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POTASSIUM DEFICIENCY: ITS COMPARATIVE EFFECTS

ON SKELETAL MUSCLE AND THE HEART

Potassium deficiency has been the subject of intensive investigation for
many years. Some of its most important clinical manifestations center upon the
heart and skeletal muscle. Studies on a variety of experimental animals
including dogs, rats, guinea pigs and rabbits show that at least in early
potassium deficiency, the deficit is borne almost exclusively by skeletal
muscle (1-7). In contrast, other more vital organs, especially the heart (2,8)
retain essentially normal potassium stores until the point at which the defi-
ciency approaches the terminal state. In either situation, skeletal muscle
tissue is consistently and uniformly deficient. An cxception to the foregoing
description of selective organ depletion of K may exist in the very young animal
(8,9). Perhaps because of the added influence of growth, potassium deficiency
always occurs more rapidly (tissue protoplasm synthesis without adequate
potassium) and is generally more severe. Myocardial lesions may be produced
easily in young animals (mice, rats) fed low potassium diets containing abundant
sodiun chloride (10) but are seldom seen in adult animals with potassium
deficiency. Since a normal concentration of potassium ions in the heart and
other vital organs such as the brain and the liver is a fundamental requirement
for satisfactory function of those organs, it would appear that muscle functions
as a reservoir destined to provide redistribution of its potassium ions when the

total body is denied its normal requirements.

Until recently, little attention has been given to the significance of
organ specific selectivity of potassium depletion. Information gained from.
techniques that permit characterization of mechanisms regulating intracellular
potassium concentration have provided some explanation for this phenomenon which
is not only of heuristic interest but also of clinical importance. Thus, as
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will be pointed out, many of the adaptive responses to potassium deficiency
mimic the responses to cardiac glycosides and may explain why hypokalemia

increases the 1ikelihood of developing digitalis toxicity.

Factors Responsible for Accumulation and Maintenance of Intracellular

Potassium Ions

Three major forces are responsible for maintaining the usual potassium con-
centration in muscle and ventricular cytoplasm of about 150 mEq/L intracellular
water (11). These include: (1) Donnan forces, (2) the relative impermeability
of sodium as compared to potassium ions and (3) active sodium and potassium

transport.

(1) In the classical Donnan model, a negatively charged nondiffusible macromo-
lecule is placed in a cell and a solution of potassium chloride outside the
cell. The cell membrane is freely diffusible to both potassium and chloride
jons. At equilibrium, the concentration of potassium (more precisely, potassium
activity) inside the cell is equal in chemical equivalents to the negative
charges on the protein molecule plus that quantity in chenmical equilibration
with potassium idns outside the cell. Thus, Donnan forces establish a
Ki/kO gradient. The electrical force provided by the negative charge on the
protein molecules that is required to exactly maintain the potassium gradient is
the potassium equilibrium potential (Ey). The value of the potassium
(equilibrium) potential can be estimated from the Nernst equation (Ey = -61.5 +

log Ki/Ko) .

(2) Skeletal muscle cells and myocardial cells are more permeable to potassium
than sodium ions. If one visualizes a model in which solutions of 0.15 molar
sodium chloride and 0.15 molar potassium chloride are separated by a membrane

having the same permeability characteristics of a muscle cell, potassium ions
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will flow toward the sodium chloride side more rapidly than sodium flows toward
the KC1 side. A negative potential will be generated in the compartment that
originally contained KCl. This potential will eventually reach a value that
will precisely stop movement of potassium ions. Although the voltage generated
is also a diffusion potential, it will not persist since both sodium and
potassium ions will eventually come into chemical equilibrium and the charge on

the membrane will be dissipated.

(3) To prevent dissipation of this charge and to maintain such a potential
requires active transport. Thus, in the muscle cell, the ion pump is situated
such that when sodium ions enter through their respective pores in the sarcolem-
mal membrane, an increase in Na concentration in the cytoplasm will activate the
specific magnesium dependent, Na,K-ATPase which in turn will utilize the energy
in ATP to actively pump sodium from the cell against its chemical gradient. In
the process, potassium ions from the extracellular side of the sarcolemmal
membrane will be pumped into the cytoplasm against its chemical gradient.
Metabolic energy has been utilized. Because sodium ions are removed from the
cell as rapidly as they enter, the cell is in effect impermeable to sodium jons.
Thereby, the electrical potential difference generated by Donnan forces and by
differential permeabilities of the membrane to sodium and potassium jons will be
maintained by sodium transport. If the sodium, potassium exchange across the
membrane were one-to-one, there would be no voltage generated. However,
measurements of the Na:K exchange ratio in a variety of tissues, including
cultured heart cells, indicate that the Na:K exchange ratio is 3:2. The net
effect of this exchange is that three positively charged ions are removed from
the cell while only two are permitted to enter and as a consequence, electrone-
gativity is generated above that predicted by the potassium diffusion potential

(12). If the Nernst equation is modified to include the permeability ratios for



sodium and potassium, as represented by the modified Goldman equation E; =
-61.5 log [K1/(Ky + pNa©)], the measured membrane potential (Em) may be pre-
dicted with reasonable accuracy uniess the serum potassium concentration becomes

significantly depressed (13).

Abundant evidence indicates that the membrane bound magnesium dependent,
sodium and potassium activated ATPase is the enzymatic representation of the
sodium-potassium pump not only in skeletal and cardiac muscle, but also in vir-
tually every cell in the body. The bulk of available evidence indicates that
digitalis glycosides and potassium ions compete for a common binding site on
that portion of the enzyme oriented toward the outside of the cell membrane (fig

1). That portion of the enzyme oriented toward the cell interior is the binding
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site for sodium jons and specific antibodies against the ATPase molecule (14).

An excellent review on the interaction of cardiac glycosides with Nat+, K acti-
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vated ATPase was published within the past month by Hansen (15).

Responses of the Sodium Pump to Potassium Deficiency and Digitalis Glycosides

Within five days to three weeks after administering a potassium deficient
diet to experimental animals, there follows an increase in the net number of
ouabain-binding sites in the heart (5,16) and either an increase or no detec-
table change in density of these sites in the brain (6) kidney (5,17) or red
cells (18). In contrast, at the same time there occurs a sharp decrease in the
number of ouabain binding sites in skeletal muscle. That this response has
been consistently more pronounced in white muscle fibers than red muscle fibers
might be related to the higher K concentration and resting membrane potential of
white muscle fibers (19-22). Presumably, these two features usually predict a

greater density of pump units.

To characterize the effects of K-deficiency on the heart, Erdmann et al
(16) prepared isolated membranes from samples of myocardium from normal and
potassium deficient animals. Ventricular sarcolemmal ATPase from normal animals
measured 0.075 units/mg (1 unit = the amount of enzyme catalyzing the conversion

of 1 micromole of substrate per minute at 37°C) (fig. 2). In the K-deficient
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animals, serum potassium fell from an average value of 4.3 to 2.5 mEg/L.
Ventricular ATPase activity in potassium deficient animals measured 0.172
units/mg, representing a net increase of 130%. The ouabain-inhibited enzyme
represented 16.6% of total ATPase activity in the control animals and 28.3% in
the potassium deficient animals. They also measured the effect of various con-
centrations of sodium, potassium and Ouabain on the apparent activity of the
enzyme. Their results indicated a net increase in Na ,K ATPase activity in the
potassium deficient animals. Since animals fed potassium deficient diets
usually become anorectic and lose weight, control measurements of ATPasce acti-
vity were also conducted on animals that were deliberately underfed. The heart
muscle extracts of these animals showed identical values to those of the control

animals.

Bluschke and associates (5) also demonstrated a net increase in Na,
K-ATPase activity in male guinea pigs fed a potassium deficient diet for 12
days. Serum potassium had fallen from an average value of 5.1 to 3.4 mEq/L.
The increase in ATPase activity was limited to ventricular muscle (fig. 3).
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Their was no change in specific activity of the ATPase enzyme in kidney or
brain.
Boardman, Huett, Lamb, Newton and Polson (23) examined genetic control of

sodiun pump density in Hela cells grown under conditions of low potassium

concentration. Following culture in a low potassium medium for 24 hours (fig. 4),
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these cells showed an increased sodium concentration, a decreased potassium
concentration, increased Ouabain binding and increased Na-K ATPase activity.
Their data suggested that the ATPase response both in activity and quantity was

primarily a response to increased intracellular sodium concentration. Figure 5
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shows the time course of low K medium on Hela cells. The left panel shows Na

and K concentrations in cytoplasm (mEq/L ICW). Specific ouabain binding is

shown on the right. The percent increase in the latter was nearly 200% in the

Tow K medium after 28 hours. Figure 6 illustrates effect of growth of Hela
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Erdmann and Krawietz subsequently conducted studies on erythrocytes from
patients with chronic hypokalemia (18). It is noteworthy that red cell
potassium content in these patients was normal. Similar to ventricular muscle
preparations from potassium deficient guinea pigs, red cells also show a net

increase in Na,K-ATPase activity. In this study (fig. 7), the density of
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pump units was also estimated on the basis of Ouabain binding sites per mL of
erythrocyte membranes. In normal humans, this value was 235 + 48. In patients
with chronic hypokalemia (serum K 2.8 mEq/L), the value was 476 ++ 185.
Following correction of hypokalemia, 75 to 135 days were required for recovery
of pump density values to normal. The obvious implication from these studies
was that recovery of the enzyme was dependent upon protein synthesis. Since
this occurs only in nucleated red cells, a normal red cell survival time of
approximately 120 days was required for complete replacement by new cells con-
taining an normal number of sodium pumps per unit cell membrane. When the

experimental data were displayed by a Scatchard plot (fig. 8), there was iden-
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tical affinity of the receptor for the ligand at all concentrations. This
implied the cxistence of only one type of receptor, and that the number of
receptors per unit membrane mass had increased as the result of potassium
deficiency. Acute hypokalemia in patients with vomiting and diarrhea had no

effect on specific ouabain binding sites.

Chan and Sanslone (24) studied rats fed a K-deficient diet for 10 weeks.
Red cell Na, K-ATPase doubled within this period. As evidence that the adap-
tation involved only this enzyme, they also measured another membrane-bound
enzyme, acetylcholine esterase, which did not change. Following return to a

normal K intake, 5 weeks elapsed before red cell ATPase returned to normal.

Studies have been conducted on red cells to characterize cardiac glycoside
receptor sites, rubidium uptake as an inferential index of potassium transport
and intracellular sodium concentration in patients during the early phase of
digoxin therapy and again after two months of chronic treatment (25). The
characteristic response within the first few days after administration of
digoxin is a reduction of rubidium uptake, elevation of intracellular sodium

concentration, and reduction of digoxin binding to red cell membranes. Figure 9
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treated to the point of toxicity. Erythrocyte digoxin binding (fig. 11) did not
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change significantly during the initial treatment period. Although there was a
fair amount of scatter in the results, digoxin binding in patients with digoxin
toxicity was significantly less than values in the control subjects. Increased
digoxin binding in erythrocytes following chronic treatment suggests that
erythrocytes formed during treatment may possess a increased number of available
cation pumping sites as a result of being exposed to digoxin during
erythropoiesis. At least in the study by Vaughn and Cook (26) a prolonged ele-
vation of the internal sodium concentration was a requirement for adaptation to

occur.

The inotropic effect of digitalis appears to result from the sequence of
Na, K-ATPase inhibition, decreased sodium efflux, increased intracellular sodium
concentration, reduced Na:Ca cellular exchange, and increased contractility as a
result of cytosolic calcium accumulation (27). If the myocardium of man
increases ouabain binding sites in response to digitalis, then one can explain
the observations by some investigators that digitalis therapy is no more than

transiently beneficial (28-33). A number of investigators were unable to detect
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any apparent clinical effect of digoxin after one month of administration or, on
the other hand, no deterioration following digitoxin withdrawal. Fonrose et a!
1974 (34) and in addition, Dobbs and his associates (35) did find evidence of
deterioration of cardiac performance in some chronically treated patients with
cardiac failure with sinus rhythm when cardiac glycosides were withdrawn.
However, it seems quite possible that a number of coincidental factors could
prevent upward induction of ion pump units in myocardial cells as a result of
digitalis in certain patients. One good possibility would be hypothyroidism, as

demonstrated by Norgaard and his associates (36) (fig. 12).
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The foregoing effects of potassium deficiency on pump activity in
myocardium, red cells, and cultured cell lines (23) stand in sharp contrast to
those observed in skeletal muscle. Norgaard and his associates (6) examined
3H-Quabain binding and 42K uptake in soleus and extensor digitorum longus (EDL)
muscle from either rats or mice during potassium deficiency induced by admi-
nistering a potassium free diet, a diuretic or a potassium-binding resin.
Potassium deficiency decreased the number of binding sites as much as 78% {fig.

13). The defect was reversible by repletion of potassium. Sodium-potassium
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transport-mediated 42K uptake in skeletal muscle was also decreased by potassium

deficiency. In both rats and mice, maintenance on a potassium deficient diet
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induced a rapid reduction in potassium content of plasma and skeletal muscle,

but essentially no change in heart or brain (fig. 14). The values in muscle
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and plasma reached their nadir after 3 to 4 weeks on the diet and remained
stable for an additional 4 weeks of the experiment. This characteristic pattern
of potassium deficiency had also been noted in our own experiments on dogs fed
potassium deficient diets (13,37). Thus, depletion of potassium is charac-
terized by the rapid appearance of hypokalemia and a fairly rapid decline of
muscle potassium content to values of approximately one-half of normal. After 4
period of about 2 weeks, depending upon salt intake and mineralocorticoid
administration, both of these values tend to stabilize for many additional
weeks. For example, it is not uncommon to observe potassium losses amounting to
15 to 20% of total body stores during the first 12 to 15 days of potassium

depletion. Thereafter, an additional 20 to 30 days may pass before loss of an
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additional %% occurs.

The gradual reduction in the rate at which potassium s

Tost during potassium deprivation thus appears to be a characteristic of several

species. Norgaard and his co-workers also examined 3H-ouabain binding, muscle

and serum K during K-repletion in the same animals (fig. 15).

parameters showed a sharp recovery (6).
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Studying rats, Williams, Withrow and Woodbury (38), examined the effects of

ouabain on the resting membrane potential of skeletal muscle, intracellular and

extracellular electrolytes.

The measured muscle resting potential difference

decreased from -90 mV to -65 mV with ouabain which was predictable from measure-

ments of intracellular and extracellular electrolytes.

The effects of ouabain

also include a rise in potassium and a fall in sodium concentration in plasma, a
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rise in intracellular sodium and chloride and a fall in potassium concentration.
Evidence such as this is perhaps the most valid indication that ouabain acts
upon skeletal muscle ATPase and lends credance to the studies published by

Norgaard (6) and Clausen (38a).

One must be extremely careful about the assumption that changes in specific
ouabain binding of muscle following such interventions as potassium deficiency
has truly quantitated a change in the number of receptors. For example, it is
known that hypokalemia may be responsible for increased peripheral vascular tone
and increased peripheral resistance to blood flow in the vascular bed of skele-
tal muscle (39). Thus, simply injecting a dose of labeled ouabain into an
intact animal and subsequently measuring its accumulation in skeletal muscle
might well lead to erroneous interpretations. For example, we know that even
normal muscle tissue is poorly perfused at rest. Studies such as those per-
formed by Norgaard and Clausen (6,38) employ intraperitoneal injection of
labeled ouabain followed by collection of muscie samples. There has been no
attempt to open up the capillary bed or on the other hand, to induce muscle cell
hyperemia that may occur, for example, during exercise. Nevertheless, following
injection of labeled ouabain, those investigators compared in vivo uptake to in
vitro uptake of the label by skeletal muscle membranes and showed that there was

no difference between the two values (Table). Therefore, we can assume that in

[3H) OUABAIN BINDING SITES IN RAT SOLEUS*
(PMOL/G WET WEIGHT)

IN VITRO (N) 1IN vIvo (N)
UNTREATED 237 + 12 (8) 247 + 12 (12) e < 0.001

K-DEPLETED®* 95 + 4 (8) 92 + 11 (8) p < 0.001

® CLAUSEN ET AL. J. PHYSIOL. 333:367, 1982.
** K-FREE DIET 3 WEEKS
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vivo, labeled ouabain is specifically distributed to and becomes bound to skele-
tal muscle receptors, and by all evidence measures the density of pump enzyme in

sarcolemmal membranes.

Cameron and his associates (40) have performed several studies on muscle
composition and sodium pump density on rabbits during induction and recovery
from K deficiency. During repletion, muscle recovered its potassium content in
one week. However, during the same time, myocardial K showed a rebound to
values above normal. They ascribed this event to the upward regulation of
sodium pump units in the heart but not skeletal muscle. Continued studies by
the same workers (41) showed an apparent change in the kinetics of Na pump acti-
vation by K. Vmax of the partially purified enzyme from the heart rose substan-
tially during K deficiency. In addition, the affinity of the enzyme for K also
increased. The Km fell from control values of 1.04 + 0.12 mM to 0.62 + 0.09 in
the depleted group (p < 0.001). They calculated that this reduction in Km would
increase activity of the enzyme 15% at the usual plasma K concentration of 20
mEq/L in deficient animals. Unfortunately, these authors have not published
their data in a reviewed journal and I know of no other investigations of Na,

K-ATPase kinetics in potassium deficiency.

The observation that during the course of depletion, the rate of potassium
loss eventually slows down may also have a clinical corollary in patients medi-
cated with potassium-wasting diuretics. Thus, it has been noted that in some of
these patients, hypokalemia and a net loss of potassium may occur early during
the course of diuretic administration. However, after a period of weeks or
months, serum potassium tends to return toward normal or stabilize at only
slightly low values and at this point, potassium wasting can be demonstrated

only with difficulty.
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Akaike (42) noted that potassium deficient diets caused a decrease in
potassium concentration in blood plasma and skeletal muscies but not in
cerebrospinal fluid or brain tissue. During the first 4 to 5 weeks of
potassium deficiency, decreases in rat muscle potassium are not compensated by
equivalent increases in muscle sodium. However, during further hypokalemia, the
ratio of the number of sodium ions entering the muscle to that of potassium ions
coming out approaches one. The plasma potassium concentration in the hypokale-
mic rats decreases from a level of about 4.6 mmoles to about 1.6 mmoles, a value
that is sufficiently high to maintain activity of the sodium-potassium pump in
muscle (recall that the "Kg" for potassium activation of Na,K-ATPase is about 1
mmole) . Furthermore, when muscles from hypokalemic rats are excised and placed
in Kreb's solution at 37°C, the intracellular sodium concentration is promptly
reduced and the intracellular K concentration is corrected, even though the
external potassium concentration remains as low as 1 mmole. He concluded that
in hypokalemic rats, the Na-K pump is obviously inhibited, however the high
intracellular sodium and low intracellular potassium of muscle in situ cannot be
attributed to pump inhibition by plasma hypokalemia. (Usually, the pump begins
to fail when plasma K falls below 1.0 -1.5 mEg/L). Therefore there must be an
additional mechanism by which activity of the sodium-potassium pump in muscie of
hypokalemic rats becomes suppressed in vivo. Based upon the information that
adrenergic receptors modulate serum potassium concentration, Akaike considered
the possibility that increased noradrenergic tone might be the factor respon-
sible for the eventual characteristic finding in potassium deficiency that serum
potassiun and muscle potassium concentrations tend to reach a plateau. As an
intervention to reduce noradrenergic tone, he sectioned the brain, spinal cord
or peripheral nerves. After denervation, the soleus muscle promptly restored
its sodium and potassium concentrations to values close to those of soleus

muscles from normal rats. The half time for recovery of these internal cations
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was only 20 minutes. Within a period of 6 hours, ionic composition of the

muscle cells had been essentially restored to normal although serum potassium

remained at very low levels. The recovery was inhibited by ouabain thereby

implicating the sodium-potassium pump. Akaike then demonstrated that admi-
nistration of the «-adrenergic blocking agent, phentolamine, exerted the iden-
tical effect on muscle potassium concentration recovery despite ongoing
hypokalemia. He observed a similar response to dibenamine and phenoxybenzamine.
In contrast, administration of propranolol, a non-selective g-adrenoreceptor
antagonist, produced no changes in either sodium or potassium contents of the
skeletal muscle cells. Akaike suggested that the endogendbus transmitter norepi-
nephrine might be responsible for the eventual stabilization of potassium uptake
in potassium deficient animals and indeed, is probably responsible for continued
suppression of pump activity so that serum potassium levels may be maintained at
a level sufficient to maintain life. It is interesting that others have
demonstrated increased levels of plasma catecholamines in potassium deficient
animals (43), increased norepinephrine content in secretory vesicles of nerve
endings (44), and decreased norepinephrine vasoresponsiveness in K-deficient

rats (45) and patients (46).

Clausen, Kjeldsen and Norgaard (47a) claimed that they were unable to con-
firm certain elements of Akaike's observation that phentolamine caused K uptake
in potassium deficient muscle. However, the dose of phentolamine employed by
these investigators was substantially 1less than that employed by Akaike.
Clausen and his associates also claimed that they could induce correction of
muscle potassium content by immobilization of an extremity by a variety of
means. Unfortunately, they did not report serum potassium values or acknowledge
the fact that total immobilization of a 1imb in a plaster cast or inactivation

of a muscle by tenotomy could conceivably facilitate an atrophic or catabolic
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response in that ‘particular tissue, liberate its potassium stores and thereby
restore serum potassium values to normal. This response in turn would tend to
correct potassium values for other musclies not immobilized. It is noteworthy
that Clausen and his associates described a decrease in the number of 3H-ouabain
binding sites ranging from 8 to 13% following one week of denervation. Since a
decrease in the number of ouabain binding sites corresponds to a decrease in
ATPase activity, the latter findings may be a mirror image of our own findings
that intensive physical training of skeletal muscle causes an increase in sodium

transport ATPase activity (47a).

The Interrelation of Potassium Deficiency, Age, Pump Density

and Digitalis Toxicity

That hypokalemia produced by potassium deficiency may reduce the toxic
threshold to digitalis has been clearly appreciated for many years. One of the
most lucid and comprehensive reviews on this subject was published by Lown,
Black and Moore in 1960 (47). At that time, information was just beginning to
emerge suggesting that the mechanism of action of cardiac glycosides might be to
inhibit Na, K-ATPase, based upon studies conducted on the enzyme from other

tissues (48,49).

The interactions of potassium and the toxic effects of digitalis were
clearly appreciated. For example, Lown and his associates (50) studying trained
dogs, observed that when serum potassium was maintained between 7 and 8 mEq/L by
hemodialysis, the dose of digitalis required for a toxic effect was increased
approximately 240%. 0f interest, Garb and Venturi (51) showed that while

potassium may antagonize the toxic effects of digitalis, it would not block the

increase in contractility resulting from the addition of ouabain. Conversely,

Lown and his associates showed that when 5 to 10% of a dog's total body
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potassium was removed and the serum concentration lowered to 2 mEq/L, only 40%
of the wusual toxic dose of digitalis was required to produce ventricular
tachycardia. Finally, alteration of the threshold for digitalis toxicity is not
necessarily the result of potassium deficiency or net retention of potassium
ions by the body. Thus, digitalis intoxication may appear rapidly if serum
potassium is reduced without changing total body potassium by the administration
of sodium chloride, sodium bicarbonate, glucose or insulin. It has been shown
(52,53) that in the critically digitalized patient, induction of sudden hypoka-
lemia by oral administration of carbohydrates or intravenous administration of
glucose or insulin may precipitate ventricular premature beats or ventricular
tachycardia. Francis and his associates (54) showed that acute hypokalemia in
dogs induced by glucose-insulin increased 3H-digoxin uptake by the 1left

ventricle but not skeletal muscie.

Based upon the aforementioned studies by Norgaard and his associates (6)
demonstrating that specific 3H-ouabain binding in skeletal muscle was markedly
reduced in potassium deficient animals, it was postulated that this charac-
teristic may favor redistribution of digitalis glycosides from the periphery to
the heart and may explain the increased 1ikelihood of digitalis toxicity as the
result of potassium deficiency. Since skeletal muscle represents the largest
pool for cardiac glycoside binding, the fractional binding potential for a given
dose of cardiac glycoside by the heart would be enormously increased in animals

(and presumably man) as a result of potassium deficiency.

An additional important observation reported in the study by Norgaard et al
(6) and Kjeldsen (55) and his co-workers was a sharp reduction in the ability of
skeletal muscle cells to take up potassium ions as a result of potassium
deficiency. Control animals showed a potassium uptake of 0.377 micromoles per g

wet-weight per minute. In animals that were potassium deficient for a period
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of 3 weeks, potassium uptake was reduced to 0.154 micromcles/g/wet-weight per
minute, a difference that was highly significant. Even after potassium supple-
ments were given for one day in large doses, the ability to take up potassium
remained abnormally low. However, when potassium uptake was expressed as the
number of ions taken up per ouabain binding site per minute, the value remained

normal for the period of depletion and early repletion. This observation

suggests that potassium uptake by skeletal muscle is principally a function of

pump enzyme units per mass of muscle tissue. These observations suggest at

least two points of potential clinical importance. First, it has been observed

that some patients with established potassium deficiency and frank hypokalemia

may rapidly become hyperkalemic following administration of ordinary doses of

potassium salts intravenously. This unexpected response might be the result of

decreased pump unit density in skeletal muscle and explains variation in

potassium tolerance among hypokalemic patients. Second, correction of hypokale-

mia in a potassium-deficient patient does not assure protection against digita-

1is toxicity. The foregoing studies on animals suggest that 24-48 hours may be

required for reconstitution of pump sites in skeletal muscle.

How might one integrate the foregoing information with that presented
earlier concerning the effect of potassium deficiency on the density of pump
sites in the heart and skeletal muscie? Current evidence suggests that the
increased myocardial contractility that occurs following digitalis therapy is
related to a slight increase of cytosolic calcium concentration in the myocar-
dial cell (56,57). Suppression of ATPase activity by the cardiac glycoside
reduces sodium transport from the cell. This action has two specific effects.
The first is an increased concentration of sodium ions in the cytosol; the
second is a reduction in the resting membrane potential of the cell. These two
factors directly influence the sodium-calcium exchange that is also located in

the sarcolemmal membrane (fig 16). Normally, active transport of sodium from
-23-



_ A Model of How Inhibition of the Sodium-Potassi-
um-ATPase by Digitalis Can Atiect Caicium Levels in Cardisc
Muscle Celis
Normally the 80 Pt ATPase sogum
gradients thal are the driving force for caicium efflux by &
separate sodium-caicium exchange system Some of the
sodwm pumpad out by the sodium-potessium-ATPase
rennters the ce!l through the exchange sysiem. producing
toupied net efflux of an squivelgni gmount of positive chaige
in tha form of calcium. Such an exchange aystom Is prasoil”
Also in narves, where there i3 ovidance thal each caicium lon
may ba coupled to the \ransporl o thes sodiin fons’ ath*
er than Two sodium iana as ofiJinsily progosed lor cardiac
muscle. of the sod s 8 ATPasa reduces
the magitude of sodm pumped out. thus reducing the
driving force for caicium efffux through he sodm-caicium
hani This i leads lo Increased
intracellufar caicium levels and, consequantly. increased
muscle contractility The modelis an example of tne part that
the sodium-potassium-ATPase can play In regulating the
Jevel of other intraceliular molecules besides sodium and po-
tassium
Sweadner and Goldin

NEJM 302, 1980

t'e Cell increases the extr acellu ar to intr aCeIl Ial a oncentration glad ent
u N C

across the m i i
yocardial cell. The increased gradient thus becomes a chemical

force i i i i
tending to drive sodium ions back into the cell. Secondly, as sodium i
R NS

actively transported from the cell by the action of ATPase, the electrogenic
effect of the pump increases the usual electronegativity inside the cell. This
force also attracts positively charged sodium ions from outside the cell Thus

forces promoting the inward traffic of sodium activate the sodium-calcium
exchanger that in turn facilitates outward movement of calcium ions. This
system regulates in a fine way the normally very low concentration of free
calcium ions in the cytosol. Accordingly, even slight inhibition of the ATPase
pump by digitalis glycosides permits accumulation of sodium ions in the cell

wh'ICh in i Y i Y
tu[n dec'eases the chem]Cﬁ] g ad]ent (0] SOd'ium ionS across the Ce‘]
LEY:

- ; :
d the decreased electrogenic sodium transport from the cell reduces the

_24-



membrane potential. Finally, the electrical forces tending to pull sodium ions
back into the cell are weakened. The result is an accumulation of calcium ions
so that now the myocardial contractile proteins respond more briskly, thereby
accounting for increased contractility of the heart following digitalis therapy.
Since both the therapeutic effect and toxicity to digitalis glycosides are dose
related, the effect of hypokalemia to substantially reduce the enormous number
of binding sites for digitalis in skeletal muscle and simultaneously to increase
the number of binding sites in cardiac muscle sarcolemmal membranes readily
explains why digitalis toxicity is more likely to occur in hypokalenia with con-
ventional doses of digitalis. Thus, the simple cxplanation seems to be that
more of the drug will be available to interact with receptors in the heart

thereby increasing a Tikelihood of toxicity.

Some of the observations made on the density of ouabain receptors and
myocardial and skeletal muscle cells by Norgaard and Clausen may also explain
why the 1ikelihood of digitalis toxicity increases with age (38). They observed
that the net number of ouabain binding sites in soleus muscle of rats decreased
by 58% between the age of 28 and 85 days. Following the injection of labeled
ouabain, the 85 day old rats showed a more pronounced and sustained rise of
plasma 3H-ouabain activity which presumably reflects the reduced ability to bind
ouabain in skeletal muscle receptors. It is of interest that muscle cells of
young rats (and presumably the young of other species) have a high sodium con-
tent and a low membrane potential that gradually become normal by the age of
about 3 months (58). A number of studies have shown that certain factors that
cause increased sodium permeability of cells, whether it be immaturity (58)
malnutrition (59), or early thyrotoxicosis (60), will be associated with an
adaptive increase in net number of ouabain binding sites in the sarcolemmal

membrane of skeletal muscle. The practical implication is that as animals and
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presumably humans merge from infancy to childhood, intracellular sodium con-
centration declines and in association, the net quantity of pump units decline
thus increasing the 1likelihood for digitalis toxicity. If hypokalemia is
superimposed, which also decreases the net number of ATPase enzyme units in ske-
letal muscle, then the susceptibility to the effects of digitalis increases. Of
interest, experimental administration of digitoxin for 15 days yielded an
increase of ATPase activity in heart muscle to almost an identical degree with
that produced by potassium deficiency (38). Similar to K deficiency, there was
no change in kidney or brain ATPase activity with digitoxin administration. The
obvious gap in our information concerns the reason why both digitalis and
potassium deficiency selectively reduce the density of sodium pumps in skeletal

muscle but not other tissues.

The Role of Intracellular Calcium in Potassium Deficiency

It is well known that calcium opposes the electrical effects of potassium
on excitable tissues and also that hypercalcemia increases the propensity toward
digitalis toxicity. It has been known for many years that if the level of
calcium in the perfusate is increased when studying the isolated frog heart
preparation, systole becomes more vigorous. This effect of calcium is opposed
by raising the concentration of potassium. Clinically, profound hypocalcenia
has been described as a cause of impaired myocardial contractility with

congestive heart failure.

It was stated earlier that increase of potassium concentration may prevent
digitalis-induced arrhythmias while a decrease of potassium may sensitize the
heart to such disorders. This same relationship holds if calcium is substituted
for digitalis. In the isolated rabbit heart, ventricular fibrillation can be

initiated by injection of calcium or by perfusion with a potassium free solution
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(61). Calcium injection does not result in fibrillation when the potassium con-
centration exceeds 2.3 mEq/L. Similarly, a potassium free solution does not
induce ventricular fibrillation if calcium concentration is less than 3.5 mEq/L.
A relationship between calcium and digitalis has also been observed on the
transmembrane potentials of individual myocardial fibers (62). The usual shor-
tening of the transmembrane action potential that occurs within three hours
after digitalization will be decreased to one hour if the extracellular calcium
concentration is doubled. If calcium is excluded from the perfusing fluid,
digitalis effects do not appear. This observation concurs with the evidence
that a major effect of digitalis is facilitation of calcium entry into the

myoplasm.

It has been shown that experimental potassium deficiency in dogs is asso-
ciated with an increase of skeletal muscle calcium content. Unpublished results
from our own laboratory have shown that when skeletal muscle potassium content
was reduced from 44 to 28 mEq/100 g fat free dry weight, total muscle calcium
content rose from 1.8 to 3.9 mEq/100 g FFDK. Unfortunately, measurements of
total calcium content tell us very little since muscle calcium is normally com-

partmentalized in sarcoplasmic reticulum and mitochondria.

Ledwoch and his associates (63) studied the influence of chronic potassium
deficiency in rabbits maintained for an average of 28 days on a potassium defi-
cient diet. Serum potassium showed a decline from 4.9 to 2.2 mEq/L while serum
sodium concentration rose from an average value of 140.2 to 151 mEq/L.
Measurement of myocardial potassium content at 28 days showed that this value
declined from an average of 59.2 mmoles/kg heart tissue to 51.9 mmoles. These
investigators found no change in the contents of sodium, calcium or magnesium in
myocardial tissue. However, mitochondria isolated from potassium deficient

ventricular myocardium showed an increased state of respiration and in addition,
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an increase in the rate of calcium uptake. Passive calcium binding to isolated
cardiac mitochondria was significantly higher. These data were interpreted to
suggest that mitochondria are able to store and take up more calcium in
potassium deficiency. Presumably, mitochondrial Ca*tt-ATPase was induced by an
elevated cytosolic Ca concentration. The mitochondrial phospholipid pattern
showed a depression of phosphatidylcholine and a relative increase in the con-
tent of phosphatidylethanolamine. The precise role that these alterations play

in the propensity for digitalis toxicity in potassium deficiency is unknown.
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Summary

1. Short-term potassium depletion causes a selective deficiency of potassium in

skeletal muscle.

2. In the heart, either potassium-deficiency or cardiac glycosides indepen-

dently cause an upward regulation of sodium:potassium transport ATPase.

3. In skeletal muscle, in contrast to the heart; potassium deficiency causes a

frank reduction of sodium pumps.

4. Since cardiac glycosides bind to receptors on the sodium-potassium pump, the
decrease in pump density in K deficiency results in decreased glycoside binding
in muscle. With a given dose of digoxin, muscle uptake is less, plasma levels

and myocardial uptake are higher and digoxin poisoning is more apt to occur.

5. For any given method of experimental K depletion, the pace at which
potassium deficiency occurs slows down spontaneously at the 4th or 5th week.
Evidence suggests that this is the result of Na-pump inhibition in skeletal
muscle. Interruption of «-adrenergic activity by denervation or by phar-
macologic means is promptly followed by reconstitution of skeletal muscle cell
potassium despite sustained hypokalemia. Thus, it has been proposed that the
apparent increase of norepinephrine secretion may be at least one factor respon-

sible for continued K loss from muscle to provide K for vital organ functions.

6. The capacity for potassium uptake by skeletal muscle is reduced in K-
deficient animals. This may not only explain the occasional occurrence of unex-
pected hyperkalemia during conventional KC1 administration to patients with
hypokalemia, but also serves notice that total body K deficits can not always be

rapidly replaced.
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75 Finally, there is no explanation why potassium deficiency or digitalis
therapy exert opposite effects on Na-pumps in skeletal muscle and the heart.

This would obviously be an important and practical field for investigation.
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