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This review represents an attempt to synthesize from currently available
information a picture of how the cardiac glycosides exert a positive inotropic
effect on the heart muscle cell. The result is a progress report containing many
uncertainties and mixed with an unavoidable minimum of authors’ bias. Many
aspects of the action of glycosides have not been considered, especially those of
primarily clinical significance as well as effects on non-cardiac tissue. The ref-
erence list is by no means exhaustive, but should be adequate to introduce the
interested reader to the various facets of the subject.

I. METABOLISM

It will be useful to begin this review with a consideration of the effects of
cardiac glycosides on cellular metabolism. This subject formed the bulk of the
last review on the glycosides written in this Journal in 1949 (188) and is a good
starting point of orientation for the present work. In a purely formal sense,
one can view what happens when a muscle is stimulated to contract and is then
allowed to return to its original resting state as the operation of two cyclic proc-
esses, one being the shortening and lengthening of the contractile protein, the
other being the hydrolysis and subsequent resynthesis of adenosine triphosphate
(ATP).! The second cycle provides in some way the energy for the cyclic change
in the protein, and it does not matter for the argument how the phosphate
bond energy is transferred to the contractile protein. Any interference with the
second cycle—either with the synthesis or hydrolysis of ATP—constitutes an
interference with the supplying of energy to the contractile system [or, in Wol-
lenberger’s terminology, “energy liberation” (188)]. The amount of work ob-
tained from the operation of the contractile protein cycle will depend on a host

1 Whether ATP or creatine phosphate (CP) constitutes the immediate energy sup-
ply for the heart muscle is a question not settled at present (48, 49, 50, 51, 52, 127, 128).
However, it seems reasonably certain that some high energy phosphate bond is the imme-
diate source of energy for the contraction cycle.
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of factors which can be summed up as the ability of the contractile protein to
utilize the available energy. In other words, all the steps up to and including
the transfer of energy to the contractile protein are, according to the usage
employed here, part of the process called “‘energy liberation’’; whereas what the
contractile protein does with the energy transferred to it is called ‘“energy utili-
zation.” Variations in the ability of the contractile protein to convert into use-
ful work the energy which it draws from the ATP cycle will be reflected in the
calculated mechanical efficiency of the muscle (work output/energy input).

The effect of glycosides on the failing heart, then, can be discussed by first
considering whether the cause of heart failure in terms of the above frame of
reference is due to impairment of energy liberation or energy utilization. In the
case of the former, the defect could be in either ATP synthesis or ATP hydroly-
sis. If ATP synthesis were impaired, the concentration of ATP in failing heart
muscle should be below normal and the therapeutic effect of the glycosides
should be associated with a rise in the ATP concentration. The ATP and CP
concentrations in well-oxygenated failing heart-lung preparations are not de-
pressed (187) and do not rise on digitalization (188, p. 341). One investigator,
however, found a low ATP concentration in a severely hypodynamic preparation
of cat papillary muscle which returned toward normal on treatment with ouabain
(66). This isolated finding has yet to be explained.?

If heart failure were caused by a subnormal rate of ATP hydrolysis, then the
therapeutic effect of the glycosides should be associated with a parallel increase
in ATP splitting (and also oxygen consumption, assuming no oxygen debt) and
obtainable muscle work. Because of the parallel increase in oxygen usage and
work done, the calculated efficiency of the treated muscle would not be different
from that of the failing muscle. In other words, if the rate of hydrolysis of ATP
were the limiting step in determining contractile activity and there were no
other defects in the failing muscle, one should never see an increased efficiency
following treatment with cardiac glycosides. The contrary is the case, Peters
and Visscher having found that in the failing heart-lung preparation operating
at constant diastolic volume the administration of cardiac glycosides caused
increases of 63 to 153 % in the mechanical efficiency (136). Qualitatively similar
results for human heart failure have been published by Bing and coworkers (9).
These experiments lead, then, to the conclusion that the defect in congestive
failure is reflected in a diminished ability of the contractile protein to convert
the energy which it receives into useful work. The administration of glycosides
increases the capacity of the contractile system for “energy utilization,” which
is reflected in an increased mechanical efficiency; and any increase in oxygen

2 Since this manuscript was submitted for publication a paper was published by
Furchgott and de Gubareff on high energy phosphate compounds in isolated left atria of
guinea pigs (54a). The concentrations of ATP, ADP and CP in hypodynamic atria were
not significantly different from controls or from atria the contractility of which had been
restored to normal with K-strophanthin. This work on isolated cardiac tissue is in agree-
ment with the studies on failing heart-lung preparations (187, 188). Included in the paper
is a discussion of the low ATP concentration found by Greiner (66) in isolated hypo-
dynamic cat papillary muscle.
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consumption associated with administration of the glycosides is secondary to
an increase in mechanical work rather than to a primary action of the glycosides
on the “energy liberation” cycle. ‘

Some comment should be made about the determination of mechanical effi-
ciency, the ratio of work output to energy input. For cardiac muscle the use of
an oxygen consumption increment as a measure of the amount of energy lib-
erated for a given work increment is probably reliable, since cardiac muscle
does not incur a large oxygen debt under most circumstances (102). The condi-
tions for measuring stroke work (the product of stroke volume and mean ar-
terial pressure) must, however, be carefully specified in experiments for deter-
mining mechanical efficiency. It was shown, for example, by Evans (43) and
confirmed many times subsequently (3, 64, 67, 100, 101, 107, 152) that for a
given increment in stroke work the increment in oxygen consumption was very
different depending whether stroke volume or arterial pressure was the variable
increased. As emphasized recently by Katz (100), “Mechanical efficiency is not
constant when increased work produced by increasing blood pressure is compared
with that produced by increasing cardiac output. Oxygen consumption definitely
increases when work is augmented by increasing blood pressure; it is slightly
increased, unchanged, or even decreased when work is increased by elevating
cardiac output.” Therefore, in determining the effect of cardiac glycosides on
mechanical efficiency an attempt must be made to keep the working conditions
the same in both control and experimental situations. The experiments cited
above by Peters and Visscher (136) appear to fulfill these requirements.

Certain results published in the literature might lead the casual reader to con-
clude that under certain experimental conditions the glycosides caused a primary
increase in oxygen consumption relative to the mechanical performance of the
muscle. For example, Bing and associates (9) showed that glycosides admin-
istered to normal hearts cause a decrease in left ventricular stroke work without
a change in oxygen consumption and therefore a drop in calculated efficiency.
However the decrease in stroke work may be due to a smaller diastolic volume
and stroke volume secondary to a tone change (23) or right atrial pressure
change (122) rather than to a change in the intrinsic capacity of the muscle to
perform work. In fact the capacity of the normal ventricle to develop ¢ncreased
tension under the influence of cardiac glycosides has been demonstrated with a
strain gauge arch attached directly to the muscle (170). Another example in
which the administration of the glycosides causes an increase in oxygen con-
sumption relative to the apparent contractile performance of the heart is pro-
vided by the work of Eismayer and Quincke (41). They reported that strophan-
thin causes increased oxygen consumption of the isolated frog heart without
affecting twitch tension. Clearly if one is measuring tension isometrically, the
calculation of efficiency is not pertinent since the muscle is prevented from doing
work. However, detailed studies have shown that under such conditions the
glycosides increase tension (if it is not already maximal before the drug is given),
slow the rate of relaxation and finally cause contracture which can be considered
the extreme limit of the slowed relaxation (70). Therefore, when a glycoside is
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administered, the time over which twitch tension is sustained is increased com-
pared to the normal. This would be expected to cause an increased oxygen
uptake, since energy consumption should depend not only on tension but the
time over which it is exerted.

In summary, it can be said that in the few instances when measurements
were made with the precautions outlined above, it appeared that the mechanical
efficiency of the failing heart is decreased and is brought back towards normal
by administration of cardiac glycosides. According to the arguments presented,
the defect in heart failure must, as both Wollenberger and Bing have contended,
be at the level of energy utilization. The action of the glycosides would appear
to be at this level rather than at the level of energy liberation.

A large number of studies have been made to determine whether cardiac
glycosides have a demonstrable effect on the metabolism of tissue slices or ho-
mogenate systems. It can be stated at the outset that the glycosides have not
been shown to affect the oxygen consumption of mitochondria (112) or homoge-
nates (56, 146, 148, 186). From the accumulation of confusing and contradictory
results obtained from muscle slices, it appears that the glycosides do not stim-
ulate respiration of a fresh slice; but that following the depression of the rate of
oxygen consumption which occurs during the first 1-2 hours of observation the
addition of cardiac glycosides stimulates respiration, although to a level which
never exceeds the rate of the freshly prepared slice (46, 86, 112, 146, 186). Some
authors find that high concentrations of cardiac glycosides cause an increase and
then a decrease in the rate of respiration (86, 146, 186), whereas others, using
the same concentrations over the same time interval do not observe the decrease
in respiration (46, 112).

It is difficult to know what relationship the above data bear to the effect of
glycosides on intact muscle. That the action of these drugs on slices is not simply
an artifact is suggested by the fact that effectiveness in promoting respiration
of the depressed slice corresponds to the sensitivity of the whole animal to the
glycosides. For example, slices from the glycoside-resistant rat were not found
to be affected by the drug (85). It is also of interest that in a calcium-free me-
dium, in which contractility of the intact muscle would be abolished, the addi-
tion of glycosides causes no increase in oxygen consumption of slices. However,
it should be remembered that the respiration of the slices is profoundly de-
pressed, due in part to the use of phosphate rather than bicarbonate buffer
(29, 181). Respiration in marrow slices, for example, has been shown to be 40 %
higher in bicarbonate than in phosphate saline (see Warren in ref. 29). Since the
oxygen consumption of the muscle slice is only a very small fraction of what it
would be in the case of whole working muscle, it is possible that a change in the
chemical composition of the slice mediated by the same action of the glycoside
as occurs in the intact animal could cause an alteration in the depressed respira-
tion of the tissue which would have little relationship to the n vivo conditions.

Interest in the effect of cardiac glycosides on metabolism has been focused re-
cently on associated changes in cellular organic phosphate compounds, since
certain of these are thought to provide the immediate source of energy for
muscular contraction. The glycosides have been found to cause no change (188,
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page 341), a fall (78, 138) or a rise (66) in the cellular concentration of various
organic phosphates, the results depending on the experimental design and the
preparation examined. Since turnover rate, not concentration, is what should
normally reflect metabolic activity, the incorporation of radioactive phosphate
into the muscle phosphate fractions has also been studied. Thus, Harvey (78)
showed that administration of digitoxin to intact guinea pigs resulted in a fall in
the rate of incorporation of P® into all heart phosphate fractions measured
(ATP, CP, and ester phosphate). If the administered P* were readily taken up
by the cell and became distributed uniformly throughout the whole intracellular
pool of inorganic phosphate, and the exchange with cellular organic phosphates
likewise involved the whole cellular pool of any given compound, then it might
be possible to draw conclusions about the turnover rate of any phosphate frac-
tion. But if, on the other hand, only a small portion of, say, intracellular ATP
exchanges with P®, it will be impossible to conclude from the specific activity
of the phosphorus of the total ATP what the turnover rate was for the bulk of
the cellular ATP. Apparently this is the case. There is evidence, for example,
that over the period of the first 1 to 2 hours of exposure to radioactive inorganic
phosphate most of the tracer accumulates in a layer at the surface of the cell
rather than being incorporated into the cell interior (21). The radioactivity of,
say, the total ATP isolated from the whole cell may thus be determined by a tiny
fraction of cell surface ATP, the bulk of the ATP being intracellular and un-
labelled. The data of Fleckenstein and Janke (49) can probably best be explained
in these terms. They found that the rate of incorporation of inorganic P# into
the cellular organic phosphate fractions of resting striated frog muscle was only
about 0.25% of the total phosphorus exchange rate according to calculations
based on the oxygen consumption of the muscle. In other words, for every 400
phosphate ions incorporated into organic phosphate fractions only one came
from the extracellular pool. From these data and the fact that the rate of incor-
poration was not influenced by stimulation of the muscle, it is clear that the
uptake of tracer phosphate does not provide any measure of the metabolic
activity related to muscular contraction. Evidence along the same lines was pro-
vided earlier by the work of Bollman and Flock (11) who found that the phos-
phocreatine concentration in rat skeletal muscle fell to one-fifth the resting value
during prolonged stimulation and was rapidly resynthesized during rest. The
specific activity of phosphocreatine phosphorus after four such stimulation-rest
cycles over the period of 1 hour in phosphate labelled saline was not significantly
greater than that for a resting muscle soaked for the same period of time. In
this work also, therefore, the rate of incorporation of tracer phosphorus does
not reflect the rate of turnover of total cellular phosphocreatine phosphorus.

Because of the difficulties in interpretation noted above, neither homogenate,
glice, nor tracer studies have added substantially to the understanding of the
effect of glycosides on cellular metabolic processes.

II. MUSCLE PROTEINS AND MODELS

With the isolation of the contractile proteins of skeletal and heart muscle and
the use of an increasing variety of methods for studying the properties of these
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proteins, many investigators began to study the effects of the cardiac glycosides
on both separated fractions and on protein models of the contractile system.

One of the first results in the field had to do with the polymerization of G-
actin to form a long chain called F-actin, which occurs when the ionic strength
of the solution is increased by the addition of potassium chloride. It was first
found by Horvath and coworkers (93) that the rate of polymerization of heart
muscle G-actin was increased in the presence of 2 to 4 ug/ml of g-strophanthin
or digitoxin. Up to 100 ug/ml had no effect on the polymerization of actin pre-
pared from skeletal muscle. These basic observations were confirmed by Snell-
man and Gelotte (161), Cowle and Thorp (27) and Wollenberger (189). Snellman
and Gelotte believed that their solutions of actin contained a deaminase which
partially inhibited the polymerization reaction, and that the glycosides prevented
the action of the deaminase. However, Wollenberger, working in the same lab-
oratory, showed that glycosides enhanced polymerization of actin solutions in
which no deaminase activity could be detected. He also found that actin ex-
tracted promptly from the hearts of freshly killed animals polymerized at a
rapid rate comparable to that of skeletal muscle actin, and, like the latter, was
not affected by the addition of cardiac glycosides. The action of the glycosides,
then, was confined to cardiac actin solutions prepared from hearts which had
remained in the sacrificed animal for some time before extraction. Working with
such solutions, Wollenberger made an important contribution to the problem
by comparing the effects of pairs of glycosides which were structurally similar
but one of which had no pharmacological activity in whole animals. Thus he
compared Scillaren A and hexahydroscillaren A (inactive); also emicymarin and
alloemicymarin (inactive). All 4 of these glycosides increased the rate of poly-
merization to the same extent, showing that there was no correlation between
in vipo pharmacological activity and the effect on the isolated protein.

Wollenberger’s approach provides an excellent first test for evaluating the
physiological significance of actions of glycosides observed in isolated systems.
Throughout this section, it will be seen that glycosides have effects on various
properties of the contractile proteins, but if there is no correlation between those
effects and the in vivo activity of the compound tested, then it cannot be assumed
that the observed effect on the protein is related to the pharmacological action of
the glycosides.

One of the characteristic qualities of actomyosin solutions is a high anomalous®
viscosity typical of highly asymmetric molecules. The addition of ATP causes
dissociation of the protein complex into actin and myosin, which is reflected in
a marked decrease in viscosity. After the ATP is hydrolyzed by the myosin
ATP-ase recombination of the protein components occurs and the viscogity
consequently increases. It is thus possible to measure the original viscosity, the
drop on addition of ATP, and the time interval before the viscosity begins its
return to the original value [a measure of ATP-ase activity, (31)]. All the studies
reviewed below were made on skeletal muscle actomyosin. Waser et al. found

3 A decrease in relative viscosity with increasing flow rate is referred to as anomalous.
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that the addition of glycosides to actomyosin solutions caused a very small de-
crease in viscosity, the magnitude of any one glycoside depending on the con-
centration and the degree of binding to the protein (172, 175). The effect was
abolished by small concentrations of ethanol or methanol (10~® to 10—+ M) and
there was no correlation between the action on viscosity and the n vivo pharma-
cological activity, inactive glycosides having the same effect as active ones.
The drop in viscosity induced by ATP is not affected by cardiac glycosides (11,
39, 175). ATP-ase activity is either increased or decreased by ouabain depending
on the purity of the preparation (39, 84).

The only investigator who has made a correlation between in vivo pharmaco-
logical activity and any effect on isolated contractile proteins has been Waser,
who demonstrated glycoside action on both the thixotropy and the potassium
binding of ‘“‘synthetic’’ actomyosin (5 g myosin + 2 g actin). Actomyosin solu-
tions (protein concentration about 3 mg/ml) exhibit thixotropy; that is, a
tendency to form a gel on standing. If stirred at a constant speed, the gel tends
to break up slowly, as evidenced by a progressive drop in viscosity over a period
of about 15 minutes. By measuring the resistance of the solution to stirring, it is
possible to estimate the original strength of the gel. Using a large number of
glycosides, including 4 active-inactive pairs, Waser found that pharmacologically
active glycosides decreased to a small extent the thixotropy of actomyosin,
whereas the inactive glycosides increased it. He also found a correlation between
potency for decreasing thixotropy and the degree of pharmacological activity
in the intact animal (172, 173).

In another study (174) he measured the influence of glycosides on the potas-
sium binding of actomyosin. This was done by placing equal volumes of 0.6 N
KCl on opposite sides of a dialysis membrane, one side containing actomyosin.
Glycosides were added to one or the other side, the final concentration being
2 or 4 pg/ml; and after equilibration for 3 to 4 days the K* in the protein-free
side was measured. It was found that pharmacologically active glycosides caused
a decrease in the K+ of the protein-free side from 600 mEq to as low as 560
mEq/]. Since this was shown not to be due to binding by the dialysis membrane,
it was concluded that the drug caused an increased potassium binding by the
protein. Pharmacologically inactive glycosides caused no increased binding.

At a higher level of structural complexity, studies have been made on threads
and bands prepared from actomyosin solutions. Mallov and Robb (123) first
showed that the ATP-induced shortening of threads of skeletal muscle actomyo-
sin was increased by the addition of a cardiac glycoside. These findings were
confirmed by Bowen (13). The same results were later obtained by Robb and
Mallov (142), using threads prepared by compression of surface films of beef
heart actomyosin.

The effect of glycosides on actomyosin bands was determined as part of a series of
studies from Bing’s laboratory which was designed to find out whether actomyosin
prepared from heart muscle of patients in congestive failure was different from
normal heart muscle actomyosin. Dettli and Bing (35) developed a refinement of
the Hayashi (81) method by compressing the surface film of protein less com-
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pletely to form a band rather than a thread, and measuring shortening at con-
stant tension without ever removing the band from the surface of the liquid. The
amount of actomyosin extracted per g of wet heart and the load- % shortening
relationships were the same whether actomyosin was extracted from a freshly
killed dog heart or whether the heart was allowed to remain in the animal at
room temperature for 1 hour before extraction (36). This study was considered
to be a necessary preliminary to comparing the difference between normal and
failing hearts from human autopsy material. Kako and Bing found that the
contractility (% shortening vs. load) of actomyosin bands prepared from hearts
of patients with congestive failure was significantly lower than that from nermal
hearts (98). The contractility of both groups was unaffected by digoxin, but in
the presence of digoxin + 10— M Cat+ the contractility of the congestive failure
protein increased to the normal range. It would have been of interest if this
careful study had included the effects of pharmacologically inactive glycosides.

Although actomyosin threads or bands are macroscopic aggregates of musele
protein which have contractility, the model which probably reflects most closely
the original structural arrangement of the protein is the glycerol extracted
muscle fiber (164). The effects of glycosides on this preparation have been studied
by several workers (40, 109, 162). One author found that the contractility of
glycerol extracted psoas muscle fibers was increased in the presence of critically
narrow concentration ranges of digitoxin and calcium ions (40). No glycoside
effect was shown in the other two studies, one on heart (162) and the other on
striated muscle (109).

1I1. THE SITE OF GLYCOSIDE ACTION

If the cardiac glycosides were to exert their pharmacological effect by a direct
action on the contractile proteins, then it must follow that they penetrate into
the interior of the cell, and (considering the small number of molecules which
are effective) bind to the contractile protein. It is clear from a number of studies
that glycosides bind to certain proteins including actomyosin (168, 171) and
serum albumin (68, 145), but not serum globulin (68, 145). There is no certainty,
however, that the glycosides enter the cell, as consideration of the following
studies will show. A paper on the distribution of digitoxin among various partic-
ulate cell fractions of rat heart separated according to the basic techniques of
Hogeboom et al. (91) was published by St. George et al. (147). Digitoxin was
administered intravenously, the rats were killed 5 minutes later, and the hearts
were fractionated by differential centrifugation into 4 fractions. The authers
found that 89 % of the digitoxin in the tissue was in their fourth fraction, .e., the
particle-free supernatant remaining after spinning at 22,000 X ¢ in a Spinco
horizontal-head ultracentrifuge. They assumed that the actomyosin was in this
fraction and concluded, therefore, that the glycoside entered the cell and became
bound to the actomyosin. The conclusion can be questioned, since in order for
the actomyosin to be present as soluble protein in the fourth fraction, it must
have been extracted by the 0.85 % sucrose used as the suspending medium in the
preparation of the cell fractions. This would be surprising, in view of the high
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ionic strength of solutions required for the extraction of contractile proteins from
minced muscle. Furthermore, although glycosides disappear rapidly from the
circulation, at the time of sacrifice only 5 minutes after injection of the drug
a large fraction of the glycoside should still be present in the interstitial fluid,
which of course would also be found in the fourth fraction. One cannot conclude,
therefore, that the bulk of the digitoxin recovered was bound to actomyosin.

The other study pertinent to this question was done by Harvey and Pieper
(80) who perfused isolated guinea pig hearts with a Krebs bicarbonate solution
containing C* digitoxin for 2 hours at 37°C and then, after flushing out the vas-
cular bed with non-radioactive material, fractionated the heart by differential
centrifugation. In contrast to the results of the workers cited above who found
most of the digitoxin in the final supernatant, about 90 % of the radioactivity was
recovered in the cellular particulate fractions. (The large difference in the results
of the two groups is due to the fact that the digitoxin in the rat heart study was
probably mostly in the interstitial fluid because of the short equilibration and
lack of vascular space washout.) Harvey and Pieper tried to determine whether
the observed distribution of digitoxin among the isolated fractions reflected the
1n vivo cellular localization of the drug, or whether the in vivo distribution might
have been altered during the homogenization and centrifugation of the tissue
fragments. Since they found that prior alteration in the environment of the sur-
viving heart (changing Cat, K+ or temperature) altered the distribution of
radioactivity in the isolated fractions, they concluded that their findings were
not simply a fractionation artifact. Despite this, their studies present two major
difficulties in interpretation. The first is whether a mammalian heart perfused
with a balanced salt solution is normal with respect to, for example, oxygenation
and membrane permeability to various substances. The second is whether the
cellular components to which digitoxin might bind, notably the actomyosin and
the cell membrane, are adequately separated into different fractions by the
differential centrifugation technique. Since the fractions in which most of the
digitoxin was found probably contain both cell membrane fragments and acto-
myosin, it would appear that these data cannot be used to decide between the
two most probable loci of action of the cardiac glycosides.

IV. IONS IN NORMAL MUSCLE

Since a description of the effects of cardiac glycosides on the concentration
and movement of intracellular ions constitutes a large part of this review, certain
facts and theories which bear on conditions that obtain in the normal muscle cell
at rest and during the contraction cycle will be presented briefly here.

Intracellular ionic composition. It is well known that the main intracellular
cation of muscle is potassium, sodium being to a large extent excluded. The con-
centration of Nat in rat heart muscle, for example, is probably not more than
13 mM/kg of fiber water (120). Among the divalent ions calcium is of interest,
but information about intracellular calcium ion concentrations is meager. The
available data for mammalian tissues [rabbit blastocytes (106), mammalian
striated muscle (45)] suggest a value around 1 mM /kg of cell water; and measure-
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ment of calcium diffusion rates in squid axoplasm indicates that at least in this
tissue the calcium is present in a bound form (45). The question whether the
monovalent ion potassium is also bound has been considered by numerous
workers. Lewis and Saroff (116), using an anion impermeable membrane, found
that at pH 6.4 in 0.15 M KCl, potassium was bound to myosin A to the extent
of about 12 ions per mole of myosin. Actin and albumin exhibited no potassium
binding capacity. K+ binding by myosin A would amount to not more than 5%
of the total cell K+, however, and even this value might be less in the presence
of cellular divalent cations. Experiments with intact cells, either on the basis of
electrical conductivity or exchange rates of radioactive potassium, have also
been interpreted (not without reservations) to show that little or none of the
intracellular potassium exists in a bound form.

The membrane potential. The asymmetry of ion concentrations across the ecell
membrane gives rise to a membrane potential, the interior of the heart muscle
cell being 70 to 90 mV negative with respect to the outside (28). This resting
membrane potential has been shown to vary with changes in the extracellular
potassium concentration, following approximately the relationship

_RT, K
Bo=Flhg

in which K; and K, are the intracellular and extracellular potassium concentra-
tions, respectively (1, 35). Such a relationship was predicted by Boyle and
Conway on the assumption that Donnan equilibrium obtained, that the resting
membrane was permeable to potassium and chloride but impermeable to sodium,
and that the cell was in a “balanced state,” 1.e., no net transfer of any ion across
the membrane occurred. It is now believed that sodium can permeate the resting
membrane to some degree, but that the cell is capable of extruding any sodium
which enters so that a low intracellular concentration is maintained (35). The
Boyle-Conway theory requires that the cell be in a “balanced state,” whereas it
is likely, at least in the case of heart muscle, that net fluxes of ions across the
cell membrane occur even during the interval between contractions. Equations
for the resting membrane potential, which incorporate the assumption that net
fluxes of ions do occur in the resting cell, have been derived (63, 89). They re-
duce finally to the form of the above equation, so that experimental agreement
with that equation does not provide for a choice between the basic assumptions.

It remains now to describe the changes thought to occur during the contraction
cycle. It has been known for many years that the contraction cycle is associated
with an increased exchange of both sodium and potassium (44). The temporal
relations of these ion movements have been analyzed with the help of electro-
physiological data (88) and it is thought that the rapid rising phase of the action
potential spike is caused by a rapid influx of sodium due to a sudden increase of
cell permeability to this ion. (See ref. 28, page 61, for a summary of contrary
evidence in certain experiments with cardiac tissue.) The action potential plateau
and subsequent return to resting potential levels are not fully understood, but
are probably associated with a re-establishment of cell impermeability to sodium,
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and also with an outward movement of potassium caused either by the change
in membrane potential (178) and/or an increased cell permeability to potassium
(28). In any case, by the end of the action potential it is reasonably certain
that the cell has gained sodium and lost potassium, a state of affairs which tends
to be reversed during the period of rest before another stimulus occurs.

V. MEMBRANE POTENTIAL

With the development of techniques for recording heart muscle cell trans-
membrane potentials with intracellular microelectrodes (194), it has become
possible to determine resting membrane potentials and monophasic action po-
tentials of heart muscle. The subject has been reviewed recently by Cranefield
and Hoffman (28). The action potential of ventricular muscle differs from that
of nerve or striated muscle in its long duration, 0.15 to as long as 6 seconds
depending on conditions; and unlike striated muscle contraction begins much
before repolarization is completed. The action potential is so long that observers
have divided it into several phases (28, 193), the initial spike being followed by
a rapid but small drop (phase 1), a plateau (phase 2), and a third phase in which
there occurs a return to resting potential values at a rate intermediate between
that of phases 1 and 2.

The effects of digitalis on the electrical events of the cardiac cycle appear to
be as follows. Initially an increase in the magnitude of the spike is sometimes
observed (193). This change is transient, and is followed by a decrease in spike
amplitude. Thus, normally the spike describes a change in potential from —90
mV to a positive value of about 30 mV, whereas in the presence of toxic concen-
trations of glycosides the spike decreases to the point where the ‘“positive over-
shoot” disappears and even the zero potential level is no longer reached (26,
193). Dudel and Trautwein have found that the glycosides cause a diminution
in the rate of rise of the action potential spike (37). The most marked effects
of the glycosides, however, are on the repolarization phase. Following a transient
increase in the total duration of the action potential there is marked shortening,
due mostly to a decrease in the time taken for repolarization (37, 193).

The meaning of these findings in terms of cellular ion movements is not known
at this time, but it is perhaps worth considering them in the light of a hypothesis
outlined by Cranefield and Hoffman (28). As a result of the depolarization of the
cell membrane, the outflow of potassium would be expected to increase since
the ion is no longer held back by a large intracellular electronegativity. However,
the membrane does not allow completely free diffusion of K+, and so efflux is still
comparatively slow during the plateau (phase 2). The outflow is sufficient, how-
ever, to cause the accumulation of some K+ at the extracellular surface of the
membrane and this by some mechanism increases permeability to potassium
(Px) which starts the rapid K+ outflow of phase 3 and the return of themembrane
potential to normal. Thus, any factor which tends to raise K+ concentration at
the membrane should increase Px and diminish the time needed for repolariza-
tion; whereas a low external K+ concentration should lengthen this time. Con-
sistent with the theory are the findings that 1) in a K-free medium repolarization
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is greatly prolonged (113); 2) close intraarterial injection of K+ shortens the
action potential (177); and finally 3), interventions which cause accumulation of
K+ at the outer surface of the membrane, either by inhibiting the rate of re-entry
(digitalis) or diminishing the time available for re-entry between contractions
(high frequency) also are associated with a shortened action potential.

Dudel and Trautwein (37) have reported that cardiac glycosides cause an
increase in the membrane resistance of the Purkinje fibers of the cat during both
rest and activity. This finding suggests that in addition to an effect on active
transport the glycosides alter the permeability of the cell membrane. The data
of Glynn on red cells are consistent with such a conclusion (59).

VI. STIMULATION FREQUENCY AND CONTRACTILE FORCE

The twitch tension developed by cardiac muscle is affected in large measure
by variations in the frequency and regularity of stimulation. Comparable effects
have been observed in smooth (32, 114) and striated muscle (141), being much
less obvious in the latter tissue. The action of cardiac glycosides cannot be prop-
erly evaluated without some understanding of the relationships between stimula-
tion frequency and contractile force. In the case of heart muscle most of the
observations are probably pure examples or mixtures of two basic phenomens,
the so-called Bowditch staircase and the reverse staircase. Post-extrasystolic
potentiation may represent yet a third mechanism.

The first phenomenon was reported by Bowditch in 1871 (12). Working with
the isolated frog heart, he noted that following a prolonged period of asystole,
the amplitude of contractions which occurred when the heart was subsequently
stimulated at a regular frequency began at a low level and increased progressively
to a maximum which was then maintained at a plateau (Fig. 1A). Later workers
confirmed this observation, not only for amphibian but also for some mammalian
hearts, and also generalized the Bowditch findings in the terms that for any
regular stimulation rate a characteristic level of twitch tension was achieved
(33, 74), being low at low frequencies and higher at increased frequencies over
a certain range (Fig. 1B). It was clear, however, that an opposing phenomenon
frequently operated simultaneously. This was first described by Woodworth
(195) in experiments on dog heart muscle. He stimulated the muscle at a regular
fast frequency until a steady twitch tension was obtained. When he shifted to a
slow frequency the first one or two twitches were greater than the previous ones
[the “poststimulation potentiation’ of later workers (144)] and then progressively
declined as expected to a level characteristic of the slow rate (Fig. 1C). The in-
creased amplitude of the first twitches at the slow rate led him to believe that
the twitch tension was the result of two effects, ‘‘the stimulating effect of a rapid
succession of contractions and the recuperative effect of a long pause.” In certain
animals, such as the rat, the opposing phenomenon is the dominant one (5, 105),
so that the twitch tension decreases with increasing frequency (Fig. 1D). A similar
relationship is seen in rabbit atrium treated with fluoroacetate (104). Of the
names used to refer to this opposing phenomenon, ‘“‘reverse staircase’” will be
employed in this review. The relative contributions of these two phenomena for
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F1G. 1. Sehematic diagrams of frequency-tension relationships. Continuous tracings of
contractions. See text for details.

A. Bowditch staircase. Following a rest period the first contractile response is small,
but rises progressively with each stimulus until a plateau is reached. B. Bowditch staircase.
The higher the stimulus frequency, the higher the tension. C. Post-stimulation potentia-
tion, a mixture of Bowditch and reverse staircase. The first contraction after shifting from
a high to low frequency is greater than before (reverse staircase). Then there is progressive
drop to a new plateau characteristic of the slow stimulus frequency (Bowditch staircase).
D. Reverse staircase. The higher the stimulus frequency the lower the tension. E. Rest con-
traction, an example of reverse staircase. Stimulation rate before and after the rest is the
same. The first few contractions after the rest are greater than before. F. Post-extrasystolic
potentiation. The first few contractions after the extrasystole are greater than before.

any one species may change over the observed frequency range. For example
Kruta (110) has found a multiphasic amplitude-frequency relationship in guinea
pig heart, the reverse staircase being dominant at low frequencies, the Bowditch
staircase having the main effect at higher rates. The same findings have also been
reported for rabbit atrium (104). The so-called ‘‘rest contraction” (144) is
another example of the reverse staircase phenomenon (Fig. 1E), since the interval
of rest can be regarded as a temporary shift to a lower frequency which causes
an increase in twitch tension. To this already long list of phenomena must be
added still another one, first observed by Langendorff in 1885 (see 195), namely,
the effect of an extrasystole in causing an increased amplitude of the following
contraction (Fig. 1F). Woodworth, enlarging on the earlier findings, found that
2 or more extrasystoles had a greater stimulating effect than 1, that the effect
persisted on the average for about 8 subsequent beats, and that the earlier in the
contraction cycle the extrasystole occurred the greater was the potentiating effect.
These observations were later confirmed by others (19, 55, 90).

Recently investigators have attempted to elucidate the mechanisms under-
lying the above phenomena. The Bowditch staircase in the frog heart has been
studied by Hajdu (70) who found that there was a net loss of potassium from
the heart into the bathing solution when a previously non-beating heart was
stimulated electrically. The developed tension was higher at higher stimulus
frequencies, according to the Bowditch staircase (Fig. 1B) and the net K+ loss
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was likewise greater the higher the stimulation rate. It was also found that in a
low potassium Ringer a given tension could be achieved at a lower stimulus fre-
quency than in a normal potassium Ringer. In view of the fact that potassium
leaves the cell during contraction and must be transported back into the cell
during recovery (see page 183), the hypothesis was advanced that as the stim-
ulus frequency is increased the time available for the re-entry of potassium
between contractions is inadequate for the complete replacement of the ion lost
during the previous contraction, with the result that a lower steady state level of
potassium within the cell is finally reached. Over a certain range, then, there is a
cellular potassium level characteristic for each stimulus frequency; and either
this level or some other cellular parameter which changes as the K+ changes de-
termines the magnitude of the twitch tension, lower K+ being associated with
higher tension and vice versa. Vick and Kahn produced evidence confirming part
of the above study by showing that a net loss of potassium from guinea pig
heart occurred when the stimulation rate was increased (169).

None of the published studies on the reverse staircase provides any clue about
the cause of this phenomenon. Speculations have ranged from the idea that during
rest time is provided for certain metabolic reactions to achieve cellular recovery
(103, 104, 195) to the postulation of a potentiating substance (144).

Post-extrasystolic potentiation has been thought by many (19, 20, 135, 153,
195) to be an example of the Bowditch staircase. An analysis of the problem can
be facilitated by reference to an experiment on cat papillary muscle published by
Hoffman (90), which is similar to an earlier one of Garb and Penna (55). Fig. 2 is
a schematic diagram to show the essential part of the experiment. It represents
a continuous tracing of contractions induced by stimulation at an average fre-
quency of 1 per second. Whereas the stimulation was regular in the first and last
part of the tracing, in the section bounded by the two arrows the average fre-
quency was maintained by stimulating at a regular rate of 14 per second and
following each regular contraction with an extrasystole. It can be seen that

Fia. 2
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when the shift was made to the irregular frequency the tension of the post-
extrasystolic contractions rose progressively to a plateau, and dropped back
when regular stimulation was resumed. This rise in tension is partly due to reverse
staircase, since the interval between any extrasystole and the following contrac-
tion is almost 2 seconds, rather than 1 second as in the control period, and the
effect of the reverse staircase would be to cause a greater tension after the longer
rest period. However, the rise in tension is progressive for several beats, and the
reverse staircase, in the experience of the reviewers, appears to take effect rap-
idly in a few contractions. It seems likely, therefore, that an additional factor
contributes to the rise in tension, either the postulated potassium shift of the
Bowditch staircase or a completely different phenomenon. In the former case
the progressive rise in the tension of the post-extrasystolic contractions would
be associated with a pari passu drop in cellular potassium until a new steady
state level is reached. Since the average frequency remains the same during the
experiment, the development of a lower steady state level of cell potassium
could, for example, occur if potassium loss during an extrasystole following close
on a normal beat is greater than during a regularly spaced contraction at the
same average frequency. No information on this aspect of the Bowditch staircase
is currently available, and so the choice between an unknown or a potassium
mechanism cannot be made at this time.

Hoffman believes that post-extrasystolic potentiation is not associated with
potassium shifts, in part because he could find no change in resting membrane
potential during the potentiation period, and he believes that a net efflux of
potassium from the cell should be associated with a temporary rise in the K+
immediately surrounding the fiber large enough to cause a drop in the membrane
potential. Even if post-extrasystolic potentiation were caused by potassium
shifts, the question remains whether sufficient potassium loss would occur to
cause a measurable change in resting potential, and therefore this negative
evidence is inconclusive.*

4 A criticism should also be made of the argument (55, 135, 144) that post-extrasystolic
potentiation could not be due to K* loss because the potentiation effect may persist for
several minutes. For example, it has been stated, ‘if stimulation is suspended after the
extra interpolated contraction, the augmentation effect persists for periods up to 300 sec-
onds. Surely this interval is more than ample for any lost potassium to reenter the muscle
since presumably lost potassium is recovered completely within a period of 2 seconds when
a series of contractions show equal force at a rate of 30 per minute. This suggests that
Hajdu’s theory, based on experiments with the frog heart, is not a suitable explanation
for the staircase or augmentation phenomenon in mammalian heart muscle’’ (135). The
point which seems to be missed in this argument is that once the muscle reaches a steady
state after a period of stimulation at a given frequency, then the potassium lost during
contraction is replaced during the interval between contractions no matter what the length
of that interval, be it 1 second or 60 seconds. The question is how long it takes to reach a
new steady state when the frequency is changed, in the course of which there will be a pro-
gressive net potassium loss or gain by the fiber. Judging by the length of time required to
reach a new tension plateau after a change in frequency, several minutes may elapse before
the new steady state potassium level is reached, and likewise, if extrasystoles cause an in-
creased potassium loss a prolonged interval could be required to achieve complete restora-
tion of the original steady state.
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Changes in the elasticity of striated muscle during the appearance of the
staircase phenomenon or post-tetanic potentiation have been studied recently by
Ritchie and Wilkie (141). Their work was derived from the observation of Hill
(87) that when a muscle is stimulated a sudden increase in elastic modulus occurs
(called by Hill the development of the “active state’’) much before any observ-
able contraction begins, so that by the end of the latent period the muscle is
capable of bearing a load equivalent to the maximum tension set up in an iso-
metric tetanus. During a single twitch the muscle may not reach this tension,
since the elastic modulus begins to decline before the contractile tension, which
develops gradually, has reached a peak. It follows, then, that any factor which
increases either the intensity of the active state or its duration should result in an
increased single twitch tension. Using a quick release method for determining
the intensity of the active state in frog sartorius, Ritchie and Wilkie found that
previous stimulation of a frog sartorius caused an increase in the duration of the
active state, and they believe that this accounts for the staircase phenomenon
and the post-tetanic potentiation which can be seen in frog skeletal muscle. Such
biophysical measurements have not yet been made on cardiac muscle.

VII. POTASSIUM

Calhoun and Harrison (18), after finding a low potassium concentration in the
hearts of patients who died of congestive failure (17), set out to find whether
digitalis had any effect on the concentration of cardiac potassium and their
results published in 1931 were the beginning of a long series of papers in this field.
They administered digitalis to dogs, dividing their animals into 4 experimental
groups according to glycoside dosage: control, therapeutic, toxic (characterised
by vomiting) and fatal. They found no significant difference in the dry weights
of the hearts of the 4 groups. The potassium concentration was markedly di-
minished in the toxic and fatal groups (average for left ventricle of 56.0 mEq/kg
wet tissue as against 79.3 for the controls), whereas the difference between the
normal and therapeutic group was slight (a diminution in the latter of 3%).
To quote their conclusions, ‘“from these data, it seems clear that digitalis in
toxic dosage causes a diminution in the potassium content of the cardiac muscle
of dogs but not of their skeletal muscles, while in amounts corresponding to
therapeutic doses in man this effect is either absent or very slight.”” They rea-
soned, then, that the doses used in man were not adequate to account for the
observed potassium decrease in their patients who died of congestive heart
failure, but they did not rule out the possibility that the slight diminution in
cardiac potassium of the dogs caused by therapeutic doses might be significant
and even considered it conceivable that digitalis ‘“may act in such a way as to
readjust the ionic balance” of the failing heart.

During the ensuing years many workers tried to decide whether presumably
therapeutic concentrations of cardiac glycosides did indeed cause & loss of potas-
sium from the heart (2, 15, 24, 57, 65, 69, 70, 75, 83, 92, 99, 134, 137, 156, 169,
176, 191, 192). Since a small loss of potassium would cause only & very small
percentage difference in the tissue concentrations of groups of normal and
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digitalized hearts, Wood and Moe (191) used another approach which was
designed to avoid the statistical problem raised by direct tissue analysis. They
tried to detect a net change in cardiac potassium by measuring the increase in
potassium concentration in the blood perfusing dog heart-lung preparations
before and during the administration of a cardiac glycoside. Their results showed
that potassium was lost slowly from both the heart and lungs of their prepara-
tions during the control period, and that the rate of potassium loss was increased
significantly not only by toxic but also by therapeutic doses of lanatoside. Fur-
thermore, there was a positive correlation between the increase in mechanical
efficiency caused by the glycoside and the rate of increase of potassium concen-
tration in the venous blood. They concluded ‘“the concept that potassium loss
from cardiac muscle is purely a toxic manifestation of digitalis action is not
supported by these studies” (191). A net tissue potassium loss under the influ-
ence of therapeutic (non-contracture-causing) doses of glycosides has since been
demonstrated for isolated frog (70, 99) and guinea pig (169) hearts by measuring
the resultant increase in potassium concentration in the perfusion solution.
Experiments along the same lines have also been done with intact animals,
since development of techniques for coronary sinus catheterization have enabled
investigators to measure coronary arteriovenous potassium concentration dif-
ferences before and during the administration of cardiac glycosides. None of the
groups of workers has measured coronary blood flow in these studies, their esti-
mates about cardiac net potassium changes being based on the coronary arterio-
venous concentration difference alone. The abstract of Harris and coworkers
(75) indicates that following the administration of K-strophanthoside to intact
dogs, an elevation occurred in both arterial and coronary sinus blood potassium
concentration; in some but not all cases the potassium increase in coronary sinus
blood was said to be significantly greater than in the arterial blood. The detection
of an increase in the coronary A-V potassium concentration difference depends,
of course, on the rate of liberation of potassium from the heart and on the rate
of coronary blood flow. Gonlubol and associates (65) point to these factors as
possible reasons for their failure to detect a significant cardiac arteriovenous
potassium difference after the administration of Cedilanid to human subjects.
Regan et al. (139) tried to establish conditions in which the rate of potassium
liberation might be expected to be maximal by administering rapidly to dogs
the fast-acting acetylstrophanthidin which caused a peak effect on ion move-
ments at about 6 minutes. They consistently found a potassium loss from the
heart under these conditions, and Hellems et al. (83) from the same laboratory
reported similar findings in 7 patients with cardiac failure.

The results obtained by tissue analysis were not nearly as consistent as those
mentioned above in which measurements were made of the potassium lost to
the surrounding fluid. In some studies the digitalized hearts appeared to have a
lower potassium concentration than the controls, but the statistical significance
of the difference remained in question (2, 18, 176, 192). In other studies no
change or even an increase in potassium concentrations was reported after very
small or presumably therapeutic amounts of cardiac glycoside (15, 57, 69, 92,
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176). Various criticisms can be made of these studies. For example, Hagen (69)
found potassium loss with toxic but not with therapeutic doses, but the large
difference between the two dosages (3.6 to 4.6 as against 24 ug/g wet rabbit heart)
suggests that the therapeutic dose was ineffective. Gertler’s results (57) may also
be due to inadequate dosage [0.1 mg/kg Digitaline Nativelle (digitoxin) daily
to rabbits], considering the rapidity with which the rabbit is said to excrete
cardiac glycosides (61). However, in another study of rabbits on the same dosage
schedule digitalis-induced potassium loss from certain body tissues was reflected
in a decreased size of the exchangeable potassium pool, with values returning
to normal levels a week after the drug was discontinued (2). Technical consid-
erations cause difficulty in interpreting the findings of Holland et al. (92) who
studied hearts in a Locke solution containing only 0.002 M NaHCO; bubbled
with a gas containing 5% CO,; and those of Wedd (176) whose glycoside-treated
ventricular strips were frequently unresponsive to electrical stimulation so that
they can hardly be compared with the stimulated controls. Likewise, the results
of Sherrod (158), who gave glycosides to dogs in intravenous doses at 5-minute
intervals until death (9-13 doses) cannot be attributed necessarily to the effects
of the drug in view of the agonal state of the animals. None of the above criti-
cisms would seem to apply, however, to the study of Boyer and Poindexter (15),
who administered glycosides to 11 cats, either in single dosage or over a period
of several days, so that there was electrocardiographic change without signs of
toxicity. Their apparently careful tissue analysis of the left ventricles of these
animals showed no significant change in water content, but an ¢ncrease in the
concentration of potassium (both in mEq/kg wet heart or as the calculated
intracellular concentration based on chloride space measurements). Their control
potassium concentrations are surprisingly low; there is still some possibility that
they gave less than the dose needed to produce a positive inotropic effect (despite
the presence of EKG changes), and if there was a great slowing of the heart rate
potassium concentration might shift upwards; but the correct explanation for
their divergent results remains in doubt.

Despite the difficulties mentioned in the foregoing paragraph, it would seem
that the weight of evidence, especially that which derives from analysis of per-
fusion fluid changes and is based on a variety of experimental material ranging
from the isolated amphibian heart to the intact human, leads to the conclusion
that administration of cardiac glycosides in therapeutic dosage is associated
with a net loss of potassium from the heart. A number of investigators have tried
to determine whether this loss is caused by an increased potassium efflux from
the cell or by a diminished rate at which potassium is transported into the cell.
Based on a comparison of the action of digitalis and veratrum on the isolated
frog heart, Hajdu suggested that the glycosides decreased the rate of potassium
re-entry during the recovery phase of the contraction cycle (70, 165, page 92).
Similar conclusions were reached by Vick and Kahn in studies of the potassium
release from guinea pig hearts during alternating periods of rapid and slow
beating in the presence of ouabain or veratridine (169). The direct measurement
of potassium efflux and influx has since been achieved with the use of radioactive
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potassium, a decrease in the influx with no change in outflux being reported for
both frog ventricle (156) and guinea pig auricle (137). Much of the influx data
from the study on guinea pigs, however, was obtained on hearts that had ceased
to beat, reflecting a toxic effect of the drug. Schreiber (156) analyzed frog ven-
tricle potassium influx curves into rapidly and slowly exchanging components,
and concluded that the curves reflect uptake of potassium into two anatomically
distinct intracellular pools. Ouabain inhibited uptake of only the slowly ex-
changing potassium component, and he believes that if the drug acted at the
membrane an inhibition of both rapidly and slowly exchanging components
would be observed. However, it would not appear that the data speak for the
existence of two intracellular pools as distinct from two pathways for the trans-
membrane uptake of potassium, and as long as the latter possibility exists oua-
bain could act at the membrane on only one pathway, the other component of
the uptake curve remaining unaffected by the drug. The studies just cited, in
which influx is found to be slowed while eflux remains unchanged, were of
course done in the unsteady state when a net loss of potassium from the cell
must have been occurring as a result of the action of the glycosides. Conn, using
a similar approach, has obtained transfer rates of potassium across the cell mem-
brane in the heart of an intact animal, not during digitalization but after a
presumed new steady state has been reached as a result of continuing glycoside
action when influx and outflux should be equal (24). He administered to dogs
0.2 to 0.4 mg digitoxin daily for 10 to 14 days. No toxicity at this dosage is
mentioned. At the end of this time an infusion of K* was given, the rate being
adjusted to maintain a steady arterial specific activity, and the time curve of
appearance of radioactivity in the coronary sinus blood was determined. From
the analysis of such curves he obtained transfer rates between cell and interstitial
fluid of 4.25 &+ 0.25 (SEy) mEq K/kg per min for controls and 3.74 = 0.15 for
the digitalized group. The combined results of the isotope studies, then, show
that potassium influx is diminished as a result of digitalis administration, and
that after new steady state conditions are reached the transmembrane rate of
potassium movement continues to be depressed.

Similarly, Schatzmann (154) has shown that cardiac glycosides inhibit the
uptake of potassium and extrusion of sodium of human red cells previously
stored in the cold. Inhibition of red cell potassium influx by glycosides has been
confirmed by others (58, 59, 95, 97, 163). A correlation between potency of this
effect and #n vivo pharmacological activity has been shown by Kahn (96).

The question which follows naturally from the results of all the studies re-
viewed above is whether the positive inotropic action of the glycosides is a direct
result of the change in tissue composition associated with the loss of potassium
from the cell. The study by Hajdu referred to earlier on the mechanism of stair-
case in the isolated frog heart is applicable to this problem (70). In this work a
correlation was made between tension changes and alterations of cation concen-
trations in both tissue and perfusion fluid. Determination of extracellular space
with inulin permitted calculation of intracellular changes. Associated with the
positive inotropic effect of digitalis he observed a decrease in the net weight of
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the whole tissue, a slight increase in the intracellular concentration of sodium
and a moderate decrease in that of potassium from 114 =+ 0.9 (SE)) mEq/] of
fiber water for the control group to 108 = 1.7 for the digitalized group. For each
heart the increase in the potassium concentration of the perfusion fluid during
the course of digitalization was also measured, the results indicating that a loss of
13.7 & 0.8 milliequivalents of potassium per liter of fiber water had occurred.
Since the decrease in the fiber water concentration of potassium was only 6
mEq/1 (114 — 108) instead of 13.7, one could account for a loss of 13.7 mEq/]
only by assuming that the cells had lost water along with the potassium. The
sum of the intracellular concenérations of sodium and potassium (mEq/1 of fiber
water) was not significantly altered by the glycosides, due to the concomitant
loss of water; but the actual amount of sodium plus potassium expressed as
mEq/kg dry weight of the cells had clearly decreased. In addition to the above
findings, certain other results described in that paper may be summarized. 1)
When, after a period of rest, the heart is stimulated at a specified frequency until
a steady state twitch tension is reached, a net loss of potassium from the muscle
occurs; and the higher the frequency over a certain range the higher the tension
and the greater the net loss of potassium. 2) At any given frequency the twitch
tension characteristic for that frequency is increased if the heart is perfused in a
K-deficient medium. 3) A similar increase is observed if the perfusion medium
is sodium-deficient, tissue analysis revealing a decreased intracellular sodium
concentration while the potassium concentration remains unchanged. In other
words, the contractile force of the heart is increased when either sodium or
potassium is lost from the muscle cell. This suggests the hypothesis that what
may perhaps influence the contractile protein is the sum of the sodium and po-
tassium concentrations, a decrease caused by loss of either ion producing a
greater twitch tension. However, in the case of the cardiac glycosides, the sum of
these monovalent cation concentrations is not changed because of the concomi-
tant water loss; and only the concentration relative to that of the contractile
protein is decreased, (i.e., protein concentration increases because of water loss,
total monovalent cation concentration remaining the same). If, then, it is the
change in the cellular ionic pattern which accounts for the positive inotropic
effect of the glycosides, a unifying hypothesis to account for all the observed
facts would be that the contractile protein is influenced by the ratio of protein
concentration to the sum of the monovalent cation concentrations (s.e., M of
protein per M of monovalent cation). The ratio is increased by glycosides by
virtue of a decrease in cellular water and potassium. It can be increased primarily
by a decrease in ion without a water shift by raising stimulation frequency, or by
lowering extracellular sodium or potassium concentrations. When, on the other
hand, a change in the monovalent cation concentration is caused by water loss
alone (due to immersion of the heart in a hypertonic perfusion medium, for
example), there is no change in the protein/monovalent cation ratio and no sig-
nificant change in contractility.

It has become generally accepted that potassium ions inhibit the action of
digitalis, and it was suggested by Loewi in 1917 that intravenous administration
of potassium salts might abolish glycoside toxicity (118). This approach has been
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used in clinical medicine by later investigators (42, 149). Sampson, for example,
showed that the ectopic beats caused by toxic doses of digitalis in humans were
abolished by the oral administration of enough potassium acetate to cause a 10
to 30 % rise in serum potassium concentration usually within an hour (149). Con-
versely, it was shown that with depletion of body potassium (secondary to
gastrointestinal loss, mercurial diuretic administration, or malnutrition) signs
of digitalis poisoning occurred at a lower drug dosage than that characteristic
of the potassium-repleted state (119). Increasing extracellular potassium concen-
tration is associated with an increase in the minimal lethal dose of glycosides in
guinea pigs (82), with an inhibition of the effect of glycosides on the rhythm of
the embryonic duck heart (54), with a diminution in toxicity for isolated rabbit
heart (4), and with a decreased glycoside effectiveness in the heart-lung prepa-
ration(16). In many of these studies potassium is not said to inhibit the action
of glycosides on muscle contractility, but is said, rather, to prevent effects on
the rhythmicity of the heart (42, 54, 149) as well as reduce toxicity for other
tissues [gastrointestinal tract (4, 119)]. The investigators who do report an in-
hibition of glycoside action on contractile force do not control the heart rate, a
factor which influences heart muscle potassium balance (70) and also the effec-
tiveness of the glycosides (179). The question, which cannot be answered at
present, is whether potassium inhibits glycoside action by altering rhythmicity
in some unknown way or by preventing potassium loss from the muscle cell.
There is some evidence (71) which suggests that the intracellular potassium
concentration of frog heart muscle is not altered by moderate increases in per-
" fusion fluid potassium above about 1.5 mM/1. Below this level the intracellular
potassium concentration falls. One might postulate on the basis of this informa-
tion that the passive diffusion of potassium out of the cell during contrac-
tion is determined mainly by the time available before membrane repolarization
occurs rather than by the concentration gradient at least over the range of
experimental changes in external K+ (0 to 10 mM/1); and that the transport
mechanism for potassium re-entry is saturated at concentrations of outside potas-
sium above approximately 1.5 mM/] in the case of the frog, so that only below
this concentration would the rate of re-entry be diminished. If this is correct,
the effect of potassium in inhibiting the toxicity of glycosides in human patients,
for example, where the external potassium concentration change is rather small,
may not occur by increase of potassium in the heart muscle cells.

An observation which at first seems paradoxical in the light of the work showing
inhibition of glycoside effects by increasing external potassium is that in experi-
ments with isolated hearts it is possible to observe disappearance of ouabain-
induced contracture when the normal perfusion medium is replaced by a potas-
sium-free solution (153). This is assumed to be due to a large increase
in membrane potential (70) which follows the profound reduction in external
potassium.

VIII. CALCIUM

In contrast to the large store of information about relationships between potas-
sium and muscle contractility, detailed knowledge concerning calcium in muscle



194 HAJDU AND LEONARD

is fragmentary, due in part to the difficulties in measuring the concentration of
this ion. Despite the lack of quantitative results, the importance of calcium in
muscular contraction was appreciated very early. Ringer (140), in 1883, observed
that the contractions of the isolated frog heart disappeared in a calcium-free
salt solution and were restored by the addition of calcium. He also noted that a
further increase in the calcium concentration “rounds the top, and also broadens
the trace of the beat.” The effect of calcium on contraction bore some resemblance
to the effect of cardiac glycosides, and great interest arose in the combined actions
of these two substances. Werschinin, in 1910, for example, found that systolic
arrest of a perfused frog heart following the addition of strophanthin was more
complete and appeared earlier when the calcium concentration of the perfusion
fluid was twice normal (180). A large number of workers after this maintained
that the activity of the glycosides as reflected by toxicity in intact animals was
enhanced by high serum calcium concentrations (14, 38, 60, 62, 117, 160). [The
only exception to these results (129) was later criticized by Gold and Kwit (61)
on the basis of inadequate glycoside levels due to the rapid excretion of the drug
by rabbits.] -

A relationship between calcium and the cellular mechanism of glycoside action
was first suggested by Konschegg in Loewi’s laboratory (108). After finding that
frog heart contractility which had been abolished in a calcium-free medium was
restored after the addition of strophanthin, he suggested that the cardiac glyco-
sides could act in the absence of calcium and could perhaps serve as a substitute
for calcium. Loewi pursued Konschegg’s experimental approach by using sodiam
oxalate in the medium in order to be more certain of the absence of calcium from
the perfusion medium. Under these conditions the heart exhibited no twitch
tension, and the addition of strophanthin caused contracture without restoring
the twitch (118). He believed that strophanthin acts by increasing the sensitiv-
ity of the heart to calcium, a small calcium ion concentration existing in the
medium as a result of the dissociation of the calcium oxalate. Without entering
into the controversy which centered around Loewi’s contention, it might be
helpful to state the problem in terms of two possibilities. One is that glycosides
act by altering the intracellular concentration of calcium, thereby increasing
contractility. The other is that glycosides increase contractility through a mech-
anism which does not involve a change in intracellular calcium. A choice between
the possibilities can be made, then, according to whether or not intracellu-
lar calcium concentration is changed by cardiac glycosides. For a positive ino-
tropic effect the expected intracellular change would be an increase in calcium.
In at least three papers published several years after Loewi’s work it was claimed
that the glycosides could act in the absence of external calcium, which could
be adduced as indirect evidence that these drugs do not exert their effect by
increasing the concentration of intracellular calcium. This view was, first stated
by Mandelstamm (124) who recognized that although calcium was needed for
optimal contractility, in a calcium-free medium the glycoside effect was still
detectable, .e., at a very low level of twitch tension characteristic of the calcium-
free medium. The glycosides caused an increase in contractile force, a plateau
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of tension, a prolongation of the total duration of contraction and even contrac-
ture. The difference in speed of onset of calcium and digitalis actions on con-
tractility (47, 133) has also helped investigators separate the effects of the two
substances. Nyiri and DuBois (133) express this as follows. “The digitalis action,
therefore, takes place in the regular way and at the regular speed in the presence
or absence of calcium. In the absence of this ion, however, we do not see the
effect because the heart muscle has lost its inotropic property. At any time that
we reestablish the contractility of the muscle fiber in the course of the digitalis
poisoning, the effect of the corresponding time appears.” In other words, since
it appears that the steady progression of glycoside action can occur in the ab-
sence of external calcium, the mechanism of action cannot be to cause directly
a net gain of intracellular calcium. Of course this conclusion can be open to
question since in all these early experiments there still may be traces of calcium
in the perfusion medium due to contaminating amounts in other salts or in the
glycoside preparations (133). When care is taken to exclude ionic calcium from
the perfusion fluid and the glycoside preparation by addition of EDTA, toxic
concentrations of glycosides have no detectable effect (72) but addition of cal-
cium causes immediate contracture (73). This indicates that the primary action
of glycosides on the muscle cell, which normally is cumulative during the first
10 minutes of exposure, occurs in the virtual absence of external calcium ion, the
positive inotropic action becoming apparent imediately on the addition of cal-
cium. The action of glycosides on another tissue, to inhibit the potassium re-
entry into previously cold stored red blood cells, is likewise not affected by
the absence of calcium (121). The evidence reviewed up to this point does not
rule out the possibility that the primary action of the glycosides on muscle is to
cause some change within the fiber as a result of which calcium accumulates.
Such a change would develop slowly in the presence or absence of calcium, but
a capacity for the glycoside-treated cell to take up calcium rapidly would have
to be postulated in view of the immediate effects noted on shifting from a cal-
cium-free to a normal perfusion medium (73, 133).

Recently, the availability of Ca*® has provided an opportunity for measuring
the effect of glycosides on the efflux and influx of this ion. Wilbrandt and Caviezel
(183) have found that Ca® efflux from frog hearts, previously loaded with tracer
either by soaking or by in vivo injection 24 hours before sacrifice, is partially
inhibited by 2.5 ug/ml of K-strophanthoside. Reports from two other labora-
tories indicate that the influx of Ca* is not altered by non-toxic doses of cardiac
glycosides (79, 166). These results together suggest that the glycosides should
cause a net gain of calcium, at least when the concentration of calcium in the
medium is normal. The fact that such an increase has not been found (79) can
always be attributed to the possibility that the change expected on the basis of
sensitive flux measurements is small enough not to be detectable as a gross
concentration difference. There is another category of evidence which should
be considered before an attempt is made to reach any conclusions. Weizsicker
(179) many years ago showed in a group of carefully designed experiments that
the time of onset of contracture after strophanthin was added to the medium
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perfusing a frog heart depended not on the duration of action of the drug but
on the number of contractions which occurred in the presence of the drug. The
heart was pumped artificially at a constant rate to effect adequate mixing and
oxygenation, and at the same time was stimulated electrically at different fre-
quencies. At a frequency of 15/min it required 30 minutes and 490 contractions
for systolic arrest, whereas at a frequency of 35/min toxicity was apparent in
only 14 minutes after approximately the same number of contractions. Similar
conclusions have been reached by later workers (151, 182). On the other hand,
Niedergerke found that the Ca* efflux from frog heart, measured over a period
of 90 minutes, was not altered by the interpolation of a 10-minute interval of
rapid stiumlation (130). Now if the inotropic effect of digitalis is achieved be-
cause of a diminution in Ca efflux, but Ca efflux is unaffected by stimulation,
then one would not expect the time of onset of glycoside toxicity to depend on
stimulation frequency as Weizséicker and others have shown. This argument
when considered in addition to the experiments in calcium-free media suggests
that the positive inotropic effect of the cardiac glycosides is not caused by a
postulated increase in the concentration of intracellular calcium. However,
Thomas found that calcium influx was increased when contracture of frog heart
was induced by ouabain or a potassium-free solution (166). This is in contrast
to the unchanged calcium influx measured in the presence of non-toxic doses of
cardiac glycosides (79, 166), and suggests the possibility that a great loss of
potassium caused by high concentrations of cardiac glycosides or a potassium-
free medium may be associated with a rise in calcium influx. "
The interpretation of eflux data is made difficult by the rapidity of change in
contractility following a shift in the calcium concentration of the perfusion fluid.
For example, Niedergerke published a table for frog ventricle strips (130) which
shows that 3 minutes after the external calcium has been changed from 2 mM
to 1 mM per liter there is already a 40 % loss in tension but only an 18 % loss
in Ca*. If frog ventricle is washed with a completely calcium-free medium, the
twitch tension drops to zero within a few seconds (72). Strophanthidin-induced
contracture also disappears within 1 to 3 minutes after replacing with a stro-
phanthidin containing calcium-free solution (73). A similarly rapid change is
observed in isolated frog nerve, where excitability disappears within the one-
minute period required for shifting from a normal to a calcium-free solution (53).
It is likely, then, that much of the calcium important not only for the normal
twitch but also for contracture is very rapidly exchangeable, and the efflux
curves published for frog ventricle (130, 183) reflect the movement of a more
slowly exchanging calcium which is not involved in rapid changes of contractility.
The following hypothetical frame of reference may be useful in thinking about
the role of calcium in muscle function. There are three probable sites where
calcium is important for a normal twitch. The first is at the cell membrane
which, though it cannot function in the complete absence of calcium, is very
resistant to calcium deprivation. In the case of frog nerve, for example, the cal-
cium concentration must be reduced below 10 uM/1 before the excitability of
the membrane is affected (53), and persistence of the action potential of frog
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heart muscle has likewise been observed at very low concentrations of calcium
(126, 167). Two more loci for the action of calcium need to be postulated because
of the differences in calcium sensitivity for twitch and contracture. The magni-
tude of the twitch tension is very sensitive to changes in external calcium con-
centration, and rapidly drops to zero when perfusion fluid calcium is removed.
It seems probable that this is due to depletion of a calcium-sensitive mechanism
responsible for propagation of excitation from the membrane to the contractile
protein rather than to failure of the contractile protein itself, since under such
conditions of calcium depletion the contractile protein can be made to go into
contracture without restoration of a normal twitch. These non-propagated re-
sponses (contractures) can be achieved with cardiac glycosides in a medium
deficient enough in calcium to eliminate twitch tension (118) and also by the
recently described cardiotonic protein system which can cause contracture in the
complete absence of outside calcium ions (72). In other words, if one imagines
a sequence of processes leading to the normal twitch, the first site where calcium
is needed has to do with membrane excitability, the second calcium-sensitive
locus has to do with propagation of excitation from the membrane inwards,
and there is a third site beyond this, possibly at the contractile protein, which
can be influenced to cause contracture. There is reason to believe that this third
site also requires calcium, since the contractures mentioned above are induced
either by cardiac glycosides which fail to act in the complete absence of external
calcium or by the cardiotonic protein system which is thought to act by trans-
porting its protein-bound calcium into a particular locus in the muscle cell.

This discussion cannot be concluded without considering the opposing actions
of calcium and monovalent cations on contractility. Ringer found that the effects
of high calcium in the perfusion medium could be abolished by the addition of
potassium (140). It was later shown that the contractile response in a sodium-
deficient medium was similar to that caused by high calcium or strophanthin
and it was stated that ‘“lack of potassium or sodium and excess of calcium all
produce increase of systolic tone in the heart’” (34). These results have been
confirmed and extended by Wilbrandt and Koller (184), and by Niedergerke
and Liittgau (132) who showed that variations in peak tension with shifts in
the concentration of sodium and calcium of the perfusion medium could be ex-
pressed as a single curve if tension peak were plotted against the ratio [Catt]/
[Na+]2. If the results of these experiments are reflections of changes in intracellu-
lar ion content, then they are at least qualitatively in agreement with conclusions
derived from material reviewed above which can be summarized as follows.
The capacity of cardiac contractile protein to develop tension appears to be
enhanced 1) by a decrease in the total intracellular monovalent cation (z.e., the
sum of sodium and potassium), and 2) by an increase in some moiety of intra-
cellular calcium. One or both of these sets of protein-cation relationships may
be influenced by alterations in stimulus frequency or external ion concentration
and by addition of cardiac glycosides or the cardiotonic protein system, as dis-
cussed in the foregoing sections.

Niedergerke and Harris have reported that Ca*® efflux is diminished if sodium
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or potassium ions are eliminated from the perfusion medium (133). These results,
like those of Thomas et al. (166), suggest the possibility that a part of the an-
tagonistic effects of sodium and potassium versus calcium is due to alterations
in transmembrane fluxes. The experiments reported, however, relate so far only
to extreme changes in perfusion medium.

IX. CONGESTIVE HEART FAILURE

A review on the cellular action of digitalis would be incomplete without some
consideration of the human disease for which its use is frequently so efficacious.
Digitalis is most effective in the varieties of heart failure characterized by an
impairment in energy utilization, and it is this group which will be under dis-
cussion below. Certain other types of cardiac failure will not be included in the
present treatment, such as those due to 1) known defect in energy liberation,
e.g., beri-beri heart disease; 2) infarction of a large portion of previously normal
ventricular muscle; 3) mechanical impairment of normal venous inflow, as in
constrictive pericarditis; 4) sudden change in circulatory dynamics caused, for
example, by rupture of chordae tendineae or acute formation of an arteriovenous
fistula. The most common examples of the group under consideration are chronic
congestive heart failure secondary either to an increased work load (as in hyper-
tension or certain types of valvular disease) or to so-called arteriosclerotic heart
disease. In all these cases cardiac hypertrophy occurs first, without clinical
signs of myocardial insufficiency, but sooner or later progressive dilatation of
the heart and the development of frank congestive failure supervene. The essence
of this development of failure appears to be a progressive decline in contractility
defined as the capacity per gram of muscle to develop tension at a specified
fiber length. A roughly analogous viewpoint has appeared many times in the
literature. For example, *. . .in both the precongestive and congestive phase,
a failing ventricle is one which does not respond to a given venous pressure with
an output as great as that of the normal ventricle. The pressure-output curve is
displaced downwards” (196). The venous pressure-output curve is not, of course,
strictly speaking, a measure of contractility. The best approximation in the
intact human is a curve of left ventricular stroke work plotted against pulmonary
capillary pressure (115); (with the availability of left heart catheterization
techniques, left ventricle end diastolic pressure can now be measured). This still
leaves to be conjectured the weight of the muscle mass and the relationship be-
tween diastolic pressure and fiber length before an estimate of myocardial
contractility can be made.

Moderately rigorous definitions should be applied in considering certain ques-
tions such as, for example, whether contractility of the ventricular muscle is
diminished in the case of hypertrophy before development of frank congestive
failure. The statement that contractility is decreased is based on the fact that
for a given rise in venous pressure induced by intravenous infusions the increase
in cardiac output is less than in normals. But, if the elastic modulus of the hyper-
trophied heart remained unchanged the fiber length at any given venous pressure
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would be less than for the normal heart,® so that the fiber length increments for
a given venous pressure rise would not be comparable. And even if the fiber
lengths were known, any difference observed in stroke work would have to be
interpreted in the light of the relationship between the contractile force exerted
by the muscular wall of a spherical organ and the resulting hydrostatic pressure
produced, which varies markedly with the radius of the spherical structure. The
statement quoted in the previous paragraph therefore does not constitute evi-
dence that contractility of the ventricle in the “pre-congestive’” phase is neces-
sarily diminished.

Having defined impaired contractility as an essential feature of cardiac failure,
one is faced with the question of what causes the decline in contractile capacity.
The onset of frank congestive failure frequently occurs without any apparent
precipitating event. The chronic hypertensive with cardiac hypertrophy who
has exhibited no signs of decompensation for many years frequently at some
point begins to develop myocardial insufficiency in the absence of infarction,
or further increase in blood pressure. The reason for the decline in contractility
would not seem to be due to impaired oxygenation secondary to the hypertrophy
as suggested by Harrison (76), since hypertrophy may have existed many years
before obvious impairment in contractility begins. Nor does it appear that car-
diac failure is due to a diminished availability of any other link in the chain of
energy supply needed for contraction (188). The remaining alternatives are that
a primary change in the contractile protein occurs, or that a change in the cellular
environment of this protein alters its contractility.

Evidence that congestive heart failure is associated with a change in the con-
tractile protein has been presented from two laboratories up to the present time.
The more recent work, already referred to in the section on the effect of glycosides
on muscle proteins, is that of Kako and Bing (98), who reported a diminished
contractility of actomyosin bands prepared from the hearts of patients with
congestive failure. The experimental material consisted of 10 to 20 g samples of
heart muscle from 12 patients removed from 1 to 6 hours after death in conges-
tive failure secondary to arteriosclerotic or hypertensive heart disease. The
authors maintain that contractility of actomyosin bands was unaffected by death-
to-autopsy intervals of up to 6 hours. It is not specified whether the muscle was
taken from the right or left ventricle.

The earlier report by Benson (6) was based on heart muscle removed from
dogs with experimental heart failure caused by the surgically induced lesions
of pulmonary stenosis and tricuspid insufficiency. It should be noted at this

8 If for simplicity one expressed the elasticity of a cardiac muscle bundle in terms of
Young’s modulus, in which changes in length but not changes in cross-sectional area are
considered, the expression for the elastic modulus can be written Y = A_Xl‘i in which F is
the force applied (corresponding to end-diastolic pressure), A is the cross-sectional area,
1, is the unstretched length and Al is the change which occurs when the force is applied. If
Y is unchanged in the hypertrophied heart, since A is increased F must also be increased
to obtain the same fractional change in fiber length as occurs in the normal.
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point that the sequence of cardiac hypertrophy followed some time later by
myocardial insufficiency has not been reported for experimental animals. Gener-
ally, the methods employed to induce failure cause either death within a short
period of time following surgery, or myocardial hypertrophy without insufficiency
(which might develop if the animals were followed many months or years).
Benson’s dogs had edema, ascites, and elevated right atrial pressures, but unlike
chronic congestive failure in human patients there was no cardiac hypertrophy.
When compared with the controls, it was found that both right and left ven-
tricular muscle samples contained a diminished concentration of actomyosin,
measured as a percentage of total tissue protein to avoid the effects of changes
in water content of the muscle. Actomyosin was determined according to the
weight of the protein precipitate or by an estimate based on the viscosity drop
when ATP is added to the solution. At least part of the apparent diminution
in actomyosin was thought to be due to dissociation of actin and myosin, since
control actomyosin preparations revealed a single peak in the ultracentrifuge,
whereas the experimental group showed a second peak, possibly uncombined
myosin. A recent report indicates that the contractility of glycerol-extracted
muscle fibers prepared from hearts of the experimental group is lower than
normal (8).

If one accepts as correct the results of these technically difficult experiments,
the question remaining is whether the alterations in the actomyosin caused the
cardiac failure or were a result of it. It has frequently been noted in the case of
Benson’s paper that the muscle protein changes were found in both ventricles
despite the fact that the increased work load was limited to the right. Although
there are many exceptions, in general one would expect the development of
chronic congestive failure in 2 human with hemodynamically comparable lesions
to be predominantly right-sided.® It is possible, therefore, that the protein
changes noted are secondary to the heart failure, associated as it is with progres-
sive emaciation and probably impaired function of many organs. Since Kako
and Bing do not analyze right and left ventricular muscle separately, their human
autopsy material casts no additional light on this problem. As will be seen below,
the evaluation of tissue electrolyte changes in cardiac failure also centers around
the question whether the observed changes have anything to do with causing
impaired contractility or whether they are secondary to the chronic hypoxia
and other abnormalities which are the result of the myocardial insufficiency.
The problem regarding both electrolyte and protein changes could perhaps be
resolved by examining cases of less advanced cardiac failure who die suddenly
of other causes.

Benson suggests that the actomyosin changes which he found might be second-
ary to the dilatation of the heart chambers, the heart failure thus being due to
a dissociation of the actomyosin brought about by the excessive stretching caused

¢ “‘Likewise, persons with a high degree of mitral stenosis in whom during life the signs
of striking mitral insufficiency are absent are found at necropsy to have enlargement cen-
sisting of both hypertrophy and dilatation of the right ventricle, and the left ventricle in
such instances may even be atrophic’ (76, p. 89).
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by the increased work load. Such an explanation might apply to his experimental
animals, but would not account for the slow development of myocardial in-
sufficiency in, for example, the chronically hypertensive human which may begin
only after several years of a permanently increased work load. In this situation,
since there is no new increase in work load at the time failure and dilatation
begin, some change in the quality of the actomyosin must precede and be the
cause of any alteration in the size of the chambers at that stage of the disease.

The alternative explanation for the diminished contractility characteristic of
congestive heart failure is that instead of a primary change in the actomyosin
itself observable in the isolated protein, there is some alteration in the intracellu-
lar environment which results in a diminished contractility of the protein. Such
an alteration might occur because of an intrinsic change in a cellular regulatory
function, or because of a change in a hypothetical circulating cardiotonic system
which could function normally to affect contractility of cardiac muscle. The
measurement of changes in the intracellular ionic environment of cardiac muscle
in congestive heart failure has been a favorite subject of investigation since the
early work of Harrison and others (17, 22, 77, 94, 124, 185). It has generally
been found that the heart muscle of patients who die of congestive heart failure
is low in potasium and high in sodium, expressed as mEq/100 g of dried heart
to eliminate differences due to variations in water content (17, 22, 77, 94, 125,
185). No significant alterations in the sum of tissue sodium and potassium are
apparent, on the basis of published measurements. Although not specified in the
earlier work (17, 77, 125, 185), it is likely that many of the patients in congestive
failure were digitalized at the time of death. From the eleven patients in the
series of Clarke et al. (22) who were not digitalized, however, it is clear that the
fall in potassium and rise in sodium may occur in the absence of digitalis. (In
fact, these authors believe that the administration of digitalis causes an increase
in cellular potassium and a decrease in sodium, thus shifting the ionic pattern
back towards normal.)

The most reasonable interpretation of these findings is that the observed in-
crease in tissue sodium and decrease in potassium do not cause myocardial in-
sufficiency, but are the result of it. Similar alterations have been seen in the
skeletal muscle of patients with non-cardiac edema (77), and are known to occur
whenever tissue metabolism is impaired (30, 157, 159). Digitalis is thought to
improve myocardial contractility not by increasing cellular potassium as Clarke
et al. believe, but by some other mechanism, after which as a result of improved
tissue metabolism a shift in the Na/K ratio towards normal may occur. It may
be argued that the cardiotonic action of digitalis could hardly be expected to
occur by decreasing intracellular potassium, since the potassium concentration
in the muscle of hearts in congestive failure is already low. However, the total
intracellular sodium plus potassium is probably not low; and in fact in the case
of isolated tissues impairment of normal metabolism is associated with a greater
gain of sodium than loss of potassium (30, 157). Thus it is possible, according
to the view presented on page 192, that the glycosides may increase contractility
in the failing heart by causing a further decrease in potassium without a corre-
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sponding sodium gain and therefore a decrease in the sum of sodium plus potas-
sium. The shift in the Na/K ratio towards normal then follows the improvement
in contractility. It should be noted in passing that the decrease in intracellular
potassium induced by glycosides (which can occur without a corresponding gain
in sodium) is very small compared to that which occurs during hypoxia (and is
accompanied by at least an equivalent gain in sodium). The former is associated
with increased contractility, the latter with its deterioration.

Whatever the mode of action of the cardiac glycosides, the improvement
effected by the continued administration of these drugs is temporary, and sooner
or later the progressive diminution in contractility characteristic of chronic con-
gestive heart failure becomes apparent. [The transient effect of digitalis in spon-
taneously failing isolated heart preparations is comparable, even though the
mechanism of failure may be different (150)]. It does not appear that the deterio-
ration is due to development of tolerance to the glycosides, since at least the
toxic effects continue to become evident at approximately the same dosage level
as originally. In other words, the glycosides do not appear to arrest permanently
the downhill course and therapy is not specific, as for example, thyroid hormone
is for myxedema. It would seem, therefore, that the cause of the failure and the
mechanism of improvement by glycosides are different; and if the latter is by a
primary effect on the monovalent ions, the former must occur in some other way.

Since it is difficult to implicate shifts in intracellular monovalent cations as
the cause of congestive heart failure, the calcium ion should be considered be-
cause of its well-known effect on muscle contractility. The problem is hard to
approach by measurement of total muscle calcium, not only because of the
difficulty in determining calcium but also because there may be several calcium
pools and only a part of the total may be related to contractility. It is further
complicated by the fact that not only ionized calcium but also certain protein-
bound calcium in the serum may have cardiotonic activity (72). Therefore, ad-
ditional research will be needed to determine whether alterations in cellular
calcium may be one of the causes of congestive heart failure in man.

X. CONCLUSIONS

In this final section an attempt will be made to justify the title of this review,
by recapitulating the main evidence from which some picture of the cellular
basis of glycoside action can be drawn. It was argued in the sections on metabo- -
lism and congestive heart failure that most cardiac failure was secondary to an
impairment in energy utilization and that the salutary action of the glycosides
was related to an increase in the capacity of the contractile protein to convert
the available chemical energy into mechanical work. The question of how the
glycosides effect such a change has currently been resolved into two alternatives:
1) alteration of the intracellular ionic environment; and 2) direct action on the
muscle protein. The evidence that cardiac glycosides, in therapeutic as well as
toxic concentrations, cause a loss of potassium from cardiac muscle is now widely
substantiated. The reviewers believe that this potassium loss is causally related
to the increase in contractility, since positive inotropic effects can also be pro-
duced in other ways which lead to a diminution in intracellular potassium (high
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stimulation frequency, low-potassium perfusion medium). The fact that a diminu-
tion in intracellular sodium also enhances contractility leads to the idea that the
muscle protein is affected by the sum of intracellular sodium and potassium,
so that it is the total monovalent cation relative to the amount of protein which
is important, a decrease causing increased contractility and vice versa. It does
not appear that the glycosides have any direct effect on cellular calcium, although
because of the importance of this ion for normal muscle contractility it has
long been studied in relation to cardiotonic drug action.

The possibility that the glycosides exert an additional effect directly on the
contractile protein cannot be ruled out, especially in view of the interesting
observation that a correlation can be made between the ability of the glycosides
to increase the potassium binding of isolated actomyosin and the pharmaco-
logical activity of the drugs ¢n vivo. Further work along these lines is needed,
since at this point it has not been established whether the glycosides enter the
cell interior and, if so, whether the effects on potassium binding cause an in-
creased contractility of the muscle protein.

It has been beyond the scope of this review to describe the studies dealing
with the action of cardiac glycosides on ion movements in other tissues. Suffice
it to say that these drugs appear to influence ion fluxes in kidney, red blood
cells, blood vessels, stomach, large intestine and thyroid; and the ion affected
is not always potassium, as it appears to be in the case of cardiac muscle. This
comparison suggests the interesting possibility that the cellular mechanism for
transporting different ions consists of a part which is common to many cells
and an additional part which confers ionic specificity to the system. The cardiac
glycosides, then, would appear to act on the non-specific part of the system, a
postulation which can perhaps be tested by future research.
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