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Contribution of the Na*/K"-pump to the membrane potential
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Summary. The inward movement of sodium ions and the outward movement of potassium ions are passive and the reverse
movements against the electrochemical gradients require the activity of a metabolism-driven Na*/K*-pump. The activity of
the Na*/K"-pump influences the membrane potential directly and indirectly. Thus, the maintenance of a normal electrical
function requires that the Na*/K*-pump maintain normal ionic concentrations within the cell. The activity of the Nat/K*-
pump also influences the membrane potential directly by generating an outward sodium current that is larger when the
Na*/K*-pump activity is greater. The activity of the Na*/K*-pump is regulated by several factors including the intracellular
sodium concentration and the neuromediators norepinephrine and acetylcholine. The inhibition of the Na*/K*-pump can
lead indirectly to the development of inward currents that may cause repetitive activity. Therefore, the Na*/K*-pump
modifies the membrane potential in different ways both under normal and abnormal conditions and influences in an essential
way many cardiac functions, including automaticity, conduction and contraction.

Key words. Active transport of ions; cardiac tissues; electroneutral and electrogenic Na*/K* pump; control of Na*/K*-pump;
normal and abnormal electrical events.

The ‘necessity’ of a sodium-potassium pump

The concentration of sodium is far greater outside than in-  relatively small and so is the background sodium current.
side the cardiac cells whereas the opposite verifies for potas-  However, the large sodium gradient is exploited in several
sium ions. In addition, the inside of the cells is negative at ~ ways. Because of the inwardly directed electrochemical gra-
rest. This creates an inwardly directed electrochemical gra-  dient, it is only necessary to open the fast sodium channels to
dient for the sodium ions. At rest, the sodium conductanceis  initiate a fast inward current through the cell membrane
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which is responsible for the upstroke!” in many cardiac cells.
The sodium gradient across the cell membrane is also used
for extrusion of calcium and hydrogen ions from the cell
through the Na*/Ca'*!%3% and Na*/H* exchange'>*, re-
spectively, as well as for the co-transport of other ions and
substances. Therefore, the entry of sodium into the cell sub-
serves several essential functions but over any length of time
the influx must be matched by an equal sodium efflux.

As for the potassium ions, there is a small outwardly directed
electrochemical gradient at rest (as the resting potential is
less negative than the potassium equilibrium potential) and
such gradient increases as the cells depolarize during the
action potential. The increased electrochemical gradient for
potassium during activity facilitates the potassium efflux and
repolarization.

If the influx of sodium and the efflux of potassium are pas-
sive (down their electrochemical gradient), the efflux of so-
dium and the re-uptake of potassium necessitates an active
transport by the Na*/K*-pump (“the sodium pump’), requir-
ing metabolic energy for its operation. If the active transport
of Na* and K™ fails to match the passive movements of these
ions over a length of time, the membrane potential (as well as
other cell functions) can not be maintained. Therefore, the
function of the Na*/K*-pump contributes powerfully to the
maintenance of the membrane potential as well as to the
ionic homeostasis of the cell.

Electroneutral versus electrogenic sodium pump and mem-
brane potential

The fact that the extrusion of sodium ions by the
Na*/K*-pump is linked with the uptake of potassium ions
raises the question as to whether the Na*/K*-pump is elec-
troneutral or electrogenic. An electroneutral Na*/K*-pump
would influence the membrane potential indirectly but quite
substantially. At rest, the membrane is not totally imper-
meable to sodium ions and in addition these ions enter the
cell in a larger amount during activity and through the vari-
ous other routes mentioned above. This means that the rest-
ing potential has to be maintained through an active extru-
sion of sodium by the pump. That the Na*/K*-pump does
not determine the resting potential is shown by the fact that
the potential is maintained (actually increases®’) when the
extracellular sodium is substituted by an impermeant cation:
in the absence of external sodium, the intracellular sodium
should decrease® and this would eventually lead to the ces-
sation of the Na*/K*-pump activity. However, that the
Na*/K*-pump is needed for the maintenance of the resting
potential is clearly indicated by the slow decline of the resting
potential when the sodium Na*/K*-pump is inhibited (e.g.,
cardiac steroids®'). An electroneutral Na*/K* pump would
indirectly control also the action potential by regulating (di-
rectly or indirectly) the intracellular concentrations of
several ions (Na*, K*, Ca™™, H*, etc.) which, in turn, would
modify concentration gradients and membrane conduc-
tances. Thus, the Na*/K*-pump conditions the maintenance
of the membrane potential by maintaining the appropriate
concentrations of several ions across the cell membrane.
However, an electrogenic Na*/K*-pump would in addition
influence the membrane potential directly. If a fraction of the
sodium extruded is uncoupled to the potassium taken up (as
in many other tissues®), the Na*/K*-pump would create an
outward sodium current that would make the membrane
potential more negative not only at rest but also during
activity.

There are several findings indicating that the Nat/K*-pump
is electrogenic also in cardiac tissues. Thus, cooling cardiac
tissues below 20°C decreases the resting potential more than
it would be expected from a diffusion potential'®. This poten-
tial drop is reduced in the presence of a metabolic inhibitor or
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anoxia, suggesting that the fall in resting potential is due to
the decreased activity of an electrogenic Na*/K*-pump'*.
The contribution of the Na*/K*-pump to the resting poten-
tial appears to be less for a moderate decrease in temperature
(to 27°C), possibly because in resting fibers the intracellular
sodium activity decreases’ 12 and therefore the activity of the
Na*/K*-pump is possibly already reduced. Still, the adminis-
tration of strophanthidin quickly decreases the resting po-
tential of quiescent Purkinje fibers and may induce the onset
of spontaneous discharge®!, although it is not clear whether
this is the result of the inhibition of an electroneutral or
electrogenic sodium pump.

That the Na*/K*-pump can be electrogenic is supported also
by the fact that the rewarming of cooled cardiac tissues leads
to an increase in resting potential above the control (pre-
cooling) value?26.4.4 The hyperpolarization is absent if
during hypothermia Na is substituted by Li or if cardiac
steroids were administered?®, The low temperature acts by
inhibiting the sodium pump and therefore causing an accu-
mulation of sodium: when the temperature is restored to
normal, the activity of the Na*/K*-pump is transiently en-
hanced above the control value. This is supported by the fact
that if the Na*/K*-pump is inhibited by exposure to zero
IK],, a similar hyperpolarization occurs on restoration of
normal [K],* 4. However, the hyperpolarization due to the
reactivation of the Na*/K*-pump does not necessarily mean
that the Na*/K*-pump is electrogenic, since the hyper-
polarization could be brought about by an increase in the
potassium equilibrium potential consequent to temporary
depletion of K in restricted spaces.

In order to distinguish between these two possibilities,
Glitsch et al.” decreased the [K], to various values: the hy-
perpolarization after hypothermia was maximal at moderate
[K], and it was greater than that produced by a potassium-
free solution at normal temperature (before or after the hy-
pothermia). These findings support the existence of an elec-
trogenic sodium pump rather than the occurrence of potas-
sium depletion. In another approach, the effect of a potas-
sium-free solution was tested in Purkinje fibers depolarized
at the plateau: at this low level of potential, exposure to zero
[K], causes a further depolarization and on return to normal
[K], there is a transient hyperpolarization, which is abolished
by cardiac steroids?. The hyperpolarization can not be due
to a depletion of potassium (which would have caused depo-
larization, not hyperpolarization) and was attributed to an
electrogenic sodium extrusion. In active fibers, an increase of
the maximum diastolic potential and shortening of the action
potential also follows a brief exposure to zero [K],: since a
decrease in extracellular potassium increases the duration of
the action potential®, the observed shortening is compati-
ble with the activation of an electrogenic Na*/K*-pump but
not with the depletion of potassium in narrow spaces®. Simi-
larly, the exposure of a spontaneously active fiber to zero
[K], is followed by a period of hyperpolarization and quies-
cence: since lowering [K], enhances pacemaker activity’!, the
temporary suppression and hyperpolarization are best ex-
plained by the activation of an electrogenic Na extrusion®.
Also, it has been shown that adding sodium to a sodium-free
solution induces a hyperpolarization which is abolished by
procedures inhibiting the sodium pump activity®’.

When the Na*/K*-pump is inhibited (e.g., by cardiac glyco-
sides*), the K* uptake decreases® whereas the intracellular
sodium activity®>*7 increases and so does calcium activity
through the Na/Ca exchange!® . An accumulation of cal-
cium in turn can increase potassium conductance® which
could contribute to the hyperpolarization, the shortening of
the action potential and the temporary suppression of spon-
taneous activity after the exposure to zero [K],. This point
was tested by briefly (60 s) exposing Purkinje fibers to zero
[K], under different conditions*. The K-free solution initially
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increased the maximum diastolic potential before decreasing
it; at the same time, the contractile force increased, as would
be expected from sodium and therefore calcium accumu-
lation. Restoring [K], to normal resulted in a quick hyper-
polarization which subsided in about 3 min. When a potas-
sium-free calcium-free solution was tested, the hyper-
polarizations during and after the exposure were little af-
fected but the contractile force did not increase and actually
fell. The perfusion of zero [Ca], alone decreased the contrac-
tile force sooner and to a larger extent but failed to alter the
maximum diastolic potential. Lithium does not exchange
with Ca (as Na does) but it can substitute for K in the
activation of the Na®/K*™-pump'®. Therefore, substituting
NacCl for LiCl in the zero K-Ca solution should allow a
smaller accumulation of Na and a greater accumulation of
calcium than in the absence of lithium. The exposure to the
lithium solution still caused hyperpolarization but the hyper-
polarization on return to Tyrode solution was markedly re-
duced or abolished. Finally, tetrodotoxin reduces sodium
influx and in its presence the hyperpolarization was re-
duced®. The results suggest that the changes in membrane
potential that follow the exposure to zero K under the condi-
tions tested are mostly due to the activation of an electroge-
nic sodium extrusion rather than an accumulation of cal-
cium. However, an accumulation of calcium can modify the
effects of an electrogenic sodium pump (see below).

Changes in the activity of the electrogenic sodium pump and
membrane potential

The physiological stimulus determining the activity of the
Na*/K ™ is the intracellular sodium activity™®. Therefore, if
the intracellular sodium were to increase due to a temporary
decrease in pump activity (hypothermia, zero [K],), the activ-
ity of the Na™/K* subsequently increases in relation to the
sodium load?>%2, If the Na*/K* pump is electrogenic, the
pump current ought to increase accordingly if the Na/K
coupling remains the same as suggested by several find-
ings!® 25,

Under physiological conditions, an increase in rate of dis-
charge should increase cellular sodium, since the number of
action potentials increases in the unit of time. Actually, the
‘physiological’ rate of discharge of different cardiac pace-
maker fibers differs, since the rate of the sinus node is faster
than the rate of either the atrio-ventricular node or the Purk-
inje fibers (when these tissues are allowed to discharge spon-
taneously). Since under normal conditions the sinus node
discharges all cardiac tissues at its own rate, the subsidiary
pacemakers are actually overdriven under normal condi-
tions. In other words, the intracellular sodium concentration
of Purkinje fibers is higher when driven by the sinus node
than when spontaneously active (as in complete atrio-ven-
tricular block). In fact, the intracellular sodium activity has
been shown to increase as the rate of discharge increases'2.
As a consequence, the pump current should be greater in
overdriven Purkinje fibers than in spontaneously active fi-
bers. On that basis, one would expect that the membrane
potential should be more negative when the Purkinje fibers
are overdriven. While the negativity induced by the pump
may amount to only a few millivolts®, still this change may
have marked consequences on the function of subsidiary
pacemakers.

The contribution of the electrogenic sodium pump to the
membrane potential of Purkinje fibers can be made evident
by driving spontaneous fibers at a rate similar to that of the
sinus node. The sudden increase in rate is associated with an
initial decline of the maximum diastolic potential which is
related to a transient accumulation of potassium outside the
cell membrane®>°> . However, as the overdrive is continued
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the maximum diastolic potential becomes more negative
than the pre-drive value. When the overdrive is terminated,
there is a period of inhibition (‘overdrive suppression’) which
is due to the fact that diastolic depolarization remains nega-
tive to the threshold and its slope is markedly reduced.
Eventually the diastolic depolarization decays sufficiently
for the spontaneous activity to resume gradually. The maxi-
mum diastolic potential of the resumed beats declines and
the spontaneous rate increases gradually to the pre-drive
value. The duration of the suppression is a function of the
rate and of the duration of overdrive: the longer or faster
drives are followed (within limits) by a more pronounced
inhibition>> 8, Hyperpolarization during and after overdrive
has been demonstrated also in other cardiac tissues!> %3 %4
although the mechanism is not necessarily identical in each
case.

One particular instance of overdrive suppression appears to
be the ventricular standstill that is present at the beginning of
vagal stimulation. Several lines of evidence® * % 9 indicate
that the standstill is not the result of direct vagal inhibition of
the ventricular Purkinje fiber automaticity but rather of the
overdrive suppression exerted by the sinus node upon the
idioventricular pacemakers. The vagal stimulation reveals
such an overdrive suppression by inhibiting the discharge of
the sinus node. In fact, the ventricular standstill decreases
progressively and disappears during the administration of
ouabain as the sodium pump is progressively inhibited®.

Relation of overdrive suppression to the sodium pump

That the reduced stope of diastolic depolarization after over-
drive is mostly related to an electrogenic extrusion of sodium
seems to be demonstrated by several findings. Thus, the hy-
perpolarization induced by overdrive is reduced or abolished
in the presence of the metabolic inhibitors dinitrophenol®,
iodoacetic acid and antimycin®. Also, the hyperpolarization
is reduced by the administration of strophanthidin®. A de-
crease in membrane conductance in the presence of a lower
[K], (2.7 mM) increases the amount of the overdrive hyper-
polarization®,

The effects of short overdrives are modified by [Ca], in that
the hyperpolarization and the suppression are more marked
in the presence of high and are reduced in the presence of low
[Cal,®. Some of the effects are related to changes in the
threshold® but a change in potassium conductance brought
about by calcium accumulation appears to contribute to the
membrane changes. With prolonged overdrives, the differ-
ence in hyperpolarization in high and low [Ca], disappears.
However, it should be pointed out that the metabolic inhibi-
tors and strophanthidin increase cellular calcium and yet the
hyperpolarization and suppression are reduced or abolished.
This stresses the importance of the electrogenic sodium ex-
trusion versus calcium accumulation in the events associated
with overdrive.

The relation between sodium and pump current

The pump current has been measured by voltage clamping
under conditions that lead to sodium overload. In one ap-
proach, the cells were exposed to zero {K], for a brief period
of time>!%2!, Exposure to K*-free solution induces mem-
brane depolarization which is followed in the absence of
voltage clamp by a transient hyperpolarization and in the
presence of voltage clamp by a outward current. That the
outward current is related to the activity of the electrogenic
sodium pump is supported by the finding that strophanthi-
din abolished it. The pump current is a function of the
amount of sodium loading and decays exponentially after
different sodium loads®. An outward current is recorded
also after a series of clamp steps which displaces the mem-
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brane potential from the resting to the plateau levels'!. A
time- and voltage-independent outward pump current has
been also shown by the use of ouabain®.

The relation of the Na+/K*-pump current to intracellular
sodium activity was demonstrated by recording at the same
time these two parameters, together with tension®. The pre-
paration was bathed in a solution where K* was substituted
by Rb*: removing the external Rb* resulted in an increase in
intracellular sodium activity, in twitch and tonic tension
while the membrane current became more inward. Adding 4
mM Rb* (or K*) decreased a'y, and the tension toward
control value: at the same time there was a transient outward
current which declined exponentially with an half time simi-
lar to that of a'y,. Similar results have been reported also by
Glitsch and Pusch®. These findings support the concepts
that the reactivation of the pump produces an electrogenic
sodium extrusion and that the fraction of sodium extruded
electrogenically is constant (as the coupling ratio does not
vary).

The control of the sodium pump activity

The enhancement of the sodium pump activity

As already mentioned, a physiological regulator of the so-
dium pump activity is the intracellular sodium concentra-
tion>® and this would appear to be a suitable means of main-
taining cellular sodium homeostasis. Overdrive is one condi-
tion that increases sodium influx and therefore stimulates the
activity of the sodium pump. However, there are situations in
which it might be convenient to modulate the activity of the
pump without increasing the intracellular sodium (or in-
creasing it less). One such situation may be present when
catecholamines are acting on the beta receptor. In fact, cate-
cholamines have been shown to decrease intracellular so-
dium activity, an effect reduced by strophanthidin®. Also,
norepinephrine increases the inward potassium movements
and the potassium content in Purkinje fibers®® and in the
sinus node’® and this increase is abolished by beta blockade’.
In agreement with these findings, norepinephrine increases
the hyperpolarization associated wiht overdrive®™, al-
though it usually shortens the suppression®. The stimulation
of the sodium pump by catecholamines may be useful in that
catecholamines increase the rate of discharge (which increas-
es both cellular sodium'? and calcium??) and increase cellular
calcium independently through the increase in the slow in-
ward current. An excessive increase of calcium due to a com-
bination of these factors might more easily lead to calcium
overload which is arrhythmogenic in more than one way (see
below). In addition, the hyperpolarization induced by cate-
cholamines enhances the availability of the fast sodium chan-
nel® and this (together with the increase in sodium gradient)
increases conduction velocity.

The inhibition of the sodium pump activity

Depending on the concentration, catecholamines have dif-
ferent effects on the automaticity of Purkinje fibers in that
norepinephrine increases spontancous discharge at high con-
centrations and decreases at low concentrations*. Experi-
ments with radio-potassium have shown that low concentra-
tions of catecholamines reduce the uptake of potassium* (in
contrast to the large concentrations). Thus, it might appear
that the activity of the pump is depressed by low concentra-
tions of norepinephrine, an effect blocked by phentol-
amine®,

Catecholamines often have effects opposite to those of ace-
tylcholine (e.g., on sinus node automaticity) and therefore it
is possible that acetylcholine (ACh) might depress the func-
tion of the pump. This was tested by administering ACh to
sheep Purkinje fibers while recording at the same time action
potential, force and intracellular sodium activity?’. The re-
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sults show that ACh increases intracellular sodium activity
and force and in spontaneous fibers the rate of discharge.
The increase in intracellular sodium is prevented by atropine
(showing the involvement of a muscarinic receptor) and by
strophanthidin (as the pump is already inhibited prior to
ACh administration), but it may be increased with lower
concentrations of strophanthidin when the inhibitory action
of acetylcholine can summate with that of strophanthidin®’.
In the same tissue, acetylcholine induces overdrive excitation
(the induction of repetitive activity by a fast drive®), a find-
ing consistent with the inhibition of the sodium pump.

As is well known, the inhibition of the sodium pump is
brought about by large concentrations of cardiac steroids®,
which in fact abolish the overdrive suppression at the begin-
ning of vagal stimulation®. The accumulation of sodium and
therefore of calcium with the inhibition of the pump has
another consequence on the electrical properties of cardiac
cells, namely, an increase in intercellular resistance®. This
uncoupling contributes to the depression of conduction ve-
locity and therefore facilitates re-entry rhythms.

Electrophysiological consequences of the pump inhibition

The inhibition of the sodium pump can affect the membrane
potential directly (by eliminating the pump current as dis-
cussed above) and indirectly by the way of Na/Ca exchange.
The inhibition of the Na*/K* pump leads to an increase in
cellular sodium®# and therefore!®* of cellular calcium. If
the stage of calcium overload is attained, an oscillatory
release of calcium results in the generation of an oscillatory
transient inward current® 3, The oscillatory current causes
an oscillatory potential which may attain the threshold and
initiate repetitive discharge.

The administration of caffeine eliminates the oscillatory po-
tential'® and the oscillatory current® but increases an inward
tail current which may prevent the full repolarization of the
action potential and induce spontaneous activity at a depo-
larized level!®. Alternatively, calcium overload may induce a
slow afterdepolarization at the resting level, which may ini-
tiate slow discharge® 35,

Therefore, the inhibition of the activity of the sodium pump
not only results in the elimination of the overdrive suppres-
sion but also in the induction of events leading to overdrive
excitation. The elimination of the outward pump current is
direct whereas the induction of transient inward currents is
the result of the calcium overload consequent to the depres-
sion of the Na*/K* pump. It should be emphasized that the
calcium overload can occur independently of an increased
cellular sodium. In fact, it can occur when the intracellular
sodium is decreased (e.g., by norepinephrine or high [Cal,)
provided that cellular calcium is increased through other
mechanisms (see Vassalle®).

Conclusions

The relation between the sodium pump and membrane po-
tential is a complex one. This is so because the pump extrudes
Na* and takes up K* but the entry of sodium is dependent of
several routes associated with different functions. Because of
this, a change in pump activity affects not only the intracellu-
lar sodium activity but also that of other ions. The conse-
quent changes in concentration gradients and conductances
are bound to modify the membrane potential in different
ways. In addition to the regulation the transmembrane gra-
dient of several ions, the sodium pump can also affect the
membrane potential directly through the electrogenic extru-
sion of sodium. This action has several important electro-
physiological consequences: it 1) helps shorten the action
potential at higher rates of discharge and therefore shorten
the refractory period and allows the cells to discharge at the
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required rate; 2) increases the take-off potential of Purkinje
fibers thereby increasing the availability of the fast sodium
channel and conduction velocity; 3) insures that the subsid-
iary pacemakers are kept inhibited when not needed (over-
drive suppression) and therefore contributes to the electrical
stability of the heart by facilitating the dominance of the
sinus node. Because of these actions, the depression of the
pump function results in changes in automaticity, conduc-
tion and contraction of cardiac tissues. As typically exem-
plified by the action of large concentrations of digitalis, the
inhibition of the pump action causes not only a depression of
conduction and the removal of the overdrive suppression,
but also induces calcium overload which in itself modifies in
more than one way the membrane potential and leads to
abnormal discharge.
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Summary. Ventricular cells possess two Ca extrusion mechanisms, a Na/Ca exchange system and a Ca pump. Reversing the
exchanger by extracellular Na removal causes [Na]; to decrease, and the cells take up mmolar quantities of calcium. Since [Cal;
shows only a marginal increase the calcium load must be buffered. The capacity of the SR is limited so the mitochondria
probably buffer a large part of this load. However, when Ca uptake into the mitochondria is blocked, the gain in Ca is still
mmolar and the increase in [Ca]; still marginal, suggesting an additional buffering site.

Measurements of the Na/Ca stoichiometry on sarcolemmal vesicles gave a value of 3, but in ventricle values of around 2.5 or
3 are found. Reasons for this are discussed, as are the differences amongst the different methods of Ca measurement.
Theinteraction of the sarcolemmal Ca pump and the exchanger are considered and it is suggested they could interact via [Na]..
At rest both systems could remove Ca from the cell but on a large perturbation the Na/Ca exchange would be the more

important of the two.

Key words. Ferret heart; Na/Ca exchange; Ca buffering; Ca homeostasis.

Introduction

The inflowing calcium current is one of the sequence of
events leading to contraction in heart muscle®> and a rough
calculation shows that unless some mechanism or mecha-
nisms are present to expel Ca from the cell, the cytoplasmic
Ca concentration ([Ca};) would, in a few minutes reach mmo-
lar values. To remove Ca from the cytoplasm three mecha-
nisms exist and these are shown diagrammatically in figure 1.
There is a Na/Ca exchange system and a Ca pump, both of
which can efflux Ca from the cell. Ca buffer systems also exist
and while they can prevent a rise in cytoplasmic Ca concen-
tration, to maintain Ca homeostasis this buffered Ca must
eventually be actively expelled from the cell (reviewed in
Carafoli®). In this article we will look at the evidence for a

Na/Ca exchange system, describe possible sites for Ca buff-
ering and discuss the role of the exchanger and the pump. We
will not consider the role of the Na/Ca exchange system
during the action potential for this is covered in the article by
D. Noble.

Na/Ca exchange system

To investigate the Na/Ca exchange system a rapid perfusion
chamber, shown diagrammatically in figure 2, was used. Fer-
ret trabeculae, around 250 pm in diameter are fixed at one
end to a small support and tied at the other end by a wire loop



