure 38-1 were 
obtained. The steady-state rates of O2 con
sumption following this alternative mode of ac
tivating graded isometric contractions are 
shown in figure 38-2 for experiments with five 
artery samples (filled circles). Clearly, in this 
case at least, the response of aerobic metabo
lism to increasing isometric tension mainte
nance was essentially invariant to the particu
lars of how the muscle was activated to produce 
tension . Similar comparative data obtained in 
studies with bovine mesenteric vein [27-29} 
display a likewise invariant dependence of su-

prabasal O2 metabolism on graded isometric 
contractions produced by varying the concen
tration of three pharmacologic stimulants: epi
nephrine, norepinephrine, and histamine (cf. 
also fig . 38-3). 

In comparing various vascular smooth mus
cles from a variety of species, the increases in 
O2 consumption rate above basal levels to 
maintain the maximum level of isometric force 
is in the range of 50-100 nmol 0 2/min/g tissue 
(l-7). Because of the gene raIl y observed close 
correlation between isometric tension mainte
nance and supra basal aerobic metabolism, it is 
generally believed that the ATP hydrolyzed by 
vascular smooth muscle actomyosin is rapidly 
resynthesized through primarily oxidative path
ways. 

Aerobic Glycolysis 
In well-oxygenated resting mammalian skeletal 
muscles, the steady production of lactic acid is 
rather small, ranging in the literature from 5-



38. METABOLISM AND ENERGETICS OF VASCULAR SMOOTH MUSCLE 785 

200 

,......... 
0) 
-.... 
c 
E -.... 
0 100 
E [ c 
(\J 

J f? 

0 
iii 

0.5 1.0 1.5 2 .0 

6.Po (Kgwtlcm 2 ) 

FIGURE 38-2. Observed rates of O 2 consumption (]02) are 
plotted against maintained isometric force (6P 0) in five 
hog carotid artery samples in response to varying levels of 
K + for Na + substitution in the bathing medium , as de
scribed by figure 38-1 (open circles). In five other artery 
samples, maximal activation was maintained by 50% K + -

substituted saline, but extracellular {Ca2+ ] was varied (af
ter depletion using Ca2+ -free saline and 0.5 mM EGTA) 
between 0.1 and 1 mM. Again, O 2 consumption rate is 
plotted against the maintained isometric force under these 
conditions (filled circles). The linear relation between 
force and O 2 consumption is identical for the two sets of 
activating conditions. The mean (± SD) resting rate of O 2 

consumption for the ten artery segments is shown by the 
bracket near the )02 axis. The fact that the linear regres
sion through the force-dependent )02 data passes near the 
resting )02 value is suggestive that basal ) 02 was not sub
stantially altered during isometric contraction. 

50 nmollactate/min/g tissue [22-24}, as com
pared to a resting O2 consumption rate of 150-
300 nmol 0 2/min/g tissue. In general, the con
tribution of aerobic glycolysis to total ATP 
production rate in the resting muscle does not 
exceed 5% and the bulk of the glucose or gly
cogen utilized is metabolized aerobically. In 
the early phase of skeletal muscular activity, 
before the onset of recovery metabolism, lactate 
production may increase substantially. Over 
longer-term tetani, however, or averaged over 
the full period of recovery metabolism (several 
minutes), lactate production increases by fac
tors only 2-4 times over the basal production 
rate. O2 consumption rates, on the other hand, 

increase by factors typically 20- to 100-fold, so 
that the energetics of both steady-state and/or 
recovery metabolism in support of mechanical 
activity in mammalian skeletal muscles is al
most entirely oxidative. 

In vascular smooth muscle, the situation is 
somewhat different. It has been known for 
some time that vascular smooth muscles main
tain unusually high levels of lactic acid produc
tion [15}, even in well-oxygenated in vitro 
preparations . While it was, early on, suspected 
that this reflected some sort of " tissue dam
age," most recent evidence obtained under con
ditions suitable to maintain healthy smooth 
muscle tissue in vitro observe this high level of 
aerobic glycolysis as a consistent finding (cf., 
Lundholm et al. [34} for a review). Substantial 
levels of aerobic glycolysis have been reported 
for a wide variety of smooth muscle types, 
including uterine, intestinal, and tracheal 
smooth muscles [1-7, 34, 35}. 

For blood vessels with basal O2 consumption 
rates in the range of 50-200 nmol 02/min/g, 
typical resting aerobic lactic acid production 
rates are in the range 100-250 nmol lactate/ 
min/g with a steady-state ratio of 1-2 mol lac
tate produced per mol O 2 consumed being 
most common. In terms of the fate of utilized 
carbohydrate, this is a highly inefficient system 
in that a molar ratio of 1-2 means that 75 %-
85 % of the glucose equivalents utilized are me
tabolized only to lactic acid . The 15 %-25% of 
glucose completely oxidized nonetheless pro
vides the bulk of the total A TP production 
(70%-80%) due to the much higher ATP pro
duction per glucose molecule of oxidative me
tabolism. 

In the earliest study examining in detail the 
role of aerobic glycolysis in the support of me
chanical activity in vascular smooth muscle, 
Peterson and Paul [28} found that both O2 
consumption and lactic acid production rates 
increased linearly in response to increasing iso
metric tension development and tissue ATPase. 
The molar stoichiometric proportion of A TP 
being produced oxidatively and glycolytically 
remained approximately constant (that is, 
25 %-30% of the total ATP production was 
due to lactic acid production), regardless of the 
level of mechanical activity. In addition , this 
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was found to be the case whether isometric 
force was varied by varying the level of phar
macologic activation or by varying the length 
of the muscle at fixed supramaximal pharmaco
logic activation. 

These observations led to a fairly simple sort 
of picture in which the ATP produced by oxi
dative and glycolytic metabolism entered con
tinuously into a pool of available ATP which 
was then drawn upon more-or-Iess uniformly 
by the various intracellular ATPases, as 
needed. The observed fixed stoichiometry be
tween oxidative and glycolytic metabolism was 
then, hypothetically at least, due to some un
defined metabolic regulatory features [34}. 
More recent studies, however, beginning with 
that of Gluck and Paul [30}, indicate that this 
naive picture is probably incorrect. In particu
lar, evidence has accumulated that lactic acid 
production in VSM is a metabolic feature per
haps specifically coupled to the support of par
ticular cellular activities. Precisely what activi
ties and how this coupling is effected are 
currently matters of some debate and are dealt 
with in more detail in a subsequent section. 

Chemical Energy Utilization and 
Contractile Activity 
Resting vascular smooth muscle consumes A TP 
at a rate typically 0.5-1.0 /-Lmol ATP/min/g 
tissue. The bulk of this ATP requirement is 
met through carbohydrate metabolism, typi
cally 70%-90% from oxidative metabolism 
and 10%-30% from aerobic glycolysis [4}. 
Upon maximal activation of isometric tension 
development in isolated VSM preparations at 
lengths near optimal for force development, the 
total estimated ATP utilization rate increases 
by a factor of 2 or so. The difference between 
the initial resting metabolic rate and the max
imally activated metabolic rate reflects the sum 
total of all energy-consuming processes acti
vated in parallel with or consequent to the me
chanical activation. An underlying assumption 
in this method of measuring contractile ener
getics is, of course, that the energy require
ments of basal processes remain more-or-less 
constant during the period of mechanical activ
ity. Most evidence, albeit indirect, indicates 
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FIGURE .08-3. O 2 consumption rate (02) is plotted 
against active isometric force (6P 0) for an experiment 
with a single segment of bovine mesenteric vein. The bar 
indicates the mean ( ± SD) basal J 02 measured periodically 
during the experiment. At a segment length L = 2.45 cm, 
the tissue was progressively activated with increasing con
centrations of epinephrine (0), then relaxed in normal sa
line. The a-adrenergic blocker dihydroergotamine was 
applied (0) and supramaximal epinephrine readded (.). 
The contractile effect of epinephrine was about 90% in
hibited, as was the metabolic effect. This is taken ro in
dicate that "stimulus artifact" effects of j3-adrenergic ac
tions on the metabolic response were essentially 
negligible. The venous segment was then progressively 
activated with increasing concentrations of histamine (6), 
describing the same linear correlation between J02 and 
6Po as epinephrine. The muscle was then shortened in 
the presence of supramaximal histamine in four steps, al
lowing a measurement of J02 at each progressively smaller 
level of isometric tension maintenance (.) until, at 
L = 0.8 cm, active isometric tension was nearly fully abol
ished. At this "zero active force length," J02 remained 
somewhat elevated above the basal J 02 level. This "ten
sion-independent activation energy" was the same for 
both histamine and epinephrine (e), again suggesting 
that specific pharmacologic actions of the drugs used on 
aerobic metabolism were negligible. The vertical arrow 
between the two lines shown indicates an hypothetical 
isotonic contraction of the preparation from a state ap
proximately one-half maximally activated at length 
L = 2.45 em to a fully activated state at L = 1. 30 cm 
against a constant load of 0.36 Kgwt/cm2 , as discussed in 
the text. 
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this to be the case for pharmacologic or ionic 
methods of stimulation {29-32} (d., figs. 38-
2 and 38-3). 

The increased A TP utilization rate upon me
chanical activation can be conceptualized, at 
least, as occurring in three separate parts: (1) 
actomyosin ATPase in support of mechanical 
activity, (2) ATP-dependent processes which 
play some role in activating and maintaining 
the activation of mechanical activity, and (3) 
all other ATPases activated through the partic
ular means of stimulation chosen. In the more 
recent studies of smooth muscle energetics, 
some effort has been made to sort out the quan
titative subdivision of the total increase in 
ATPase into these three categories. In many 
cases, the third category (which is roughly 
equivalent to a stimulus artifact) appears to 
make only a small-to-negligible contribution to 
the overall increase in tissue metabolism [29, 
30, 32} (d., also fig. 38-3). The first category 
is most frequently approximated by the tension
dependent metabolism, which is measured by de
termining how supra basal energy metabolism 
changes as the actomyosin interaction (i.e., 
force development) is varied. During such mea
surements, the level of stimulation (that is, in 
essence, the variable components of categories 
2 and 3) is held fixed. If, at constant supra
maximal stimulation for example, the muscle 
is lengthened or shortened to lengths where 
tension development is abolished, the tension
dependent ATPase by definition goes to zero 
and the remaining supra basal metabolism is 
called the tension-independent metabolism. An 
example of such measurements performed with 
a single segment of bovine mesenteric vein {36} 
is shown in figure 38-3, which additionally il
lustrates the invariance of such measurements 
to the particular pharmacologic agonist used. 
Upon supramaximal activation with epineph
rine (10 - 6 M) at the optimal length for force 
generation (L = 2.45 em for this sample), O 2 

consumption rate increased by 110 nmol 0 21 
min/g over the initial resting O 2 consumption 
rate of about 140 nmol 02/min/g. Progressive 
stepwise shortening of the muscle from this 
length with supramaximal histamine as stimu
lant caused a decline in isometric tension main
tenance (i.e., the Jorce-length relationship) 

which led to a linearly correlated decline in su
prabasal O 2 consumption rate (upper line). 
When the muscle had freely shortened to 
L = 0.8 em so that no isometric tension was ev
ident, O 2 consumption rate remained elevated 
over the basal rate by about 25 nmol 02/mini 
g. This value, the tension-independent metab
olism, is about 20% of the total supra basal 
ATPase at maximum isometric tension and was 
not dependent on whether epinephrine or his
tamine was used to effect the stimulation. Si
multaneous measurements of suprabasal aerobic 
glycolysis {6, 28} gave similar values for the 
tension-independent component of aerobic gly
colysis in bovine mesenteric vein. 

Figure 38-3 also provides an opportunity to 
demonstrate the economy of circulatory regu
lation by vascular smooth muscle. Suppose the 
vessel segment of figure 38-3 were at a vessel 
radius equivalent to the segment length 
L = 2.4 5 em and partially activated so as to 
maintain that vessel caliber against a blood 
pressure equivalent to a wall tension of 0.36 
Kgwt/cm 2 • Maintaining the pressure in the 
vessel constant but maximally activating the 
vascular smooth muscle would, for the partic
ular sample of fig. 38-3, cause the vessel to 
shorten to a length approximately L = 1.30 em 
(as indicated by the vertical arrow). For the cy
lindrical blood vessel, this length change is 
equivalent to a reduction in caliber of about 
45%. Using Pouiselle's law to compute the 
change in flow resistance of the vessel, this 
amounts to a 12-fold increase in flow resis
tance. In terms of energy cost, however, the 
increased energy metabolism necessary to sup
port the muscular activity generating this cir
culatory regulation is less than 15% of the rest
ing basal metabolism. Apparently the energy 
cost of regulating peripheral circulation is very 
low. 

The tension-independent metabolism dis
cussed above reflects terms in both categories 2 
and 3, as well as the possibility of some resid
ual activated ATP hydrolysis by actomyosin 
which nonetheless makes no contribution to 
tension development. Such a situation could 
arise, for example, through the generation of 
internally opposing forces which result in no 
net external force. That such might be the case 
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is indicated by studies of vascular smooth mus
cle stiffness. Using the notion of Huxley and 
Simmons [37} that muscle stiffness is a direct 
measure of the number of actin-myosin cross
bridges formed at any instant during mechani
cal activity, then a comparison of resting stiff
ness (due to inert structural components) with 
the stiffness found at the extremes of length 
where tension development is abolished would 
indicate the extent to which actin and myosin 
nonetheless interact. In studies of this sort with 
several arterial preparations, Pfitzer and Peter
son [38} found that, during the rise of isomet
ric tension following stimulation, arterial wall 
stiffness increased in direct proportion to the 
isometric force developed. The same linear pro
portionally also applied between stable isomet
ric force and stiffness when isometric force was 
varied by varying the extracellular [Ca2+} in 
the high-K + bathing medium [39}' These ob
servations suggest that isometric tension and 
actomyosin interaction in VSM are indeed di
rectly related. In hog carotid artery segments, 
maximally activated and at their freely short
ened length so that no isometric tension was 
measurable, stiffness was elevated by some 
10%-15 % above the purely passive stiffness 
and this component required Ca2+ in the bath
ing medium (Peterson, unpublished observa
tion). This is indicative that at least some com-

ponent of the tension-independent ATPase 
could be an actomyosin ATPase. 

Measurements of the supra basal energy me
tabolism and estimates of the actomyosin 
ATPase of vascular smooth muscles determined 
as the tension-dependent ATPase are presented 
in table 38-2. Comparisons of the contractile 
ATPase of the intact preparation determined in 
this way with that of the ATPase of purified 
isolated VSM actomyosin, while tentative at 
best, are in reasonable agreement [4, 5, 40, 
42}. From studies of the above sorts, two prin
cipal conclusions arise: (a) Despite the ability 
to develop forces entirely comparable to skele
tal and cardiac muscles, the activated ATPase 
of vascular smooth muscle actomyosin is ex
tremely small, and (b) The investment of en
ergy in processes necessary to maintain the ac
tivation of contractile activity is substantial, on 
the order of 15%-30% of the energy require
ment of the actomyosin itself at maximal ten
sion development. 

The extraordinary economy of tension main
tenance in vascular smooth muscle and the de
tailed nature of the "activation" processes men
tioned above are areas of intense interest in 
VSM physiology. An additional discussion of 
activation energetics is given in a subsequent sec
tion. The very low tension cost (or, alternatively, 
the high holding economy) of vascular smooth 

TABLE 38-2. Suprabasal energy metabolism of isometrically contracted VSM 

Preparation 

Bovine mesenteric vein 
Hog carotid artery 

Bovine mesenteric artery 

Rat aorta 
Bovine carotid artery 

(1) 

Total 
suprabasal 
metabolism 
fJ-mol ATP/minig 

Kgwt/cm2 force 

1.64 
0.68 
0.81 
0.40 
0.51 
1.22 
0.66 
1.97 
0.82 

(2) 
Tension-
-dependent 
metabolism 
fJ-mol ATP/min/g 

Kgwt/cm2 force 

1.28 
0.43 
0.46 

1.12 

(3) 
Tension-
-independent 
metabolism 
fJ-mol ATP/min/g 

Stimulus Ref 

0.20 Epi, NE, Hist 27-29 
0.27 Hist 30 
0.23 K+ 30 

K+ 31 
K+ + Hist 32 

0.11 Epi 54 
K+ 
K+ 33 
Electrical 12 

In column 0), total slIprabasal metabolism has been divided by the observed isometric tension with the mode of stimulation indicated. Column (2) is that 
part of the total suprabasal metabolism which vanishes when isometric tension is abolished (hut stimulation maintained), normalized to the isomerric force. 
Column (2) is frequendy taken as representative of the actomyosin ATPase, to the extent that force represents the quantity of activated actomyosin. Column 
(3) is the steady-state suprabasal metabolism required to maintain activation. Epi, epinephrine; NE, norepinephrine; Hist, histamine. 
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FIGURE 38-4. A schematic model of the smooth muscle myosin cross-bridge interaction with actin filaments 
is depicted. The transition from state 1 to state 2 represents the Ca2 + -calmodulin-dependent phosphorylation-dephos
phorylation activation mechanism proposed for smooth muscle regulation. The cycle of interaction (states 2-5) hydrolyzes 
1 ATP molecule and generates 1 "quantum" of tension with each pass. Only the angulated attached myosin cross-bridge 
(state 4), however, generates isometric force. The inherent speed of the cycle is much slower in smooth than in striated 
muscle, with the ATP-dependent dissociation step (state 4-5) apparently being slowest. The dashed lines indicate 
formation of a proposed dephosphorylated actomyosin cross-bridge {47, 48}, which then dissociates only very slowly and 
may be responsible for the very high "holding economy" of vascular smooth muscle. 

muscle appears to reside primarily in the mo
lecular properties of the actomyosin itself, al
though structural and geometric factors may 
also play some part (5, 40-43J. Barany (44} 
first described an inherent correlation between 
the ATPase activities of various myosins and 
the contractile velocities of the muscles from 
which the myosins originated. Daemers-Lam
bert (II} observed in bovine carotid artery that 
DFNB treatment caused a sharp reduction in 
the rate of isometric tension development 
which corresponded with a fourfold decrease in 
the measured ATPase. Vascular smooth muscle 
appears to be the slowest of all mammalian 
muscles in terms of its shortening velocity (43} 
and this mechanical property appears to be a 
direct reflection of how slowly the actomyosin 
cross-bridges hydrolyze ATP in going through 
their repetitive cycle of interaction with actin 
filaments. From comparisons of the actomyosin 
content of vascular smooth muscles and the ob-

served rates of the tension-dependent metabo
lism, it has been estimated that the VSM 
myosin cross-bridge goes through its cycle of 
interaction with actin filaments in about 0.75-
1. 5 s (5, 40-42}. This is an extraordinarily 
slow rate of interaction when compared to skel
etal muscle cross-bridges, which are estimated 
to cycle at rates more like 100-150 times per 
second. 

If the smooth muscle myosin cross-bridge 
spends a large fraction of this very long cycle 
time in contact with the actin filament in the 
force-generating configuration, then the high 
holding economy of the tissue is not difficult 
to appreciate. A schematic representation of 
this model of the actomyosin cross-bridge cycle 
is shown in figure 38-4. The steady-state 
ATPase rate of a single myosin cross-bridge is 
the reciprocal of the time required to make one 
full passage through states 2, 3, 4, 5, and back 
to state 2. Only state 4, however, generates 



790 II. CORONARY CIRCULATION 

isometric tension, so that the average tension 
maintained by a large number of cross-bridges 
interacting asynchronously is proportional to 
the time spent in state 4 as a fraction of the 
total cycle time. Marston and Taylor {45}, in 
comparing purified myosins from four different 
types of vertebrate muscles (including gizzard 
smooth muscle), have found that the time re
quired for ATP to dissociate the smooth muscle 
cross-bridge from actin (state 4-5 in fig. 38-4) 
is by far the slowest, although not nearly slow 
enough to fully account for the very high hold
ing economy of smooth muscle relative to the 
other muscle types. Precisely what molecular 
features of smooth muscle myosin are responsi
ble for these inherent differences in the enzy
matic activities and kinetics of otherwise appar
ently quite similar molecules is currently not 
understood. 

Some Unresolved Issues 

HOLDING ECONOMY 
A picture of the actomyosin cross-bridge cycle 
in which the overall cycle time of the cross
bridge determines the actomyosin ATPase 
while the fraction of the cycle time spent in the 
tension-generating state determines the force 
developed yields, in a relatively direct way, the 
holding economy of the system. In this very 
simplified model, however, any factors (bio
chemical, mechanical, or otherwise) which alter 
the fraction of the full cycle time which the 
cross-bridge spends in the tension-generating 
state could alter the observed holding economy 
of the tissue (cf., fig. 38-4). 

Although observed in a nonvascular mam
malian muscle, Herzig et al. (46) have re
ported a behavior of cardiac muscle which is 
indicative of this sort of process. Using chemi
cally skinned pig cardiac muscle fibers, it was 
found that low concentrations (20-100 J.LM) of 
vanadate ion (H2 VO;), an endogenous com
pound in cardiac muscle, inhibited both iso
metric tension development and the acto
myosin ATPase of Ca2 + -activated cardiac 
fibers. Observing a dose-response relationship 
for vanadate ion, however, it was seen that iso
metric tension fell more rapidly than the acto-

myosin ATPase, so that a new linear relation 
between tension and ATPase was established in 
the presence of vanadate ions, but with a hold
ing economy some 25% less than the relation
ship previously observed with Ca2 + activation 
in the absence of vanadate ions. It was also ob
served that the rate of delayed tension devel
opment following an activating quick stretch 
was accelerated by the addition of vanadate. 
These observations are consistent with the hy
pothesis that the principal effect of vanadate in 
these experiments is a disproportionate short
ening of the time the cross-bridges spend in 
the tension-generating state. A quickening of 
this step disproportionate to the whole cross
bridge cycle time would both increase acto
myosin ATPase while decreasing the steady 
force, thus reducing the holding economy as 
observed. 

Dillon and Murphy {47} have recently re
ported a phenomenon in vascular smooth mus
cle that would be similar in its effect on the 
holding economy. They determined the un
loaded shortening velocity of hog carotid artery 
segments as a function of time during the de
velopment and maintenance of isometric ten
sion. The maximum rate at which the muscle 
is capable of shortening, which is often taken 
as a direct index of the speed of the individual 
cross-bridge cycle rate, became progressively 
slower over a period of some 15-30 min fol
lowing the activation of mechanical activity. 
Oriska et al. {48) and Aksoy et al. {49} have 
found a similar temporal relation of the degree 
of myosin regulatory light-chain phosphoryla
tion during isometric contraction in the same 
preparation. This temporal correlation is 
suggestive of the possibility that myosin phos
phorylation (possibly in addition to its postu
lated role as the ultimate regulator of smooth 
muscle actomyosin interaction-cf. , Hart
shorne and Siemankowski [50) for a review) 
acts as a modulator of the speed of the smooth 
muscle actomyosin cross-bridge cycle. In their 
model, phosphorylated myosin cross-bridges 
are dissociated from actin filaments much more 
rapidly than dephosphorylated myosin cross
bridges. This model is illustrated schematically 
by the dashed lines in figure 38-4. If this is 
the case, one would expect the holding econ-
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omy of highly phosphorylated VSM myosin to 
be much less than that of active but dephos
phorylated VSM myosin. 

This model could also possibly explain an
other observation regarding holding economy 
in vascular smooth muscle. Peterson [32} has 
recently observed in the same preparation that 
the addition of histamine to hog carotid arte
ries already stimulated with high K + leads to 
an approximate 25% increase in the tension 
cost of stable isometric force, even when com
pared at the identical isometric tension. Data 
from Aksoy et al. [49} indicate that in the 
steady phase of isometric contraction « 15 
min) myosin light-chain phosphorylation with 
high K + as activator is only about 18% of the 
total myosin. With histamine as activator, 
however, the more-or-Iess stable level of 
myosin phosphorylation is around 45%. If 
their model is correct, these extra, more rap
idly cycling cross-bridges due to histamine ac
tivation could be the source of the excess ten
sion cost in Peterson's experiments. 

A mechanism which is similar in design, but 
opposite in end effect, has been suggested for 
myosin light-chain phosphorylation in mam
malian skeletal muscles by Kushmerick and 
Crow [22}. In mouse soleus muscle, they have 
observed that increasing myosin light-chain 
phosphorylation during isometric tetani ap
pears to decelerate rather than quicken the 
myosin cross-bridge cycle. It is possible then 
that the role of myosin light-chain phosphory
lation is primarily that of a speed modulator of 
the myosin cross-bridge, but that the ultimate 
effect of phosphorylation on speed depends on 
the particular type of myosin involved. If this 
is, in fact, a general mode of regulation in 
muscles, then the simple notion that muscle 
stiffness, ATPase, and force development are 
all simply more-or-Iess equivalent measures of 
the number of activated myosin cross-bridges is 
no longer tenable. 

AEROBIC GLYCOLYSIS 

As described earlier, vascular smooth muscle 
manifests a high degree of lactic acid produc
tion, even in well-oxygenated in vitro prepara
tions. This high inefficiency in terms of carbo
hydrate utilization seems, on the surface, 

somewhat anomalous since we have earlier 
stressed the extraordinary holding economy of 
the tissue. Early reports were suggestive that 
oxidative and glycolytic metabolisms operated 
in a more-or-Iess fixed stoichiometric relation, 
regardless of the mechanical state of the muscle 
or the method chosen to effect the mechanical 
activation [26, 28}. 

Gluck and Paul [30}, however, demon
strated in hog carotid arteries that, while his
tamine activation led to a tension-dependent 
increase in lactic acid production rate, stimu
lation with a 100% K + for Na + substituted 
bathing medium led to a distinct inhibition of 
aerobic glycolysis even though isometric ten
sion development was near optimal. This dis
sociation of the ATP production due to lactic 
acid formation from the contractile actomyosin 
ATPase led to the conclusion that the observed 
tension-correlated increases in lactic acid pro
duction were possibly more closely related to 
activation processes than tension development 
itself. Although ATP levels remained essen
tially unaltered, so that energy stores to power 
contractility were available, Cremer-Lacuara et 
al. [51} found that 2-deoxyglucose, which in
hibits glucose metabolism, abolished the spon
taneous activity of rat portal vein. Again in 
hog carotid arteries, Peterson and Gluck [311 
have reported that relatively small substitutions 
of Na+ by K+ (up to 10%) in otherwise nor
mal bathing medium appear to activate aerobic 
glycolysis. With progressively increasing sub
stitutions of K + for Na + (up to 50%), how
ever, aerobic glycolysis was neither stimulated 
nor inhibited. 

In other studies, Paul et al. [52} have found 
in hog coronary arteries that hypertonic addi
tion of K + stimulates aerobic glycolysis (i. e. , 
at constant external Na +); while ouabain and 
K + -free or Na + -free bathing medium both de
press aerobic glycolysis. On this basis, it has 
been proposed that the energy production of 
aerobic glycolysis is somehow specifically cou
pled to the Na + -K + transport system of vas
cular smooth muscles. 

In hog carotid arteries, Peterson observed a 
similar dissociation of lactic acid production 
from the energy cost of isometric tension main
tenance with high-K + activation. With main-
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tained activation via high-K + depolarization 
(50% K+ for Na + substitution), varying the 
level of isometric tension development by alter
ing the concentration of extracellular Ca2 + ex
erted no consistent effect on aerobic glycolysis, 
which simply remained at or near the resting 
level (31}. Adding histamine to the already 
K + -depolarized artery segment, however, led 
to a sharp increase in aerobic glycolysis (32} to 
nearly the same value as that reported for his
tamine activation alone (30}. During progres
sive removal and replacement of extracellular 
Ca2 + in arteries supramaximally stimulated 
with high K+ plus added histamine, the level 
of aerobic glycolysis correlated linearly with the 
Ca2+ -activated stable isometric force. On this 
basis, it was suggested that the energy produc
tion of aerobic glycolysis may be coupled to in
tracellular or plasma membrane Ca2 + pumps 
which are responsible for the sequestration and 
homeostasis of intracellular (Ca2+}. This was 
proposed, at least in part, since one well
known action of the H2 receptor for histamine 
is predominantly vasodilatory, suggesting that 
histamine can activate intracellular Ca2 + seque
stration or transmembrane extrusion (cf., Pe
terson (32}). In uterine smooth muscle, Kroe
ger (53} has reported that increased Ca2+ 
transport stimulates aerobic glycolysis. 

These two proposals may not be at all mu
tually exclusive, since it has been argued that 
the Ca2 + pumps of smooth muscles operate ex
clusively through a Na + - Ca2+ exchange 
mechanism powered by the ATP utilization of 
the Na + -K+ transport system (53}. 

ACTIVATION ENERGETICS 

In the section on Chemical energy utilization and 
contractile activity, I described "tension-indepen
dent" metabolism as a component of the total 
supra basal energy metabolism observed during 
the steady maintenance of isometric force in 
vascular smooth muscle. This energy utiliza
tion is a durable component, persisting 
throughout contractile activity and apparently 
associated more closely with the maintenance of 
the activated state of the muscle than with the 
actual actomyosin ATPase which generates con
tractile activity. Most frequently, these energy 
costs are ascribed to processes such as ATP-de-

pendent Ca2 + translocation, other altered en
ergy-dependent ion fluxes, protein phosphory
lation-dephosphorylation cycles, and other 
miscellaneous processes (4}. In this section, a 
second sort of activation energy will be discussed. 

It has now been repeatedly observed using a 
variety of methodologies in vascular smooth 
muscles (12, 13, 54}, other smooth muscles 
{55}, fast mammalian skeletal muscles {22, 
56}, and in amphibian skeletal muscle {57} 
that the initiation and development of isomet
ric tension is energetically far more costly than 
the steady-state maintenance of isometric ten
sion (even when including the above-men
tioned "steady-state activation energy"). 

In bovine carotid arteries poisoned with io
doacetate to block glycolysis, Daemers-Lambert 
and Roland (12} observed directly a five-fold 
greater rate of ATP + PCr utilization in the 
first 20 s of isometric tension development than 
during the subsequent several minutes of stable 
force maintenance. Using anaerobic metabo
lism as the index of overall energy metabolism, 
Lundholm and Mohme-Lundholm (54} found 
that lactic acid production in the first 15 min 
of isometric tension development in bovine 
mesenteric artery exceeded the steady-state lac
tic acid production rate by a factor of 2-12, 
depending on the stimulus used (epinephrine 
and high K +, respectively). Using the rate of 
supra basal O2 consumption in hog carotid ar
tery, Krisanda and Paul (13} have reported that 
during the first 1-4 min of K + -stimulated iso
metric contraction, the rate of metabolic en
ergy utilization is approximately twice that 
found during the steady phase of tension main
tenance. 

In the rabbit taenia coli, a smooth muscle 
somewhat faster than most vascular smooth 
muscles with regard to shortening velocity, 
time to peak tension, and measured ATPase 
(typically factors of 2-4 at equitemperature 
comparison), Seigman et al. {55} have deter
mined directly that high-energy phosphate uti
lization rate during the first 25 s of isometric 
tension development is about fourfold greater 
than the steady-state rate. In a specific compar
ison of the rate of energy utilization during the 
development of isometric force between rabbit 
taenia coli and frog skeletal muscle, Butler and 
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Davies {3} found that the net energy usage of 
the two muscles as a function of time is vir
tually identical once the approximately 45-fold 
inherent difference in speed of the two prepa
rations (at different temperatures) is scaled 
away. This similarity of energy usage between 
two otherwise disparate (in terms of time scale 
and economy) muscle preparations might be 
taken to suggest that the observed excess en
ergy utilization associated with the develop
ment of isometric tension is an inherent prop
erty of actomyosin systems. In their compari
son, although time and ATPase scales differ 
by a factor of 50-100, the net excess high
energy phosphate consumed to reach similar 
maximum tensions was 0.35 IJ.mol -PIg 
muscle for both the smooth and skeletal 
muscles. 

The suggestion, however, that this excess 
energy utilization represents some form of in
trinsic internal work performed by the acto
myosin systems in stretching internal elastic 
elements during the development of isometric 
force, a term which might be essentially simi
lar in all muscle types, has proven unlikely. 
For both the taenia coli {55} and hog carotid 
artery {l3}, energy utilization has been mea
sured during the redevelopment of isometric 
force following a fast shortening step which 
discharged all maintained isometric force. In 
both cases, the redevelopment of isometric 
force required no measurable excess energy uti
lization beyond the observed force maintenance 
rate. This argues that only the activation of 
tension development from the resting state re
quires excess high-energy phosphate utiliza
tion. 

Furthermore, the similarity of excess energy 
utilization during initial isometric tension de
velopment observed for the taenia coli and frog 
sartorius muscles does not seem to apply, in 
general, to vascular smooth muscle. The excess 
energy utilization for this process in hog ca
rotid artery is on the order of 2 IJ.mol - PIg, 
while that in bovine mesenteric artery ranges 
from 2 to 4 IJ.mol -PIg (calculated from the 
data of Krisanda and Paul {l3} and Lundholm 
et al. {54}, respectively). This excess energy 
utilization in vascular smooth muscles, while 
qualitatively similar, is some five-to tenfold 

greater than that observed in taenia coli. This 
higher level of "initial activation energy" in 
vascular smooth muscle may correlate, how
ever, with the reported dependence of VSM 
contractile velocity on the degree of myosin 
regulatory light-chain phosphorylation. 

Dillon and Murphy {47} have found in hog 
carotid artery that the contractile velocity dur
ing the early phase of isometric tension devel
opment is typically 50%-100% greater than 
the shortening velocity measured during the 
steady phase of isometric contraction. Peterson 
{36} found a similar difference in contractile 
velocities measured in bovine mesenteric vein. 
The maximum shortening velocity of "after
loaded" contractions (that is, shortening al
lowed from the time the muscle first develops 
an isometric force equal to the imposed load, 
usually < 30 s) averaged about eight times 
faster than the maximum shortening velocity 
measured by releases after isometric tension had 
become stable (> 10 min). The time course of 
contractile velocity decrease in these prepara
tions is similar to the time course of excess en
ergy utilization described above. Both observa
tions may be the consequence of the very much 
higher myosin regulatory light-chain phosphor
ylation levels which have been observed in the 
first 1-2 min following activation {48, 49}' 

At this time, it is not possible to state with 
any certainty whether this initial activation en
ergy reflects purely activation processes (such as 
excess energy-dependent Ca2 + translocation) 
which are greater in the early phase of muscle 
contraction than during the steady phase, or 
varying kinetics of the myosin cross-bridge cy
cle during the early phase of its interaction 
with actin filaments, or some variable combi
nation of both processes. 
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Introduction 
Normal function of the heart depends on an 
adequate coronary blood flow. Myocardial me
tabolism and coronary flow are mutually inter
active so that any increase in the metabolism of 
the normal heart is matched by an increase in 
coronary blood flow, and any significant restric
tion of flow in pathophysiologic states results 
in the reduction of myocardial metabolism and 
cardiac performance. In this chapter we de
scribe the determinants of coronary blood flow; 
these include physical factors, myocardial me
tabolism, humoral influences, and neural con
trol. In addition, we discuss certain pathophys
iologic conditions, such as vascular responses to 
cardiac hypertrophy and myocardial ischemia, 
and the significance of coronary collateral ves
sels. 

Physical Factors 
The aortic pressure is the inlet pressure for the 
coronary circulation. Because extravascular 
compression limits myocardial blood flow dur
ing systole (see below), diastolic aortic pressure 
is more important than systolic pressure in de
termining myocardial perfusion [l-6}. This 
means that in pathophysiologic states in which 
diastolic pressure is lowered (i.e., aortic insuf
ficiency or arteriovenous fistula) the adequacy of 
myocardial perfusion is jeopardized [7, 8}. 

N. Sp",IakH (d.). PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE HEART. 
All rights reJert!ed. Copyrir,hl © 1984. 
Mar/intis Nijhoff PuMishin?,. Boston/The Hague/ 
Dordre{htILancaJter. 

In the simplest case, coronary blood flow 
would be calculated by the difference between 
aortic and coronary sinus pressure divided by 
the vascular resistance to flow. However, exper
imental evidence indicates that this is not true. 
Figure 39-1 shows data taken from a resting, 
unanesthetized dog [9}. Circumflex coronary 
blood flow, as well as aortic and circumflex cor
onary pressure, were measured during an un
usually long diastolic interval. At the end of 
that interval, circumflex flow reached zero. 
Furthermore, the aortic and circumflex pres
sures were both well above zero at that point. 
In the lower panel, individual pressure-flow 
points have been plotted showing that the in
tercept at which zero flow occurred is approxi
mately 45 mmHg. The right-hand lower panel 
shows two possible interpretations of these 
data. In one case, resistance is calculated as in
let pressure, Pc, divided by circumflex flow. 
Note that as flow goes ro zero, 2V2 s after the 
dicrotic notch, resistance approaches an infi
nitely high value. Another possible interpreta
tion of these data is shown by plotting inlet 
pressure, Pc, minus the pressure at which flow 
reached zero, i.e., 45 mmHg. In this case, the 
calculated resistance is constant throughout the 
diastolic interval. The first calculation assumes 
that the downstream or outlet pressure of the 
coronary circulation is right atrial pressure, 
that is, zero. The second calculation assumes 
that the pressure gradient for coronary flow is 
coronary artery pressure minus a much higher 
pressure, which is located somewhere within 
the myocardium. Most investigators interpret 
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this type of data as evidence that the outlet 
pressure for coronary circulation is well above 
coronary sinus or right atrial pressure (1, 9-
1l}. Its precise value depends on experimental 
circumstances, and it should be emphasized 
that the value of 45 mmHg, found in figure 
39-1, would be at the high end of the range 
of values which have been found (I2-16}. 

The current explanation for the high outlet 
pressure is that intramyocardial pressure is high 
enough to physically impinge on a portion of 
the vasculature so that intravascular pressure 
upstream to this point must exceed intramyo
cardial pressure in order for flow to pass 
through {l, lO, 11, 17, I8}. This results in a 
pressure gradient for flow which is equal to the 
inlet, or arterial, pressure minus the tissue 
pressure. In the case of the coronary circula
tion, this would mean that flow is not sensitive 
to right atrial or coronary sinus pressure, but 
instead to the pressure causing constriction of 

.00 

SECONDS AFTER DICROTIC NOTCH 

FIGURE 39-1. (Top) Circumflex coronary blood flow dur
ing a long diastolic interval. Circumflex and aortic pres
sure are also shown. (Lower left) pressure-flow relation
ship for this interval. (Lower right) Change in resistance 
calculated as indicated. Reproduced by permission from 
Bellamy {91. 

the microcirculation (the zero flow intercept as 
is shown in fig. 39-1). Pressure-flow plots have 
been obtained for a variety of experimental cir
cumstances. In general, we can say that vaso
dilators cause the expected decrease in resis
tance, and a shift of the pressure intercept to 

the left, that is, a decrease in outlet pressure 
(9, 12, 19, 20}. Thus, the increased flow is 
caused both by decreased vascular resistance 
and an increased pressure gradient. Increased 
preload causes an increase in the zero pressure 
intercept (I5}; that is, it acts to restrict flow 
by raising outlet pressure, thereby decreasing 
the pressure gradient for flow. The most ex
treme example of a rise in intramyocardial pres-
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sure occurs during systole [12, 16, 17, 19-
21}; the compressive forces on vessels within 
the subendocardium are so great that the pres
sure gradient for flow becomes very small and 
flow almost ceases. Flow continues at a some
what reduced rate in the subepicardium where 
compressive forces are smaller {22-24}. Systolic 
attenuation of coronary flow is exaggerated by 
any event which raises intraventricular pres
sure, for example, elevated preload {15}. An 
increase in cardiac contractility has the same ef
fect {25-3OJ. Increased heart rate limits coro
nary blood flow because the proportion of the 
cardiac cycle spent in systole increases, thereby 
limiting the time available for diastolic flow 
{27, 31-33}. Another factor which may con
tribute to the limitation of coronary flow dur
ing systole is the tendency of the contracting 
myocardium to distort microvessels. These 
sheer or traction forces may result in kinking 
of blood vessels and hinderance of flow. This is 
probably a relatively minor phenomenon in the 
coronary circulation {29, 34-36}. 

Changes in hematocrit influence coronary 
blood flow. In general, as hematocrit increases, 
viscosity increases, and so resistance to flow is 
elevated. The tendency toward a lower flow is 
offset by the greater oxygen-carrying capacity 
of the red-ceIl-enriched blood {37-40}. A limit 
on this process is reached when hematocrit ex
ceeds 0.65, at which time the increase in vis
cosity is greater than the increase in oxygen
carrying capacity. At the other extreme, a re
duction in hematocrit, as is found in hemor
rhage, limits oxygen delivery when oxygen-car
rying capacity is reduced proportionately more 
than viscosity {38, 40, 41}. 

Metabolic Control of Coronary Blood Flow 
Myocardial metabolism normally exerts the sin
gle most important influence on coronary vas
cular resistance. There is a positive monotonic 
relationship between the extent of coronary va
sodilation and myocardial oxygen consumption 
{42}. This means that oxygen delivery to the 
myocardium is closely matched to oxygen use. 
Despite the general importance of this relation
ship, significant alterations in coronary blood 
flow are possible at a given myocardial oxygen 

consumption. Although metabolism exerts a 
dominant influence on myocardial perfusion, 
changes in blood gases, neurogenic control 
mechanisms, and humoral mechanisms can 
exert a modulating effect on this relation
ship {2}. 

There are three commonly observed manifes
tations of metabolic control of coronary blood 
flow. The first is the reactive hyperemia which 
results from a brief period of occlusion of a cor
onary artery. The second is autoregulation of 
coronary blood flow; the tendency of blood flow 
to remain constant despite altered perfusion 
pressure. The third is functional hyperemia, or 
the increase in coronary blood flow associated 
with increased myocardial metabolism. Al
though earlier investigators often made the im
plicit assumption that the mechanisms respon
sible for all three of these phenomena were the 
same, it is now apparent that different mecha
nisms are involved. Therefore, we will consider 
these phenomena separately and evaluate the 
relative importance of each of the postulated 
mechanisms. 

REACTIVE HYPEREMIA 

When a major coronary vessel is occluded for a 
brief period of time, its release is followed by a 
dramatic increase in blood flow. The peak in
crease occurs within a few seconds after the re
lease of the occlusion. The amplitude of this 
peak depends on the duration of the occlusion, 
up to approximately 15 s. Longer occlusions 
cause no further increase in the peak response 
{43-45}. The duration of the hyperemic re
sponse increases with the length of occlusion. 
The total excess flow which occurs during re
active hyperemia is greater than the flow 
"debt" incurred during the period of occlusion. 
Reactive hyperemia occurs in denervated and in 
isolated hearts; thus it is generally agreed that 
the mechanisms responsible must reside within 
the heart itself. These mechanisms can be di
vided into two general categories, myogenic 
and metabolic. The myogenic hypothesis states 
that resistance vessels distal to an occlusion di
late in response to the reduction in wall stress 
{46}. The metabolic hypothesis states that a re
duction in blood flow resulting from occlusion 
of a major vessel causes release of vasodilator 
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substances either from myocardial cells or from 
the vessel wall itself {2}. 

The problem is the identification of the por
tion of reactive hyperemia caused by a myogen
ic response as opposed to the release of various 
vasodilator metabolites. A number of ingenious 
experiments have been performed in an effort 
to dissect these two phenomena. Eikens and 
Wilcken {47, 48} demonstrated that extremely 
short periods of occlusion « 1 s) resulted in 
reactive hyperemia. They stated that the meta
bolic insult caused by such short periods of oc
clusion would be unlikely to result in release of 
metabolic vasodilators and concluded that their 
experiments supported the myogenic hypothe
sis. Later studies by Greenfield's {49} group 
showed that the magnitude of reactive hypere
mia depended on the placement of a brief oc
clusion within the cardiac cycle. They found 
that diastolic coronary artery occlusions of du
ration greater than 100 ms resulted in reactive 
hyperemia. The magnitude of the hyperemia 
was dependent upon the duration of the occlu
sion, and the onset of the response was delayed 
until the first postocclusion systole. These in
vestigators took this as evidence that a meta
bolic phenomenon may be responsible for the 
vasodilation because it seemed to be depen
dent on the increased metabolism which occurs 
during systole. In conclusion, the available 
data do not allow us to state with any degree 
of certainty what fraction of reactive hyper
emia, following a very brief occlusion, is the 
result of a myogenic mechanism. In the ab
sence of any specific blocker of a myogenic re
sponse, it would appear to be impossible to 
fully dissect these two phenomena. 

Occlusions of longer duration appear to have 
a metabolic component. The evidence for this 
is that longer occlusions result in a reactive hy
peremia of greater duration {43-45} and the re
lease of several vasodilator metabolites {2}. 
Once the occlusion is released, the vasodilator 
substances cause an increased blood flow until 
they are metabolized, taken back up into celis, 
or washed out. Vessel wall P02 represents a 
variant of this hypothesis in which oxygen, a 
constrictor, is removed, resulting in vasodila
tion. There are several tests of the role of a par
ticular vasodilator substance. If the vasodilator 

has a causal role, it should be present in the 
vicinity of the vascular smooth muscle in a con
centration capable of resulting in vasodilation. 
Furthermore, agents capable of blocking the 
vasodilator's action should reduce reactive hy
peremia and agents capable of altering the va
sodilator's concentration around the vascular 
smooth muscle should cause an appropriate 
change in the hyperemic response. 

Potassium is released into the coronary ve
nous effluent following a brief occlusion {50, 
5 1}. Furthermore, the time course of the return 
of potassium release to control levels is similar 
to the return of vascular resistance. This has led 
to the suggestion that potassium is responsible 
for at least a portion of reactive hyperemia. 
There are two arguments against this conclu
sion. First, Bunger and co-workers {52}, using 
the crystalloid-perfused guinea pig heart, were 
unable to block reactive hyperemia with oua
bain, which blocked the vasodilator response to 
potassium. Second, Sparks and co-workers {51} 
calculated the increase in interstitial potassium 
concentration resulting from a 15-s occlusion 
and concluded that the increase was not suffi
cient to cause more than a very small portion 
of the vasodilator response observed. Thus, it 
appears that potassium is released, but plays a 
minor role in causing reactive hyperemia. 

Occlusion of a coronary artery results in a 
fall of tissue and microvascular wall P02 {53, 
54}. The question is whether P02 falls far 
enough to cause relaxation of vascular smooth 
muscle. The results of studies of vascular 
smooth muscle sensitivity to changes in P02 are 
divided. Duling's group {55, 56} suggests that 
the vascular wall is not particularly sensitive to 
ambient Po2 • However, other studies {57, 58} 
indicate that a wide range of vascular wall 
P02's may be able to influence vascular smooth 
muscle tone. One mechanism by which 
changes in vascular wall P02 may exert an in
fluence is the release of prostaglandins {59}. 
Even if P02 falls to a level which results in di
lation during occlusion, it is unlikely to be re
sponsible for the dilation following the occlu
sion. Once flow is restored, effluent P02 

quickly rises to a value far higher than control 
{60}. This suggests that microvascular wall P02 

is also elevated by the increased flow delivery 
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of oxygen. Once microvascular wall P02 is ele
vated there would no longer be a stimulus for 
the continued vasodilation. The validity of this 
argument cannot be evaluated until more infor
mation is available on the mechanism by which 
altered vessel wall P02 influences vascular 
smooth muscle tone. 

As mentioned above, vessel wall hypoxia re
sults in release of prostaglandins. A number of 
studies have demonstrated that myocardial 
ischemia also results in release of prostaglan
dins into the venous effluent [61, 62}. This 
suggests a causal role for prostaglandins in re
active hyperemia. However, the use of com
pounds such as indomethacin, which decrease 
the production of prostaglandins via the cy
clooxygenase pathway, has not yielded uniform 
results. Alexander and co-workers [61} em
ployed indomethacin and observed a reduction 
in hyperemic flow following a 20-s occlusion. 
However, these results could not be confirmed 
by three other groups [63-65}. 

A number of investigators have demon
strated that coronary occlusion results in a rise 
in tissue adenosine content [66-69J. In addi
tion, tissue adenosine content remains elevated 
after release of occlusion and returns to the con
trol value with a time course very similar to 
that of the blood flow {69}. It is very likely 
that this increase in tissue content is at least 
partly the result of an increase in interstitial 
adenosine because adenosine can also be recov
ered from the venous effluent following coro
nary occlusion [66, 68}. Most studies show 
that administration of theophylline or amino
phylline, adenosine receptor antagonists, re
sults in a reduction in reactive hyperemia by 
approximately 30% [65, 70, 71, but see 72, 
73}. In addition, infusion of the catalytic sub
unit of adenosine deaminase causes a reduction 
in reactive hyperemia by about 30% [7 4}. 
Theophylline in combination with adenosine 
deaminase causes no further decrease in reactive 
hyperemia. This result suggests that other fac
tors are responsible for the remaining two
thirds of the reactive hyperemic response [74}. 

In summary, the available evidence strongly 
suggests that adenosine causes approximately 
one-third of the hyperemia resulting from a 
brief period of coronary occlusion. It also seems 

likely that the myogenic mechanism partIcI
pates in the initiation of the hyperemic re
sponse. However, it appears that there are un
identified mechanisms which are equally 
important in causing reactive hyperemia. We 
think the available evidence rules out an im
portant role for prostaglandins and potassium 
ion. Other substances which have been ruled 
out include calcium [2}, magnesium [75}, and 
osmolarity [50}. Substances which deserve fur
ther evaluation include vessel wall hypoxia, in
creased hydrogen ion concentration, and leu
kotrienes [7 6}. 

AUTOREGULATION 

Autoregulation of blood flow is defined as the 
tendency of flow to remain constant despite al
terations in perfusion pressure. When perfusion 
pressure is suddenly changed, flow tends to fol
low the change in perfusion pressure. Over a 
period of seconds, however, flow then returns 
toward the previous value. The range of perfu
sion pressure over which flow remains relatively 
constant is from 70 to 145 mmHg [77, 78}. 

When perfusion pressure drops below ~70 
mmHg, flow begins to fall linearly until it 
stops at a perfusion pressure well above zero 
(see fig. 39-1). It is sometimes assumed that 
the descending limb of the autoregulation 
curve represents a region of perfusion pressures 
in which the coronary resistance vessels are 
maximally dilated. This is not true. Figure 39-
2 shows an experiment in which adenosine was 
infused at each of several perfusion pressures 
and demonstrates that there is still residual va
sodilator reserve despite the absence of autoreg
ulation [79}. Studies with microspheres have 
demonstrated that both the subepicardium and 
subendocardium exhibit autoregulation [80, 
81}. The mechanism of autoregulation is un
known. There are three generic theories: my
ogenic, tissue pressure, and metabolic. As in 
the case of reactive hyperemia there is no direct 
evidence in favor of the myogenic mechanism. 
On the other hand, there are no experiments 
which rule it out. The tissue-pressure hypoth
esis states that as perfusion pressure is lowered 
extravascular compression decreases and resis
tance vessels dilate. Once again there is no di
rect evidence supporting this hypothesis. Many 
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FIGURE 39-2. Mean left circumflex coronary blood flow of an anesthetized dog. Perfusion pressure was lowered with an 
inflatable cuff around the artery. Pressure was measured distal to the cuff. In the presence of saline, cotonary blood flow 
did not decrease in proportion to the decrease in pressure between 120 and 60 mmHg because vascular conductance 
increased. Below 60 mmHg, flow and conductance decreased precipitously. At all perfusion pressures, adenosine infused 
directly into the artery caused an increase in flow and conductance. This shows that coronary vasodilator reserve was not 
exhausted at pressures associated with the precipitous fall in flow and conductance. 

investigators have assumed that coronary auto
regulation is the result of a metabolic mecha
nism. However, there are few studies which 
have tested the roles of specific vasodilator me
tabolites. Cyclooxygenase inhibitors do not af
fect autoregulation {82}. This would appear to 
rule out the participation of prostaglandins. In 
addition, Bunger and co-workers {52} found no 
evidence to support a role for potassium in cor
onary autoregulation. Reduced vessel wall P02 

should accompany any fall in oxygen delivery 
resulting from reduced perfusion pressure {54}. 
However, there are no direct tests of the role of 
vessel wall P02 in autoregulation. Schrader and 
co-workers {68} showed that reduction of per
fusion pressure from normal levels resulted in 
elevation of tissue and coronary effluent adeno
sine content, but elevation of perfusion pres
sure above normal produced no changes in tis
sue or effluent adenosine content . It is unlikely 
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that decreased adenosine release could be re
sponsible for the vasoconstriction in response to 
increased perfusion pressure. This is because 
the available evidence indicates that adenosine 
release does not contribute a vasodilator influ
ence under resting conditions [7 4}. 

FUNCTIONAL HYPEREMIA 

Increased myocardial metabolism is normally 
matched by an increase in coronary blood flow 
and oxygen delivery. The relationship can be 
modulated by a number of stimuli, for exam
ple, sympathetic vasoconstrictor neural activity 
[83}, angiotensin [84, 85}, antidiuretic hor
mone [86}, alterations in PC02 [89-90}, and 
vasoactive drugs [91}. Any modulation in cor
onary blood flow at a given metabolic rate leads 
to a change in oxygen extraction. For example, 
adrenergic vasoconstriction causes lower oxygen 
delivery and higher extraction of oxygen for a 
given myocardial oxygen consumption [83}. 

The coupling of coronary vascular conduct
ance to metabolism is easily observable in iso
lated hearts and so is not causally dependent 
upon nerves or hormones. Most investigators 
believe that increased metabolism is associated 
with release of a vasodilator substance from 
myocardial cells. It is postulated that this va
sodilator elicits relaxation of coronary smooth 
muscle and thus increases flow to match the 
increase in metabolism. However, there is 
strong evidence favoring the participation of at 
least two vasodilator mechanisms, and it is 
probable that there are also other mechanisms 
which remain to be discovered. Several vasodi
lator systems which may be important in other 
contexts do not seem to be responsible for func
tional hyperemia. We doubt that vessel wall 
P02 falls during functional hyperemia. This is 
because coronary sinus P02 does not ordinarily 
change and because oxygen delivery to the re
sistance vessels is dramatically increased by the 
elevated blood flow [54}. Case and associates 
[87-89} have revived the hypothesis that an in
crease in vessel wall PC02 may be responsible 
for functional hyperemia. This idea is attractive 
because an increase in production of CO2 
should accompany an increase in oxygen me
tabolism. However, very large changes in arte
rial PC02 are necessary to elicit relatively mod-

est changes in coronary vascular conductance. 
Given the very small changes which occur in 
coronary sinus PC02, it is unlikely that there is 
a sufficient hypercapnic stimulus to result in 
the observed functional hyperemia [90}. 
Changes in arterial PC02 may have indirect ef
fects on the relationship between myocardial 
blood flow and oxygen consumption. For ex
ample, it appears that elevated hydrogen ion 
concentration causes coronary vascular smooth 
muscle relaxation [92} and enhances its sensi
tivity to adenosine [92, 93}. Also, elevation in 
Pco2 or hydrogen ion concentration results in 
unloading of oxygen from hemoglobin. 

Functional hyperemia occurs in the presence 
of indomethacin and this argues against a 
causal role for prostaglandin release [42, 90}. 
In addition, the lack of changes in the hydro
gen ion concentration [94, 95} and osmolarity 
[50} of the coronary sinus effluent would seem 
to rule out these two potential vasodilator in
fluences. 

Potassium is elevated transiently when myo
cardial metabolism increases. The increase is 
sufficient to cause approximately one-third of 
the initial increase in vascular conductance as
sociated with increased heart rate [51}. If oxy
gemltion of the myocardium is normal, how
ever, potassium release quickly declines [96, 
97}. Thus, although potassium is a coronary 
vasodilator, it cannot be responsible for steady
state increases in coronary blood flow associated 
with increased metabolism. 

Adenosine is the most venerable candidate 
for the cause of functional hyperemia in the 
heart. The adenosine hypothesis [2} states that 
increased metabolism is associated with an in
crease in adenosine release from myocardial 
cells. This release raises the interstitial concen
tration of adenosine which in turn results in 
vasodilation of resistance vessels. Until recently 
it seemed likely that adenosine is formed as a 
result of the action of ecto 5' -nucleotidase on 
AMP. It was proposed that ecto 5' -nucleoti
dase with its active site facing the outer surface 
of the cell membrane somehow came in contact 
with intracellular AMP and this resulted in for
mation of extracellular adenosine. Recent stud
ies have raised the possibility that adenosine 
formation occurs within the cell. The evidence 
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in favor of this is: (a) AOPCP, a blocker of ecto 
5 I -nucleotidase does not diminish the release of 
adenosine in response to hypoxia (98, 99J. (b) 
Inhibitors of carrier-mediated adenosine trans
port reduce adenosine release in response to hy
poxia (99, 100J. (c) Stimulation of the intra
cellular pathway which produces S-aden
osylhomocysteine from adenosine lowers release 
of adenosine during a hypoxic stimulus (101]. 
(d) Adenosine deaminase fails to destroy all of 
the adenosine found in isolated cell suspen
sions, suggesting that a portion must be se
questered inside the cells away from the en
zyme (102J. (e) Tissue content of adenosine is 
so high that, if all of the adenosine present in 
tissue were distributed in the interstitium, it 
would result in close to maximum coronary va
sodilation (10 3], Taken together, these argu
ments strongly suggest that, at least under 
conditions of hypoxia, adenosine is formed in
tracellularly and released into the interstitium. 
There are no comparable experiments which 
test whether this is also true for physiologic 
stimuli which result in increased myocardial 
metabolism. 

There are three lines of evidence which lend 
support to the idea that adenosine is responsi
ble for functional hyperemia. First, adenosine 
is a potent vasodilator. Second, metabolic ma
chinery capable of rapid formation and destruc
tion of adenosine is present in myocardium. 
Third, a number of studies have demonstrated 

FIGURE 39-3. Myocardial oxygen consumption (MV02), 

coronary flow, and adenosine release in a representative 
experiment on an isolated Langendorf-perfused guinea pig 
heart. Norepinephrine (-6 X 10-8 M) caused a steady 
increase in MV02 and flow, but adenosine release rose to 

a peak at 1 min and then fell to the control value over 
the next few minutes. This suggests that adenosine is not 
responsible for the sustained increase in flow. 

that most stimuli which result in increased 
myocardial metabolism also result in increased 
adenosine release into venous effluent andlor 
pericardial fluid (91, 104-106J. In addition, 
most of these stimuli cause an increase in tissue 
content of adenosine (104, 107, 108J. How
ever, there are other lines of evidence which 
confuse the issue. First, aminophylline, a 
methylxanthine which antagonizes the vasodi
lator action of adenosine, does not reduce func
tional hyperemia (109J. Second, it is possible 
to raise myocardial metabolism and coronary 
blood flow without increasing adenosine release 
when cardiac pacing is the stimulus (1lOJ. 
Third, adenosine release in response to the ad
ministration of norepinephrine is phasic (111]. 
When norepinephrine is administered to an 
isolated guinea pig heart (fig. 39-3), adenosine 
release peaks within the first minute and then 
rapidly falls to a much lower level while myo
cardial oxygen consumption and coronary con
ductance remain elevated and constant. Al
though these results appear to contradict the 
adenosine hypothesis there are potential expla-
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nations for each one. Another methylxanthine, 
theophylline, has been demonstrated to cause 
increased adenosine release [U2}. Thus, it may 
be that administration of methylxanthines re
sults in increased interstitial adenosine which 
in turn overcomes the adenosine blockade. It is 
also possible that blockers administered inter
arterially do not reach the extravascular recep
tor sites responsible for mediating adenosine's 
vasodilator effect. The lack of increased adeno
sine release associated with pacing might be 
consistent with the adenosine hypothesis if re
lease of adenosine is not an accurate index of 
interstitial adenosine concentration. Because we 
know so little about the nature of the capillary 
barrier to adenosine transport, it is difficult to 
evaluate this possibility. Finally, the phasic re
lease of adenosine observed in the guinea pig 
heart could be the result of multiple cellular 
sources of adenosine. For example, the large 
initial release of adenosine could be from en
dothelial cells which are known to contain a 
large amount of adenosine [113}. It could be 
that only the steady-state adenosine release ob
served at later time points actually reflects an 
increase in interstitial adenosine concentration. 
Again, lack of knowledge of the biology of in 
vivo endothelial cells prevents us from evaluat
ing this possibility. 

In summary, adenosine remains the strong
est candidate for the cause of steady-state func
tional hyperemia. 

Neural Control of Coronary Blood Flow 
Both divisions of the autonomic nervous system 
innervate the coronary vessels [114-U8}. Fur
thermore, coronary vascular smooth muscle 
cells have both alpha- and beta-adrenergic re
ceptors [116, 117}, as well as muscarinic cho
linergic receptors [2}. Thus, the basic innerva
tion of the coronary system allows for the full 
range of potential autonomic influence. 

SYMPATHETIC CONTROL 

Stimulation of sympathetic efferents to the 
heart causes transient coronary vasoconstriction 
followed by a steady-state vasodilation [121-
124}. The steady-state increase in flow is pro-

portional to the increase in myocardial metab
olism. Furthermore, this increase in flow can 
be prevented by agents which selectively block 
beta! receptors which are thought to reside pri
marily on myocardial cells [121, 122, 124, 
125}. With sympathetic activation in the pres
ence of an alpha blocker, the initial vasocon
striction is abolished and the increase in steady
state flow is higher for any given level of myo
cardial metabolism [83, 126-128}. Sympa
thetic activation in the presence of beta block
ade results in coronary vasoconstriction which 
can be blocked by various alpha-receptor block
ers [121, 122, 125}. It appears that sympa
thetic stimulation results in a direct alpha-re
ceptor-mediated constrictor effect which 
competes with an indirect, metabolic vasodila
tor influence resulting from stimulation of 
myocardial betal receptors. It is also possible 
that beta receptors of coronary smooth muscle 
are activated and that this contributes a vaso
dilator influence. The available evidence is not 
adequate to allow any conclusion concerning 
this possibility. However, the data do suggest 
that the effect would be minor when compared 
to the influences of direct alpha-mediated con
striction and indirect betal-mediated metabolic 
vasodilation [125}. 

Sympathetic nerve stimulation reduces coro
nary sinus oxygen content to approximately 
half the value obtained when coronary alpha re
ceptors are blocked [83, 129, 130}. Although 
this represents a rather dramatic vasoconstrictor 
influence in the face of increased metabolic 
need, there is no evidence that this results in 
impaired function of normal myocardium. Buf
fington and Feigl [131} have investigated the 
possibility that sympathetic alpha constriction 
could have a deleterious effect in the presence 
of a critical coronary stenosis. Although the re
sults of this study were negative, this idea 
should be subjected to further investigation in 
other preparations. 

A number of studies have suggested that al
pha receptors may be responsible for spasm of 
large coronary arteries [132-135}. This coin
cides with the observation that there is a rela
tively higher population of alpha receptors on 
large coronary arteries than on small coronary 
arteries [136-139}. 
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PARASYMPATHETIC CONTROL 

Stimulation of the vagus nerve, in paced 
hearts, causes a reduction in end-diastolic resis
tance. This reduction of resistance is blocked 
by atropine [71, 140, 141} and has led to the 
conclusion that parasympathetic cholinergic 
nerves innervate coronary resistance vessels. At 
present there is no known physiologic role for 
these nerves. A careful study by Feigl {142} has 
failed to demonstrate sympathetic cholinergic 
vasodilation in the heart. This result was sub
stantiated in a later study by Brown {143}. 

REFLEX CONTROL OF THE 
CORONARY CIRCULATION 

Bilateral carotid artery occlusion results in cor
onary blood flow changes which are similar to 
those observed during stellate ganglion stimu
lation; i.e., there is an increase in coronary 
blood flow which can be enhanced by alpha 
blockade. Bilateral carotid artery hypotension, 
in the presence of propranolol and vagotomy, 
results in increased coronary resistance [130, 
144}. This increase in resistance can be pre
vented by sympathectomy or by an alpha 
blocker. If carotid sinus nerves are stimulated, 
coronary vascular resistance is reduced. This re
duction in resistance can be prevented by pre
treatment with an alpha blocker, which re
moves resting alpha-constrictor tone [145-
147}. Thus, it appears that there is alpha-ad
renergic vasoconstrictor coronary tone which is 
enhanced by carotid occlusion and abolished by 
increased baroreceptor nerve firing. When ca
rotid body chemoreceptors are stimulated by 
nicotine, parasympathetic cholinergic vaso
dilation occurs in the coronary bed [146, 
148, 149}. It is unclear whether physiologic 
stimulation of the carotid bodies by altered 
blood gases results in the same phenomenon 
{150}. 

Exercise is accompanied by dramatic in
creases in coronary blood flow. However, 
blockade of coronary alpha receptors demon
strates that, even under these conditions, flow 
is somewhat limited by a competing sympa
thetic alpha-receptor activation [127, 128}. 
This constrictor influence does not cause any 
decrement in ventricular performance of the 
normal myocardium {127, 128}. 

Cardiac Hypertrophy 
Cardiac hypertrophy is associated with clinical 
signs of impaired myocardial perfusion, for ex
ample, angina pectoris [151-153} and electro
cardiographic abnormalities [152-154}. Histo
logic studies of postmortem hearts demon
strating ventricular hypertrophy give evidence 
of decreased vascular density [155-158}, in
creased collateralization [159}, and subendocar
dial fibrosis [160, 161}. However, most studies 
of cardiac hypertrophy have shown that myo
cardial perfusion and oxygen consumption (per 
unit cardiac mass) are normal under resting 
conditions [162-170}. There is a notable ex
ception to these observations; right ventricular 
hypertrophy has been consistently associated 
with an increased perfusion (per unit cardiac 
mass) of the resting right ventricle [171-17 4}. 
An increase in right ventricular wall stress may 
account for the augmented perfusion in that 
ventricle [17 4}. Most studies indicate that the 
transmural distribution of blood flow is also 
normal in hypertrophied hearts [163-167}. Ex
ceptions have been noted in cases of severe hy
pertrophy [175, 176}, or situations requiring 
utilization of vasodilator reserve, for example, 
coronary artery stenosis {177} or increased met
abolic demand {163, 165, 167, 175}. In these 
cases a selective deficit in subendocardial blood 
flow is observed. Infusions of various coronary 
vasodilators indicate that global minimum cor
onary vascular resistance is unchanged in hy
pertrophied hearts [162, 167, 169, 171}. When 
resistance is normalized to the mass of perfused 
myocardium, however, there is an increase in 
minimum vascular resistance {163, 164, 167, 
169, 171}. Taken together, these data suggest 
that there is a decrease in the available total 
cross-sectional area of resistance vessels. This 
decrement could result from a failure of resis
tance vessels to proliferate in proportion to the 
increased myocardial mass {173, 178-180} 
and/or an increase in arteriolar wall-lumen ra
tio subsequent to medial hypertrophy induced 
by arterial hypertension [181-184}. In either 
case, one would expect the functional results 
which have been observed; resting flow appears 
to be maintained by encroachment on the cor
onary vasodilator reserve, whereas maximum 
vasodilator capacity is reduced. 
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Several physiologic interventions give rise 
to perfusion abnormalities in hypertrophied 
hearts. For example, electrical pacing results in 
a maldistribution of blood flow across the wall 
of the heart with a relative decrease in suben
docardial flow [165, 167}. As mentioned 
above, coronary occlusion results in severe sub
endocardial ischemia [177}. Furthermore, tran
sient coronary occlusion is followed by an at
tenuated reactive hyperemic response [162, 
163, 171, 185}. Several investigators have 
noted a significant redistribution of flow away 
from the subendocardium during intense exer
cise in experimental animals with ventricular 
hypertrophy [163, 175}. 

There are many crucial aspects of the coro
nary circulation in hypertrophied hearts which 
remain to be elucidated. First, almost nothing 
is known about the influence of the age of onset 
of hypertrophy on the maintenance of myocar
dial perfusion. Second, very few studies provide 
information about the relationship between the 
severity of ventricular hypertrophy and the de
gree of impairment of the coronary circulation. 
Third, only one study provides information on 
the effects of long-term, stable hypertrophy 
[169}. Fourth, further studies are needed in or
der to clarify the role of the stimulus for hy
pertrophy in the interaction between cardiac 
hypertrophy and the coronary bed. Finally, in 
view of the prevalence of coronary artery disease 
and arterial hypertension in man, important in
formation may be gained from studies of the 
interactions among coronary stenosis, arterial 
hypertension, and cardiac hypertrophy. 

Ischemia 

RESPONSES TO ACUTE ISCHEMIA 

When stenosis of a major coronary artery oc
curs, two compensatory events limit the poten
tial fall in myocardial blood flow beyond the 
stenosis. First, vessels distal to the stenosis di
late (44} in response to the fall in transmural 
pressure and increased metabolic vasodilator 
stimulation (see discussion of autoregulation 
above). Second, flow from other major arteries 
reaches the region beyond the stenosis via 
preexisting collateral vessels linking arteries 

and arterioles of the two regions. The contri
bution of collateral flow to the potentially isch
emic region depends on the species and on 
other unknown factors [186-188}. Some spe
cies such as dog have a higher number of preex
isting collaterals than other species, such as pig 
and man (186, 187}. However, there appears 
to be a considerable variation in the number of 
collateral vessels within a given species and the 
reason for this variation is not known (188, 
189}. 

When stenosis of a coronary artery reaches a 
critical level, the combination of autoregula
tory dilation of resistance vessels and collateral 
flow is no longer sufficient to provide a normal 
resting flow. At this point, flow to the suben
docardium begins to fall (190, 191}. The 
greater vulnerability of the subendocardium ap
pears to be related to the higher intramyocar
dial forces which act on vessels supplying this 
region (see the above discussion of determi
nants of transmural blood flow). The subendo
cardium uses more of its vasodilator capacity 
under normal circumstances. For this reason, 
less vasodilator reserve remains to compensate 
for a fall in perfusion pressure caused by the 
stenosis. A reduction in ventricular contractile 
force occurs very soon after coronary blood flow 
is decreased [192-195}. Ultimately, ventricu
lar contraction in the ischemic region becomes 
so weak that paradoxical bulging occurs during 
ventricular systole because of the increase in in
tracavitary pressure {l92, 195}. 

PROLONGED ISCHEMIA 

If a critical stenosis is maintained for several 
hours, blood flow in the ischemic region falls 
even if pressure beyond the stenosis is held con
stant (196-200}. Since it is unikely that major 
changes in collateral flow will occur if post
stenotic pressure is constant, this finding sug
gests that distal vessels within the ischemic re
gion progressively constrict. Guyton and co
workers (197J suggested that local ischemia 
can initiate a positive feedback cycle in which 
ischemia begets vasoconstriction and further 
ischemia (fig. 39-4) (l98}. A portion of this 
progressive "ischemic vasoconstriction" may be 
the result of tissue swelling impinging on re
sistance vessels. This possibility is supported 
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by the observation that a mannitol infusion 
causes increased blood flow within the ischemic 
region [196, 20l}. However, mannitol not 
only reduces cell swelling, but also causes vas
cular smooth muscle relaxation and so could be 
exerting part of its effect by dilating resistance 
vessels [202}. The possibility that active vaso
constriction occurs within the ischemic region 
was evaluated by infusing adenosine or norepi
nephrine after progressive vasoconstriction was 
allowed to occur for 3 h [l99}' Both of these 
agents cause an increase in blood flow within 
the ischemic region, suggesting that active va
soconstriction had occurred. The increase in 
vascular tone does not appear to be the result 
of release of a vasoconstrictor metabolite of the 
cyclooxygenase pathway, because indomethacin 
causes vasoconstriction, not vasodilation after 3 
h of ischemia [l99}. Alpha-receptor blockade 
with phenoxybenzamine results in dilation and 
prevents ischemic vasoconstriction [l99}. This 
does not appear to be the result of removal of 
alpha-receptor-mediated vasoconstnctlOn be
cause the vasodilation is blocked by the beta
receptor blocker, propranalol. Instead, it ap
pears that phenoxybenzamine increases norepi
nephrine release by blockade of prejunctional 
alpha receptors and this in turn causes the ob
served vasodilation. One possibility is that pro
gressive vasoconstriction is at least in part the 

FIGURE 39-4. Proposed positive feedback relationship ini
tiated by myocardial ischemia. Both vasoconstrictor re
lease and decreased myocardial metabolism cause vasocon
striction and a further drop in blood flow. This leads to 
the observed increase in vasodilator reserve with time. Re
produced by permission from Sparks and Gorman [l98}. 

result of reduced myocardial metabolism and 
reduced metabolic vasodilator release over the 
3-h period. This idea is supported by the ob
servation that, in an isolated guinea pig heart 
preparation, adenosine release is initially ele
vated when coronary flow is reduced, but then 
falls significantly over the next hour [203}. The 
above observations strongly suggest that it is 
not safe to assume that resistance vessels be
yond a critical stenosis are maximally dilated. 
Instead, it appears that these resistance vessels 
are still responsive to local control mechanisms. 
In addition, these vessels appear to respond to 
certain pharmacologic interventions, including 
nitroglycerin [204}. 

If a coronary artery is occluded for 2 hand 
is then reopened (reflow preparation), there is 
an initial hyperemia. However, the hyperemic 
peak flow is not as great as it is following a 10-
min occlusion [205}. This suggests that mini
mum vascular resistance has increased during 
the period of occlusion. In addition, resting 
flow and peak reactive hyperemic flow continue 
to decline over the next 2-4 h [206}. This in-
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crease in vascular resistance occurs primarily in 
the subendocardium {205, 207}. Histologic ex
amination reveals extensive tissue swelling 
{208}, hemorrhage, and microthrombi {209, 
21O}. In addition, treatment with mannitol be
fore release of 1- or 2-h occlusion results in 
higher initial reflow, less structural damage, 
and reduced areas of necrosis {205, 208, 211}. 
However, the beneficial hemodynamic effects of 
mannitol disapear after 4 h of reperfusion 
{208}. In summary, studies of prolonged ste
nosis and reflow suggest that a positive feed
back loop develops in ischemic myocardium, in 
which reduced flow causes vasoconstriction and 
a further reduction in flow (fig. 39-4). 

COLLATERAL BLOOD FLOW 

As mentioned above, increased collateral flow 
provides a measure of immediate compensation 
when stenosis occurs. Furthermore, develop
ment of new collateral vessels can begin within 
1-6 h, depending on the degree of occlusion 
{186, 212-214}. As a consequence, the blood 
pressure and flow distal to the occlusion begin 
to increase and continue to do so until basal 
needs of the tissue subserved are met. If an oc
clusion is released after full collateral develop
ment, the collateral vessels become nonfunc
tional within 24 h {215}. If the same coronary 
artery is reoccluded between three and 90 days, 
full collateral flow is reestablished within 1 h 
without myocardial damage. 

It has been suggested that collateral vessel 
development occurs from preexisting micro
scopic vascular connections between major cor
onary arteries. Schaper and colleagues have pro
vided support for this idea {186}. They propose 
that local release of vasodilators dilates the con
necting microscopic collateral vessels and in
creases the pressure and wall stress on the thin 
wall vessels. This stress results in wall damage 
that induces cellular infiltration and breaks in 
the wall. Reparative processes then occur in 
which there is proliferation of endothelium and 
smooth muscle as well as progressive growth of 
the vessel. Thus there is a transition from the 
thin-walled microscopic collateral vessels to 
large, thick-walled, large-lumen vessels. The 
exact determinants of the development of these 
collateral vessels are not clear. The collateral 

development does not occur in response to ex
ercise without preexisting ischemia {216-218}, 
and is directed only toward ischemic areas 
{219}. Tissue hypoxia {220-222} and/or 
changes in transmural pressure may be involved 
{186}. At first, developing collateral vessels 
have no smooth muscle and behave passively. 
Later, with the development of smooth muscle, 
the vessels could be influenced by vasoactive 
drugs. 

NITROGLYCERIN 

The mechanism by which nitroglycerin relieves 
myocardial ischemia {223} is controversial and 
varies according to the experimental or clinical 
condition. Extrapolation from one situation to 
another may not be appropriate. The sites of 
action of nitroglycerin depend upon its concen
tration and the cause of the ischemia. Large 
coronary arteries, which are conduit vessels, are 
not influenced by adenosine {224, 225} or di
pyridamole {226, 227}. They are affected by 
alpha- and beta-receptor stimulation {83, 136, 
228-230} and are quite sensitive to low con
centrations of nitroglycerin {224-229, 231}. 
The primary determinant of coronary resistance 
is arteriolar tone. The tone is affected by aden
osine {224, 225}, dipyridamole {226, 227}, 
and beta-receptor stimulation {228, 230}, but 
not by nitroglycerin in concentrations sufficient 
to dilate larger vessels {224-226, 228, 232, 
233}' Arterioles dilate in response to much 
higher concentrations of nitroglycerin or to in
tracoronary injections of nitroglycerin. 

Because of these relationships, therapeutic 
levels of nitroglycerin which dilate large coro
nary arteries produce no substantial increase in 
resting coronary flow. When arterioles are di
lated by ischemia, the vasodilator reserve is re
duced. and dilation of large arteries by nitro
glycerin produces decreased vascular resistance 
and increased coronary blood flow {85, 204}. 
When larger arteries are narrowed by athero
sclerotic lesions, a reduction in vascular tone in 
the large arteries by nitroglycerin can alleviate 
ischemia and angina {231, 234, 235}. In cir
cumstances involving occlusion of a single large 
artery in which extensive collateral develop
ment supplies blood to distal areas, nitrogly
cerin increases flow to the ischemic area by di-
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lating collaterals or the large vessels feeding 
them {236-239]' Finally, administration of ni
troglycerin in high concentrations can result in 
"coronary steal" from the ischemic myocardium 
because dilation of vessels in the less ischemic 
epicardium, or in the relatively normal areas of 
neighboring myocardium, diverts blood flow 
away from the ischemic area {83, 232, 240}. 

Nitroglycerin can also produce beneficial ef
fects on the heart by causing peripheral vaso
dilation and venodilation. As a result of veno
dilation there is a reduction in venous return 
and a decrease in left ventricular diastolic pres
sure {241}, which is often elevated during isch
emia {241, 242]. The peripheral vasodilation 
reduces preload and afterload {241, 243} and 
increases diastolic coronary flow. However, the 
reduction in arterial pressure elicits a reflex 
tachycardia which increases oxygen consump
tion unless inhibited by beta blockade or pre
vented by pacing {232, 244}. A reduction in 
cardiac work load decreases oxygen demand and 
extravascular compression, both of which in
crease the ratio of blood flow to oxygen use. 
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40. CORONARY ARTERY SPASM 

Philip D. Henry 

Historical Introduction 
Allan Burns (1809) [l}, medical school drop
out and brilliant autodidact, was the first to 
propose that angina during exercise was due to 
myocardial ischemia. He believed that diseased 
coronary arteries acted as constricted rigid 
tubes which limited blood supply to the myo
cardium and generated a state in which the 
heart's "energy supply and its energy expendi
ture do not balance each other". According to 
this concept it is an increased work load on the 
heart that precipitates myocardial ischemia and 
anginal symptoms. However, already Herber
den (1772) [2} had recognized that angina may 
occur at rest, often during the night, a phe
nomenon that cannot be readily explained on 
the basis of Burns' mechanism. During the 
19th century, many authors felt that anginal 
pain was triggered by some distention of the 
aorta or left ventricle. Such cardiovascular dis
tentions were sometimes thought to occur as a 
result of peripheral constrictor responses, a syn
drome that had been outlined by Nothnagel 
(1867) [3} under the name "angina pectoris va
somotoria". Latham (1876) [4} and others be
lieved that angina might reflect a cramp or 
spasm of the heart, but such a mechanism was 
not widely accepted, since it was thought that 
a cramp of the heart was not compatible with 
survival {5}. In the first edition of his text
book, Osler (1892) {6} discussed the possiblity 
that cardiac pain "resulted from the great 
stretching and tension of the nerves in the 
muscular substance". He added that "a modi
fied form of this view is that there is a spasm 
of the coronary arteries with great increase in 
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the intracardiac pressure". Osler was still under 
the influence of the mechanistic hypotheses of 
the 19th century. However, in his second 
Lumleian lecture on angina pectoris 18 years 
later (1910) {7}, his "modified view" became 
explicit. He discussed the possible role of cor
onary artery spasm at great length, and indi
cated that angina may be associated with other 
vasomotor disturbances such as Raynaud dis
ease or migraine. On the basis of his clinical 
observations, he concluded that there was "evi
dence that sclerotic arteries are specially prone 
to spasm". Also, he speculated that coronary 
vessels might be affected by a "perverted inter
nal secretion which favours spasm of the arte
ries". Therefore, the 19th century, era of spec
ulations and controversies, generated two 
seemingly contradictory "coronary theories": 
Burns' rigid arteries, an' example of insufficient 
vasomotion, and Osler's atherosclerotic vaso
spasm, an example of excessive vasomotion. 

In the 1920s, electrocardiography initiated a 
new era in clincial cardiology. Early experi
mental studies had demonstrated that myocar
dial injury was associated with typical electro
cardiographic changes, and Smith {8} was the 
first to describe the electrocardiogram of acute 
myocardial infarction in dogs subjected to cor
onary ligation. Pardee {9} then observed ST el
evations similar to those described by Smith in 
a patient undergoing acute myocardial infarc
tion. Subsequently, many authors confirmed 
Pardee's electrocardiographic observations, and 
it became widely accepted that marked ST ele
vations and Q waves constituted signs of acute 
myocardial infarction. However, Parkinson and 
Bedford (1931) [l0} were among the first to 
note that ST -segment elevations suggestive of 
coronary occlusion occurred transiently in some 
patients experiencing attacks of angina. They 
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suggested that in such instances the electrocar
diogrpahic changes did not reflect coronary 
thrombosis and myocardial infarction, but rep
resented "functional ischaemia" . They con
cluded that "it is difficult to conceive a func
tional ischaemia arising otherwise than from 
coronary spasm". The phenomenon of transient 
ST elevation during episodes of anginal pain 
was subsequently documented by numerous in
vestigators {l1-13J. In a notable paper, Haus
ner and Scherf (1933) (l4} made the following 
observations regarding angina with marked 
electrocardiographic abnormalities: (1) ECGs 
typical of sudden coronary occlusion including 
ST elevations and in one case Q waves appeared 
as a recurrent transient phenomenon during at
tacks of angina, (2) attacks occurred usually at 
rest, and symptoms and signs were relieved by 
nitroglycerin, (3) attacks with identical ECGs 
were precipitated by exercise testing (climbing 
of stairs), (4) attacks in the same patient 
ocurred with or without increases in blood 
pressure, (5) the electrocardiographic changes 
occurred in some instances without simulta
neous chest pain, (6) attacks were accompanied 
by polymorphous ventricular extrasystoles in 
one patient, and (7) in two patients, there were 
frequent attacks which culminated in death af
ter weeks or months of observation. These two 
patients exhibited no or minimal coronary ath
erosclerosis at autopsy. The authors discussed 
the possibility that the attacks were triggered 
by coronary constriction, and pointed out that 
insufficient coronary dilation during exercise 
may have the same effect as constriction at rest 
{l4}. Brow and Holman (1933) [15} classified 
angina into two groups: exercise-induced an
gina due to a "disease-limited coronary circu
lation", and spontaneous angina possibly due 
to coronary vasospasm and associated with 
marked ST -T changes of the electrocardiogram. 
Many years later, Prinzmetal and collaborators 
(1959) {l6} described a special syndrome of 
rest angina which they thought was attribut
able to coronary spasm and was specific enough 
to permit diagnosis in the absence of electro
cardiography. Furthermore, they claimed that 
with this new syndrome "chemical changes in 
the myocardium differed from those occurring 
in classic angina pectoris". However, Prinzme-

tal and collaborators never summarized the data 
about the 20 cases they had reportedly col
lected, nor were any data provided regarding 
the specific chemical changes of the syndrome. 
The term variant angina proved to be a best
seller, however, and was subsequently widely 
applied to anginal syndromes which clearly 
lacked the specific features outlined by Prinz
metal. For instance, some authors used the 
term to characterize the syndrome of marked 
ST elevation during and after exercise, a syn
drome first outlined by Hausner and Scherf 
{l4}. 

The demonstration of coronary artery spasm 
in man was made possible by modern coronary 
arteriography. The early reports by Arnulf 
(1959) {l7} and Gensini and collaborators 
(1962) {l8} demonstrating spasm by nonselec
tive coronary arteriography received initially 
little attention. A few years later, Demany et 
al. (1968) [l9} and Dhurandhar et al. (1972) 
[20} related coronary artery spasm as visualized 
by selective arteriography to the anginal syn
drome of Prinzmetal. However, with the in
creasing popularity of coronary arteriography, 
spasms were soon observed in a variety of an
ginal syndromes, including exercise-related an
gina and acute myocardial infarction. It became 
apparent that seemingly inappropriate coronary 
vasomotion occurred in patients with variable 
clinical presentation and coronary anatomy. 
Therefore, evidence that coronary spasm was 
usually associated with the eclectic features de
picted by Prinzmetal and collaborators [16} 
was not completely confirmed. On the other 
hand, phenomena originally described by 
Hausner and Scherf [14} such as ST elevation 
without pain [21}, transient Q waves [22}, ab
sence of increases in arterial pressure [23}, and 
progressive deterioration culminating in acute 
myocardial infarction [24, 25} were rediscov
ered. 

Definition of Coronary Artery Spasm 
There is no universally accepted definition of 
coronary artery spasm. The term spasm in 
smooth muscle physiology usually refers to a 
strong and sustained contraction that impairs 
normal organ function. Since the demonstra-
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tion of coronary artery spasms in man depends 
upon coronary arteriography, it is important to 
recognize the inherent limitations of this tech
nique. First, the commonly used angiographic 
dyes act as potent vasodilators, a property of 
the dyes that may potentially obscure sustained 
coronary constrictor responses [26, 27}. Sec
ond, even with multiple angiographic views, it 
may be difficult to reconstruct with confidence 
the three-dimensional geometry of the lumen 
of coronary arteries, and claimed angiographic 
resolution at the O.I-mm level cannot be ac
cepted without reservation [28, 29}. Third, ar
teriography is effective in detecting localized 
distortions of the arterial lumen, whereas dif
fuse narrowing is more difficult to appreciate, 
since arterial lumen must be related to the 
myocardial mass supplied by the artery [29}. 
Fourth, segmental arterial tone should be re
lated to the range of vasomotion at the level of 
constricted segments and nonconstricted neigh
boring segments. Therefore, pharmacologic 
manipulations such as vasodilation in response 
to nitroglycerin and vasoconstriction in re
sponse to ergonovine are necessary to assess ab
normal vasomotion. Unfortunately, such ma
neuvers are rather elaborate and not without 
danger, and consequently are not performed 
routinely by arteriographers. Fifth, at the level 
of eccentric arterial lesions, normal constrictor 
tone might suffice to critically narrow the ar
terial lumen, a mechanism of dynamic obstruc
tion that would not necessarily imply an abnor
mality of smooth muscle funtion [30}. Sixth, 
there is general agreement that the diagnosis of 
coronary spasm depends upon the transient na
ture of the coronary obstruction, and more spe
cifically upon the relief of the obstruction by 
the administration of potent vasodilators such 
as nitroglycerin and nifedipine. However, there 
is no generally accepted definition regarding 
the extent of the relief of the narrowing re
quired to establish the diagnosis of functionally 
important dynamic narrowing, and the efficacy 
of vasodilators in relieving enhanced coronary 
constrictor tone has not been defined in quan
titative terms. Seventh, coronary arteriography 
is capable of visualizing only large (epicardial) 
coronary arteries, precluding the demonstration 
of spasms involving smaller (intramyocardial) 

arteries. In view of these radiologic difficulties, 
the definition of coronary artery spasm remains 
somewhat vague, a fact that may explain the 
rather striking variability of the incidence of 
coronary spasm in different catheterization lab
oratories. 

Prevalence of Coronary Spasm 
As mentioned above, the diagnosis of coronary 
spasm depends upon angiographic protocols 
and interpretations which vary from laboratory 
to laboratory [3I}. Premedication with spas
molytic drugs such as nitroglycerin and diaze
pam, avoidance of coronary constrictors (ergo
novine) when coronary lesions are thought to 
explain symptoms, and failure to obtain mul
tiple views may contribute to the variability of 
the diagnosis of coronary spasm. Although 
some authors believe that coronary spasm is a 
rare event, others have suggested that abnormal 
coronary vasomotion may play an important 
role in patients suffering from myocardial isch
emia [23}. Thus, coronary spasm has been im
plicated in a variety of syndromes, including 
sudden death [32}, myocardial infarction with 
or without coronary thrombosis [33-38}, var
ious forms of rest angina [23}, and exercise
related angina [39-45}. In Japan, coronary 
spasm appears to be more frequent than in 
North America, and the diagnosis of variant 
angina is made in a great percent (10%-70%) 
of patients with anginal symptoms referred to 
Japanese medical centers [46, 47}. Therefore, 
estimation of the prevalence of coronary artery 
spasm in various populations remains poorly 
defined. 

Clinical Syndromes Associated with 
Coronary Artery Spasm 
Electrocardiographers in the 1930s invoked 
coronary spasm to explain electrocardiographic 
changes of myocardial ischemia occurring at 
rest without apparent precipitating factors [10, 
14, 15}. Prinzmetal and collaborators [l6} de
lineated a specific anginal syndrome which was 
attributed to coronary artery spasm and had the 
following distinguishing features: (1) anginal 
pain occurs at rest or during "ordinary activ-
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ity"; (2) anginal pain is similar in location 
compared to other anginal syndromes, but of
ten longer in duration and more severe; (3) 
cyclical pain recurs every few minutes, forming 
a "sign wave pattern"; (4) attacks have distinct 
waxing and waning periods of equal duration 
(in contrast, classic angina was thought to have 
short waning periods compared to the waxing 
periods); (5) pain occurs often at the same hour 
of the day; (6) nitroglycerin promptly relieves 
pain; (7) the electrocardiogram during attacks 
exhibits striking ST elevations with reciprocal 
depressions; (8) ST elevations have a distribu
tion corresponding to that of myocardial infarc
tions of defined electrocardiographic location; 
(9) electrocardiographic changes include altera
tions of the QRS complex; (10) anginal epi
sodes are complicated by arrythmias and AV 
block; (11) infarction may develop in the dis
tribution of previous ST elevations; (12) exer
cise fails to produce attacks; (13) there are dis
tinct chemical disturbances different from those 
seen in classic angina; (14) diagnosis is possible 
only after careful study; (15) "acute emotional 
storms" do not precipitate attacks in contrast 
to classic angina; (16) patients are in greater 
distress compared to those suffering from clas
sic angina; (17) nylidrin hydrochloride tends to 

prevent attacks; and (18) attacks involve only 
one area of the heart, in contrast to classic an
gina, which was thought to represent a "diffuse 
disturbance of the heart" (l6}. One difficulty 
with Prinzmetal's picturesque description is 
that not all statements were supported by clin
ical data, and the numerous previoius reports 
on rest angina with infarct-like electrocardio
grams were not adequately summarized. 

As emphasized by Maseri et al. (1978) [23}, 
arteriography visualizes spontaneous and ergo
novine-induced coronary spasms in patients 
with variable history and coronary anatomy. ST 
elevation as described by Prinzmetal et al. is 
not a very specific sign, since ST elevation and 
depression in the same leads may occur with 
single or different episodes of chest pain or 
without chest pain in the same patient. Fur
thermore, it is important to rule out minor or 
incomplete myocardial infarctions in patients 
exhibiting rest angina and recurrent marked 

electrocardiographic changes [24, 25}. In 
Prinzmetal's material, 12 patients were re
ported to have ultimately developed myocardial 
infarction, but clinical data were not provided. 
It appears difficult to distinguish between 
Prinzmetal's variant angina culminating in in
farction and so-called unstable angina [24, 25}. 
Prinzmetal's claim that angina with marked ST 
elevations did not occur in exercise-related an
gina was in contradiction with previous reports 
[14} and has not been confirmed in the recent 
literature. On the contrary, there is increasing 
evidence that coronary artery spasm may be 
precipitated by exercise [39-45}. 

The role of coronary spasm in precipitating 
acute myocardial infarction has been the sub
ject of considerable controversy [23, 33-38}. 
Some authors have concluded that coronary 
spasm is not a pathogenic mechanism of acute 
myocardial infarction, since arteriographic and 
autopsy data reveal a coronary thrombosis in 
the majority of patients with transmural myo
cardial infarction [48}. This conclusion is 
somewhat surprising, since the precursor events 
precipitating coronary thrombosis are incom
pletely understood. In addition, it is possible 
that arterial injury after myocardial infarction 
may favor coronary spasm [49, 50}. 

It has been widely appreciated that coronary 
spasm may be associated with serious ventricu
lar dysrhythmias and AV block [23, 46}. 
Therefore, there is little reason to doubt Leary's 
(1935) [32} hypothesis that coronary spasm is 
a factor in producing sudden death {51-53}, 

In summary, coronary spasm appears to oc
cur in various syndromes of myocardial isch
emia, and the notion that coronary spasm is 
associated with a specific anginal syndrome as 
detailed by Prinzmetal has not been generally 
confirmed. 

Prognosis of Coronary Spasm 
The prognosis of coronary artery spasm 
strongly depends upon the method of diagnosis 
and classification of patients. In centers in 
which ergonovine testing is used extensively in 
patients who present initially with occasional 
episodes of chest pain, the apparent prognosis 
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of variant angina appears to be quite favorable 
as initially emphasized by Japanese workers 
[46}. Waters et al. (1983) [54} and Bott-Silver
man and Heupler (1983) [55} have recently re
emphasized that remission is a frequent out
come of variant angina and that cardiac 
mortality is "relatively low" in medically 
treated patients. However, since most patients 
with variant angina exhibit signs of coronary 
atherosclerosis, it will be important to charac
terize the natural history of patients with ap
parent remission. 

Anatomy of Coronary Artery Spasm 
Coronary spasm frequently involves arterial 
segments exhibiting angiograhic signs of coro
nary atherosclerosis [23, 30}. However, coro
nary spasm has been claimed to occur with 
"normal" or "near-normal" coronary arteries 
[56, 57}. As mentioned above, coronary arte
riography has certain limitations in detecting 
coronary artery disease, and numerous studies 
of coronary obstructive lesions in patients by 
angiographic and pathologic techniques have 
demonstrated that arteriography may underes
timate obstructive lesions [28, 29}. Arteriog
raphy visualizes only narrowed or distorted vas
cular lumens, but fails to detect disease of the 
arterial wall associated without narrowing or 
expansion of the arterial lumen [58}. In addi
tion, failure to demonstrate an abnormal angio
graphic coronary anatomy does not rule out 
microstructural and biochemical lesions of ath
erosclerosis. Therefore, to call an artery "nor
mal" on the basis of a coronary arteriogram is 
misleading and reveals insufficient awareness of 
the cell biology of early atherogenesis. 

There are relatively few studies on the patho
logic anatomy of patients who exhibited coro
nary artery spasm on arteriography. Because of 
the prevalence of coronary atherosclerosis in 
countries where coronary arteriography is used 
extensively, it is not surprising that many pa
tients with coronary spasm have demonstrated 
coronary atherosclerosis at autopsy [14, 16, 20, 
59-63}. In some reports, patients with vaso
spastic angina demonstrated fibrous medial dys
plasia [64, 65}. These findings are of some in-

terest, since the vasospasm syndrome resulting 
from ergot intoxication (ergotism) is known to 
produce similar medial fibromuscular lesions 
[66}. 

Clinical Pharmacology of Coronary 
Artery Spasm 

ERGOT DERIVATIVES 

Chest pain ·is one of the major symptoms of 
ergotism [66-68}. Labbe (1929) [69} was one 
of the first to invoke coronary spasm to explain 
chest pain occurring after the intramuscular ad
ministration of ergotamine, a compound that 
had been isolated ten years before by Stoll. 
Later, some authors used ergotamine to sup
press sympathetic tone in an attempt to relieve 
angina [70}. Master et al. (1948) [7 I} used er
gotamine to enhance the specificity of the two
step exercise test for the diagnosis of coronary 
disease. They believed that the drug prevented 
the false positive test due to sympathetic over
activity. However, Scherf and Schlachman 
(1948) [n} investigated the effects of ergota
mine in patients with coronary disease and con
cluded that the drug provoked angina and was 
contraindicated in these patients. Stein (1949) 
[73} used another ergot derivative, ergonovine, 
for the diagnostic provocation of angina in con
junction with Master's exercise test. Stein's er
gonovine test was revived only many years later 
as a test for the provocation of coronary artery 
spasm during arteriography. Heupler et al. 
(1978) [74} demonstrated in nine patients with 
variant angina that ergonovine 1.3-4.0 fJ-g/kg 
i.v. provoked episodes of coronary spasm. They 
concluded that the ergonovine test was safe and 
useful for the diagnosis of coronary artery 
spasm. Curry et al. (1979) [75} evaluated the 
ergonovine test in patients with variant angina 
and concluded that there were close similarities 
between ergonovine-induced and spontaneous 
attacks of angina. Theroux et al. (1979) [76} 
used graded intravenous doses of ergonovine 
(between 25 and 400 fJ-g) to assess the antian
ginal efficacy of coronary dilators on the basis 
of increased tolerance to ergonovine. Cipriano 
et al. (1979) [77} demonstrated that ergono-
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vine elicited mild diffuse coronary constriction 
in patients without vasospastic angina, but 
provoked marked (>85%) focal or diffuse ves
sel narrowing in patients suffering from variant 
angina. Recently, Cannon et al. (1983) (78} 
have provided evidence that in some patients 
with atypical chest pain ergonovine produces 
chest pain and reductions in coronary flow at
tributable to excessive constriction of the intra
myocardial vasculature. Collectively, these 
findings appear to support the concept that the 
coronary arteries of patients with vasospastic 
angina are supersensitive to the constrictor ef
fects of ergonovine. 

The supersensitivity of patients with variant 
angina to ergonovine provides little specific re
ceptor-pharmacologic information. Ergot deriv
atives are known to act on multiple monoami
nergic receptors inluding alpha-adrenergic, 
secotonergic, histaminergic, and dopaminergic 
receptors (79}' In addition, ergot derivatives 
often exhibit dualistic or partial agonistic ef
fects, i.e., low and high doses may produce 
agonistic and antagonistic effects, respectively 
(79}. To our knowledge, the mechanism of ac
tion of ergonovine in patients has not been in
vestigated with specific monoaminergic block
ing agents. In isolated canine coronary arteries, 
serotonin blocking agents (methysergide, cy
proheptadine) are more effective than alpha 
blockers (phentolamine, prazosin) in antagoniz
ing ergonovine, suggesting a serotonergic 
mechanism [80-83}. Similarly, we have re
cently observed that the serotonin blocking 
agent ketanserin, bur not prazosin, was capable 
of relaxing isolated human coronary arteries 
contracted with ergonovine [84}. These find
ings suggest that ergonovine acts on canine and 
human coronary arteries by a similar mecha
ntsm. 

ALPHA-ADRENERGIC AGENTS 

Orlickj et al. (1977) [85} have demonstrated 
that administration of the alpha blocker phen
tolamine to patients with a normally inner
vated heart or a transplanted heart augments 
coronary sinus flow monitored by thermodilu
tion. They concluded that resting coronary 
blood flow in man was regulated by alpha-ad
renergic constrictor tone. Mudge et al. (1976) 

[86} performed cold pressor tests (immersion of 
one hand in ice water for 1 min) while moni
toring coronary sinus flow by thermodilution. 
The test increased coronary vascular resistance 
in patients with coronary disease, but not in 
those without coronary disease, and the in
creases were blocked by phentolamine. They 
concluded that adrenergically mediated coro
nary vascular tone may contribute to ischemia 
in patients with coronary disease. Levene and 
Freeman (1976) [87} observed that coronary 
spasm in a patient with angina was relieved by 
phentolamine. In addition, prolonged oral ad
ministration of phenoxybenzamine improved 
the exercise tolerance assessed by bicycle ergo
metry and reduced or abolished electrocar
diographic abnormalities after exercise. This 
suggested that coronary spasm was mediated by 
an alpha-adrenergic mechanism. Yasue et al. 
(1974) [88} were able to provoke anginal at
tacks in patients with variant angina by the ad
ministration of epinephrine, and phenoxyben
zamine prevented spontaneous attacks in one 
patient. Isoproterenol and propranolol had no 
effect on the attacks. In another report (1976) 
[89}, the same authors triggered attacks of var
iant angina with epinephrine after pretreatment 
with propranolol. These observations indicated 
that coronary spasm was in part mediated by 
the activation of alpha-adrenergic receptors. 
Ricci et al. (1979) [90} demonstrated in four 
patients with variant angina that phentolamine 
reversed coronary spasm visualized by arteriog
raphy and increased coronary sinus flow mea
sured by thermodilution. Furthermore, oral 
administration of phenoxybenzamine caused 
disappearance of symptoms during follow-up 
periods of up to 12 months. Bertrand and col
labor~tors (1980) [91} treated patients with 
partial de nervation of the heart (plexectomy) 
and aortocoronary bypass, and observed a better 
relief of symptoms compared to that achieved 
in control patients receiving only coronary by
pass. In another study (1981) en}, a patient 
after unsuccessful plexectomy was subjected to 
complete sympathetic denervation by auto
transplantation, a procedure that provided 
symptomatic relief and suppressed electrocar
diographic signs of ischemia. Collectively, 
these results are consistent with the concept 
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that coronary spasm may be neurogenic, and 
more specifically noradrenergic, in nature. 

The notion that coronary artery spasm is me
diated by an alpha-adrenergic mechanism has 
not been generally confirmed, however. Chier
chia et al. (1983) [93} demonstrated in patients 
with variant angina that the cold pressor test, 
intravenous phenylephrine, and norepinephrine 
after beta blockade did not potentiate the cor
onary constrictor effects of ergonovine or reduce 
the number and severity of spontaneous attacks 
of ischemia detected by continuous electrocar
diographic monitoring. In addition, continu
ous infusions of phentolamine titrated to effect 
a reduction in systolic arterial pressure of 15 
mmHg failed to prevent ischemic attacks. 
Buda et al. (1981) [94} demonstrated a spon
taneous coronary artery spasm by arteriography 
and thallium scintigraphy in a patient with 
transplanted heart, suggesting that autonomic 
innervation was not essential for the occurrence 
of coronary artery spasm. In a recent report, 
Weber et al. (1983) [95} found that plexec
tomy, despite adequate suppression of auto
nomic innervation, was ineffective in relieving 
symptoms and signs of ischemia in three pa
tients with variant angina. Robertson et al. 
(1979) [96} studied catecholamine metabolism 
in three patients with variant angina, and dem
onstrated that episodes of variant angina were 
not associated with increases in plasma cate
cholamine levels at the onset and termination 
of the episodes. Furthermore, propranolol had 
no beneficial effects and increased the length of 
episodes of ST elevation in one patient, in 
agreement with other studies {97-99}. 

It is difficult to draw definitive conclusions 
from the conflicting reports cited above. How
ever, the recent study by Chierchia et al. 
(1983) {93} casts some doubt about the impor
tance of alpha-adrenergic mechanisms in var
iant angina. Additional studies with selective 
alpha blockers such as prazosin will be required 
to define the importance of alpha-adrenergic 
stimulation In provoking coronary artery 
spasm. 

HISTAMINERGIC AGENTS 

According to current concepts, histamine acts 
on two major subclasses of receptors referred to 

as HI and H2 receptors. Among the agonists, 
2-methyl-histamine is selective for H j recep
tors, whereas, 4-methyl-histamine, dimaprit, 
and impromidine are selective for H2 receptors. 
The classic antihistamines such as benadryl, 
chlortrimeton, mepyramine, and pyrilamine 
block the HI receptors, whereas drugs such as 
cimetidine, tiotidine, metiamide, and buri
namide exert selective blocking effects on H2 
receptors. Ginsburg et al. (1981) {lOO} have 
precipitated in patients exhibiting features of 
variant angina coronary artery spasm by the in
travenous administration of histamine after pre
treatment with cimetidine. Unfortunately, the 
authors failed to demonstrate that HI antihis
tamines were effective in blocking histamine
induced ischemic attacks. Consequently, defin
itive conclusions regarding the importance of 
histaminergic effects in precipitating coronary 
spasm will have to await further studies. 

SEROTONERGIC AGENTS 

Although serotonin has been implicated in var
ious vasospasm syndromes, including vascular 
headaches, cerebral vasospasm, and Raynaud 
phenomenon, there is surprisingly little infor
mation available regarding the effects of sero
tonin and serotonin antagonists on vasospastic 
angina. This is somewhat surprising, since ser
otonin has proved to be a relatively potent con
strictor of large coronary arteries isolated from 
dogs, monkeys, and man. In a preliminary 
study, we have demonstrated that serotonin is 
approximately ten times more potent than nor
epinephrine in the presence of beta blockade in 
contracting human epicardial coronary arteries 
[84}. To our knowledge, provocative tests with 
serotonin analogous to those performed with 
ergonovine and histamine have not been re
ported. One major difficulty in assessing sero
tonergic mechanisms in man is that antisero
tonin agents with satisfactory selectivity and 
low toxicity are not available. Drugs such as 
ergot derivatives (methysergide), cyprohepta
dine, and pizotifen are nonselective and have 
appreciable alpha-adrenergic and histaminergic 
blocking effects {79, 10 I}. Long-term treat
ment with methysergide is not without hazard 
since the drug produces ergot toxicity includ
ing fibrogenic effects. The imipramine-like 
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drugs cyproheptadine and pizotifen produce 
typical antihistamine toxicity and are often 
poorly tolerated because of their central nervous 
system depressant effects. Ketanserin, a sero
tonin blocking agent with selectivity for 
smooth muscle and platelets, has little effect on 
the central nervous system and has proved use
ful for the differentiation of monoaminergic re
ceptors in vitro [102}. However, the selectivity 
of this agent for serotonin versus alpha agonists 
is not sufficient, and relatively high doses of 
ketanserin are required to antagonize ergono
vine in human arteries in vitro. Intravenous ke
tanserin has thus far proved ineffective in an
tagonizing ergonovine-induced coronary spasm 
in patients with variant angina [l03}. 

PEPTIDERGIC AGENTS 

Although vasoactive peptides such as angioten
sin II and vasopressin are potent vasoconstric
tors, their effects in patients with vasospastic 
angina have to our knowledge not been inves
tigated. 

CHOLINERGIC AGENTS 
Yasue et al. (1974) [88} observed that metha
choline, a muscarinic agonist, precipitated at
tacks in patients with variant angina. In addi
tion, long-term administration of atropine 
appeared to suppress anginal attacks in these 
patients. Endo et al. (1976) [104} demon
strated by arteriography that methacholine pro
voked coronary spasms in susceptible patients. 
The angiographic demonstration of coronary 
spasm in response to methacholine is impor
tant, since subcutaneous methacholine may 
produce appreciable arterial hypotension and 
tachycardia, hemodynamic responses which al
ter angina threshold and may precipitate epi
sodes of chest pain in the absence of coronary 
artery spasm. 

Compared to the ergonovine test, provoca
tion with methacholine has proved somewhat 
less reliable and has not been widely employed. 
It may be surprising that a muscarinic agonist, 
an agent expected to exert vasodilator effects, 
precipitates coronary spasm in patients with 
variant angina. Recent experiments with iso
lated arteries and veins in different laboratories 
have confirmed that an intact endothelium is 

required for nonneurogenic acetylcholine to ex
ert its relaxing effects [l05}. Mechanically 
deendothelialized vessels respond to acetylcho
line with contraction, and apposition of a sec
ond vessel with intact endothelium against the 
deendothelialized surface of the test vessel has 
been reported to regenerate relaxation re
sponses, suggesting that relaxation depends 
upon the release of a defusible factor from the 
endothelial cells [106}. The importance of this 
endothelial factor for vasomotion in vivo, and 
more specifically for neurogenic cholinergic va
sodilation, has not been established, however. 

WITHDRAWAL OF VASORELAXING AGENTS 

The biochemical mechanisms underlying the 
development of tolerance to nitrates in the in
tact organism and in isolated arteries have not 
been completely elucidated [107}. Sudden 
withdrawal of nitrates from tolerant subjects 
may precipitate a vasospasm syndrome. Am
munition workers suddenly removed from their 
industrial exposure to nitrate have been re
ported to develop signs of vasospasms includ
ing myocardial ischemia and infarction [l08}. 
It seems that the vasodilating influence of the 
nitrate evokes a counterregulatory constrictive 
hyperreactivity which is unmasked by the sud
den withdrawal of the drug. However, the re
ceptor pharmacologic and membrane biophysi
cal mechanisms mediating the constrictive 
hyperreactivity have not been clarified. 

Mechanism of Coronary Artery Spasm 
In view of the limited and partly contradictory 
information available, the mechanism of coro
nary spasm in man remains to be clarified. 
However, experimental data on the contractile 
behavior of isolated human coronary arteries 
and on the altered reactivity of atherosclerotic 
arteries appear to provide a useful basis for fur
ther investigation. 

RHYTHMIC CONTRACTILE ACTIVITY OF 
ISOLATED HUMAN CORONARY ARTERIES 

Ross et al. [109} were the first to point out 
that isolated human coronary arteries exhibit 
striking oscillations in resting tone. The cycle 
length of the oscillations is slow, usually be-



40. CORONARY ARTERY SPASM 827 

tween 0.5 and l. 5 mill. The oscillations are 
augmented by most constricting agonists, in
cluding potassium, calcium, norepinephrine, 
histamine, serotonin, acetylcholine, and throm
boxane A2. Monoaminergic blocking agents 
such as prazosin, propranolol, and ketanserin 
have little or no effect on the rhythmic activity 
{l1O}. On the other hand, withdrawal of cal
cium, calcium antagonists, local anesthetics, 
and nitroglycerin suppresses the rhythmic ac
tivity. Isolated epicardial coronary arteries from 
most common laboratory animals, including 
canine, porcine, ovine, and bovine arteries, fail 
to exhibit analogous rhythmic contractions. 
Rabbit coronary arteries ocassionally exhibit 
rhythmic contractions, but these intramyocar
dial arteries are small and difficult to isolate 
without damaging them (P.O. Henry, unpub
lished observations). Vascular smooth muscle 
(VSM) may be categorized into a group that 
generates action potentials in vitro ("spiking 
VSM") and another group that does not ("non
spiking VSM") {lll}. Examples of spiking and 
nonspiking VSM are the rat portal vein and 
rabbit aorta, respectively. However, nonspik
ing VSM can be made to spike in vitro by low
ering the K + conductance with barium and te
traethylammonium ions, indicating that the 
difference between spiking and nonspiking 
VSM is not a fundamental one. Unfortunately, 
there are no data available regarding the elec
trophysiologic properties of human coronary ar
terial smooth muscle. Therefore, it is not pos
sible to make a statement about the possible 
relationship between electrical activity and 
rhythmic contractions in vitro or coronary 
spasm in vivo. 

RELATIONSHIP BETWEEN ENDOTHELIUM, 
PLATELETS, AND VASOACTIVE LIPIDS 

Endothelial cells are an important site of pros
tacyclin (PGI2) synthesis, a prostanoid that re
laxes smooth muscle and antagonizes platelet 
aggregation. Therefore, endothelial injury due 
to atherosclerotic changes {l12, 113} or shear 
forces at the site of stenoses {l14} may impair 
the ability of the vessel wall to generate PGI2 
and thereby favor constriction and platelet dep
osition {l15}. Deposited platelets may amplify 
the response to endothelial injury by releasing 

constrictive and aggregating agents such as 
thromboxane A2 and serotonin. It has been 
shown that angina, including vasospastic an
gina, may be associated with the release of 
thromboxane A2 into the coronary venous 
blood [116, ll7}. However, it has been diffi
cult to establish a cause-and-effect relation be
tween release of thromboxane A2 and angina. 

As mentioned above, endothelial injury may 
also modify arterial reactivity. Studies with iso
lated arteries have shown that relaxation in re
sponse to agents such as acetylcholine [105, 
106}, bradykinin [1l8}, and thrombin [50} oc
curs only when the integrity of the endothe
lium is preserved. Deendothelialization of the 
arteries changes the response to these agents 
from dilation to constriction. Relaxations and 
constrictions evoked by acetylcholine are both 
blocked by atropine. The nature of the relaxing 
factor released from endothelial cells is not 
known. However, blockade of cyclooxygenase 
and lipooxygenase does not impair endothe
lium-dependent vasorelaxation, suggesting that 
the active principle is not an arachidonic acid 
metabolite of the prostaglandin and leucotriene 
series [106}. The recognition that endothelial 
cells may contribute to vasomotor regulation 
appears important, since various pathophysio
logic processes in patients with coronary disease 
may impair endothelial function. The relation
ships between endothelial injury, altered vaso
motion, and thrombogenesis will require fur
ther investigation. 

RELATIONSHIP BETWEEN ATHEROSCLEROSIS 
AND VASOMOTOR REGULATION 

An atherogenic environment may affect coro
nary regulation by factors other than the pro
duction of obstructive lesions or endothelial in
jury. Alterations in circulating lipids may 
potentially affect the lipid composition of the 
cell membrane of platelets [119} and vascular 
smooth muscle {l20}. Hypercholesterolemia 
may alter platelet function and result in in
creased aggregability [1l9}. Similarly, hyper
cholesterolemia in rabbits may alter the reactiv
ity of the arteries to various vasoactive agonists. 
For instance, aortas from hypercholesterolemic 
rabbits may be supersensitive to ergonovine 
and serotonin. This supersensitivity may be 
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mediated by alterations in the membrane re
ceptors of smooth muscle cells. Radioligand 
binding experiments and receptor auto radio
graphic studies with atherosclerotic rabbit 
aortas have revealed an increased abundance of 
serotonergic receptors localized in the inner 
media and intima [121}. Acute exposure of iso
lated canine coronary arteries to a high-choles
terol environment appears to sensitize the arte
ries to the constrictor effects of calcium ions. 
Whether this phenomenon reflects predomi
nantly excessive uptake of Ca2 + or deficient ac
tive extrusion of Ca2+ has not been established. 
In various membranes, an increased abundance 
of membrane cholesterol has been shown to 
suppress Na,K-ATPase activity [122}. The 
sensitivity of membrane transporters to changes 
in their lipid microenvironment is an impor
tant observation, since decreased Ca2 + extru
sion might enhance the response to constictors 
that stimulate Ca2 + uptake. Recently, Shimo
kawa et al. (1983) [123} provoked coronary ar
tery spasms in atherosclerotic miniature swine 
by the administration of histamine after pre
treatment with cimetidine. The constrictor re
sponses were blocked by the HI antihistamine 
diphenhydramine. 

It is not known whether hypercholesterole
mia in man is associated with alterations in ar
terial reactivity. It has been suggested that pa
tients with atherosclerosis react excessively to 
the cold pressor test, a phenomenon that might 
indicate an altered noradrenergic responsiveness 
[124}. 

EFFECTS OF METALLIC IONS 

Experiments with potassium-ion-selective elec
trodes have shown that potassium may increase 
up to 15 mM or higher in ischemic myocar
dium [125}. Although such concentrations of 
potassium exert potent constrictor effects on 
vascular smooth muscle, the role of potassium 
in the regulation of intramyocardial coronary 
resistance during ischemia has not been well 
characterized. Recently, we have demonstrated 
that potassium applied to the external surface 
of epicardial canine coronary arteries in situ ex
erts potent and sustained constrictor effects, 
whereas other agents, including norepinephrine 
and angiotensin II, applied similarly failed to 
evoke sustained constrictions [l25}. 

It has been suggested that magnesium defi
ciency may contribute to the development of 
coronary spasm [l26}. Isolated canine coronary 
arteries exposed to a medium containing no 
magnesium exhibited increased constrictions in 
response to a variety of agents, including nor
epinephrine, acetylcholine, serotonin, angIO
tensin II, and potassium [l26}. 

EFFECT OF HYDROGEN IONS 

Lowering the hydrogen ion activity by hyper
ventilation or infusion of tris base may provoke 
coronary artery spasm, and these maneuvers 
have been suggested as provocative tests for the 
diagnosis of vasospastic angina [127}. Coronary 
spasm after exercise might be related to hyper
ventilation, but there is little information 
available about acid-base changes in patients 
with exercise-related coronary spasm. 

Therapeutic Interventions 

The initial observation by Japanese workers 
that calcium antagonists are effective for the 
treatment of variant angina has been widely 
confirmed. An uncontrolled study from 11 in
stitutions in Japan involving 243 patients has 
shown that nifedipine (30-60 mg/day), dilti
azem (90-240 mg/day), and verapamil (120-
320 mg/day) were effective in reducing or abol
ishing variant angina in 94%, 91 %, and 86% 
of the patients, respectively [128}. In contrast, 
beta blockers alone produced relief in only 11 % 
of the patients. In a similar open trial involv
ing multiple American Centers, nifedipine pro
duced symptomatic relief in 63% of the cases 
{l29}. Nifedipine, diltiazem, and verapamil 
are effective in suppressing ergonovine-induced 
attacks of chest pain in patients thought to suf
fer from angiospastic angina [l30}. In one re
cent report, calcium antagonists controlled 
symptoms in the majority of patients suffering 
from coronary artery spasm, whereas an average 
dose of 80 mg/day of isosorbide dinitrate was 
often ineffective [55}. However, in a random
ized study, isosorbide dinitrate and nifedipine 
did not appear to differ in efficacy for the treat
ment of coronary artery spasm [131}. Such 
studies are difficult to evaluate, since they are 
based in part upon arbitrary dosing of drugs. 

As mentioned above, it is possible that 
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membrane physiologic changes of atherosclero
sis promote the net uptake of calcium, a pro
cess that might explain excessive constrictor re
sponses. An abnormality of the uptake or 
extrusion of calcium has been recently invoked 
as a pathophysiologic mechanism of various hy
pertensive syndromes {132}. Therefore, if ab
normalities in calcium uptake playa role in the 
pathogenesis of abnormal constrictor responses, 
the use of calcium antagonists might represent 
a specific therapeutic intervention. It should be 
emphasized, however, that calcium antagonists 
are effective in blocking numerous endogenous 
constrictors, including norepinephrine, sero
tonin, angiotensin II, and thromboxane A2 • 

Consequently, detailed receptor pharmacologic 
studies are required to clarify the mechanism of 
action of calcium antagonists in vivo {130}. 

Although platelets may playa role in precip
itating or aggravating coronary artery spasm, 
intravenous prostacyclin or cyclooxygenase in
hibitors have thus far not been shown to exert 
beneficial effects [116,117,133, 134}. 

Indications for mechanical interventions in 
patients with coronary spasm are similar to 
those without spasm. Therefore, fixed lesions 
may be considered for treatment by coronary 
bypass grafting {46} or percutaneous translu
minal angioplasty {135}. However, these pro
cedures do not appear to modify the vasospastic 
component of the disease {135}. 

Summary 

The concept of coronary artery spasm derives 
from clinical coronary arteriographic observa
tions demonstrating sustained, vasodilator-sen
sitive coronary constrictions during which pa
tients suffer from symptoms and signs of 
myocardial ischemia. Most patients with coro
nary spasm exhibit angiographic signs of coro
nary atherosclerosis. Coronary spasm of a major 
epicardial coronary artery may produce marked 
electrocardiographic changes including tran
sient ST elevations and Q waves. Although re
current marked ST elevations may occur in pa
tients with Prinzmetal variant angina, similar 
electrocardiographic changes may be observed 
in other anginal syndromes, including exercise
related angina, and angina before and after 
myocardial infarction. In addition, there is evi-

dence that coronary spasm plays a pathogenic 
role in acute myocardial infarction and sudden 
death. 

The vasomotor mechanisms underlying in
appropriately sustained coronary constrictor re
sponses are poorly understood. Provocation of 
coronary spasm with ergonovine and its relief 
with calcium antagonists provide little specif
ic receptor-pharmacologic information, since 
ergonovine may act on multiple monoami
nergic receptors and calcium antagonists are ef
fective blockers of multiple endogenous con
strictors. 

Experimental studies suggest that vascular 
smooth muscle exposed to a high-cholesterol 
environment may undergo membrane physio
logic changes involving monoaminergic recep
tors and ion transporters. Therefore, it is pos
sible that coronary artery spasm reflects mem
brane physiologic changes of atherosclerosis. 
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vesicles, 256, 258 

SR vesicles, 258-60 
cholesterol content, 260 
phospholipid makeup, 260 
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standard ECG leads, 144 
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stress/strain relationship, 292 
structural organization, 260 
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substrate metabolism of heart, 301 
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T-tubule analogy, 669 
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sympathetic control of heart rate, 338 
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rate of force development increase, 596 
shortening velocity increase, 596 

time dependence of receptor blockade, 
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cardiac hypertrophy, 639 
cardiac necrosis, 639 
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vascular smooth muscle, (continued) 
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rough ER, 671, 673-74 
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surface caviolae, 667-69 
surface coat, 662, 664-65, 669-70, 
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thick filaments, 665, 667 
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venus VSM cells, 674-79 

contractile activity, 788-90 
contractile proteins, 767-71 
contraction, 771-76 
effects of calcium antagonists, 

435-439 

INDEX 

electromechanical coupling, 737-39 
electrophysiology, 707-33 
energetics, 781-93 
energy utilization, 786-88 
glycolytic metabolism, 784-86 
high-energy phosphate content, 

782-83 
lactic acid production, 784-85 
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oxidative metabolism, 783-86 
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changes in hypertension, 749-55 
membrane potentials of, 750-54 
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endothelial injury, 827 

hydrogen ion effects, 828 
metallic ion effects, 828 
platelet deposition, 827 
rhythmic contractions, 826-27 
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vasoactive lipids, 827 
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vectorcardiogram, 144, 149, 153 
velocity-length relationship, 293-94 
ventricular arrhythmia, 45 
ventricular cell ultrastructure, 5 
ventricular fibrillation, 45 
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verapamil effects, 421-39 
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Wenckebach phenomenon, 345 
Wilson central terminal lead, 144 

Z-band ultrastructure, 7, 12 
Z-Iine, 23 
Z-tubules, 23 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions false
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




