
BS 49 153

Rapid Activation of the Na+,K+-pump - Mechanisms 
and Functional Significance

Torben Clausen and Ole Bækgaard Nielsen

Abstract
In a wide variety of tissues (skeletal muscle, heart, smooth muscle, nerve cells, pancreas and kidney), 

hormones induce a rapid increase in the rate of active Na+,K+-transport. In skeletal muscle, this was 
shown to lead to a decrease in intracellular Na4“, indicating that the affinity for intracellular Na4“ had 
increased. This activation of the Na+,K+-pump seems to be mediated by cAMP and protein kinases. 
During excitation, active Na+,K+-transport was found to increase up to 22-fold within 10 sec. This 
was also associated with a decrease in intracellular Na+. Moreover, due to the electrogenicity of 
the Na+,K+-pump, acute activation leads to hyperpolarization. In muscles where contractility had 
been inhibited by exposure to high extracellular K4“, activation of the Na+,K+-pump with hormones 
or by repeated electrical stimulation restored contractile force within 5-10 min. This force recovery 
could be prevented by ouabain. In conclusion, the Na+,K+-pump is essential for the restoration 
and maintenance of excitability during continued exercise. This function of the Na+,K+-pump is 
considerably amplified by the potential to undergo rapid activation.
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The transport of ions, amino acids and sugars 
across the plasma membrane is mediated by spe­
cific transport systems. This allows for selectivity 
and at the same time defines the transport capa­
city by the number of transport systems per unit 
of membrane area. It can be assumed that the 
theoretical maximum rate of transport in a tissue 
is a function of the number of transporters mul­

tiplied by the maximum turnover number of each 
transporter.

Transport capacity is likely to reflect the 
physiological need for performing a given type of 
transport. Thus the capacity for performing active 
Na+,K+-transport can be estimated by measuring 
the concentration of Na+,K+-ATPase. Among a 
wide variety of human tissues, from erythrocytes 
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to brain cortex, the concentration of Na+,K+- 
ATPase expressed as pmol/g tissue wet wt. has 
been found to vary over a 160,000-fold range 
(Clausen, 1997). This shows that the requirement 
for active Na+,K+-transport varies considerably 
and indicates that each tissue regulates the con­
centration of Na+,K+-ATPase, allowing its cells 
to meet the challenges arising from local changes 
in Na+,Redistribution. Skeletal muscle is excited 
to contract by a rapid influx of Na+. This together 
with the subsequent rapid efflux of K+ leads to a 
net gain of Na+, a net loss of K+, depolarization 
and eventually a loss of excitability. Thus, the 
very process of excitation is the basis for a pro­
gressive loss of excitability (Juel, 1986; Balog and 
Fitts, 1996; Nielsen and Clausen, 1996; Nielsen 
and Overgaard, 1996). Moreover, the total pool of 
skeletal muscle cells in the body is so large that 
during intense exercise, the net loss of K+ from 
the working muscles within 60 sec induces a doub­
ling of plasma K+ in arterial blood, sufficient to 
cause cardiac arrest if it took place under resting 
conditions (Medbø and Sejersted, 1990).

Thus, during intense exercise, there is an 
urgent need for rapid restoration of Na+,K+- 
gradients and membrane potential - not only in the 
working muscle cells, but also in several other cells 
of the body. To this end, muscle cells contain a 
high concentration of Na+,K+-ATPase and there­
fore have a large spare capacity for active Na+,K+- 
transport. For this to play an important role in 
the maintenance of the Na+,K+-gradients during 
work, the Na+,K+-ATPase must undergo prompt 
and substantial activation at the onset of contrac­
tile activity. Indeed, it was recently demonstrated 
that in isolated rat skeletal muscle, electrical stim­
ulation induces a rapid increase in the rate of net 
Na+ extrusion (Everts and Clausen, 1994). Fol­
lowing 10 sec of high frequency stimulation, net 
Na+ extrusion increased up to 22-fold above the 
resting rate, reaching full activation of all avail­
able Na+,K+-pumps (Nielsen and Clausen, 1997). 
More importantly, a substantial part of this activa­
tion was shown to be independent of an increase 
in intracellular Na+ ([Na+]J, and as shown be­
low in muscles undergoing isometric contractions, 
electrical stimulation was found to lead to a sub­

stantial decrease in intracellular Na+, which was 
maintained for up to 30 min after the cessation of 
stimulation. At constant [Na+]i, an increase in the 
rate of active Na+,K+-transport may in principle 
take place in the following ways:

1. by upregulation of the concentration of 
transporters in the plasma membrane

2. by translocation of transporters from an 
intracellular or membraneous pool to the 
plasma membrane

3. activation due to increased maximum 
turnover number of the transporters already 
located in the plasma membrane

4. activation due to increased affinity of the 
transporter for the transported agent

Fig. 1 exemplifies some major aspects of the 
acute and long-term regulation of active Na+,K+- 
transport in skeletal muscle. Long-term changes 
in the transport capacity are generally established 
by de novo synthesis of transporters and their sub­
sequent insertion in the plasma membrane. These 
processes take place over hours and days and are 
obviously too slow to meet urgent needs for a rapid 
increase in the rate of transport. More expedient 
mechanisms are required to solve this problem. 
For a rapid increase in active Na+,K+-transport 
two mechanisms have been proposed - transloca­
tion and activation.

Insulin-induced translocation of the glucose 
transporter Glut 4 from a separate (possibly in­
tracellular) pool to the plasma membrane is well- 
documented. There is some evidence that in skele­
tal muscle insulin may also induce translocation of 
Na+,K+-ATPase from an intracellular pool to the 
plasma membrane (for a review, see Ewart and 
Klip, 1995). The size of the intracellular pool is 
not defined, however, and due to the very low re­
covery of Na+,K+-ATPase from the tissue it can­
not be ascertained whether the fractions isolated 
are representative. Moreover, studies on intact rat 
muscle, where the total pool of Na+,K+-ATPase 
located in the plasma membrane could be quanti­
fied gave no evidence for insulin-induced translo­
cation of the enzyme to the plasma membrane 
(Clausen and Hansen, 1977).
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Figure 1. Some major aspects of the acute and long-term regulation of active Na+,K+-transport in skeletal 
muscle.

An acute increase in the activity of Na+,K+- 
ATPase already located in the plasma membrane 
may be achieved by increasing the maximum 
turnover number or the affinity of the transporter 
for intracellular Na+. Several studies have shown 
that in muscle cells insulin produces a decrease 
in intracellular Na+ (for a review, see Clausen, 
1986), indicating that the stimulating effect of in­
sulin on active Na+,K+-transport is the result of 
increased affinity for intracellular Na+. More re­
cently, insulin was found to reduce [Na+]j also in 
renal tubular cells (Feraille et al., 1994).

Several other hormones have been found to 
stimulate the Na+,K+-pump in skeletal muscle 
(Clausen, 1996), in isolated cardiac myocytes (De- 

silets and Baumgarten, 1986) and other tissues. 
It is important that in such experiments, intra­
cellular Na+ decreases to values below the con­
trol level, indicating that the stimulation of the 
Na+,K+-pump cannot be related to increased in­
flux of Na+. Adrenaline-induced stimulation of 
the Na+,K+-pump was also shown to lead to a 
decrease in the activity of intracellular Na+ in iso­
lated rat and human muscle (Ballanyi and Grafe, 
1988). As shown in Fig. 2, insulin, insulin-like 
growth factor I (IGF-I), adrenaline, noradrenaline 
and calcitonin gene related peptide (CGRP) all in­
duce a marked decrease in intracellular Na+ in iso­
lated rat soleus muscle. Dibutyryl 3’,5’ cAMP has 
the same effect, and there is further evidence that 
3’,5’cAMP mediates the stimulating effect of the
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Figure 2. Effects of insulin, insulin-like growth factor I (IGF-I), adrenaline, noradrenaline, dibutyryl cyclic 
AMP (dbcAMP) and electrical stimulation (6Ü Hz for 30 sec, followed by 10 min rest) on [Na+j; in isolated rat 
soleus muscle. Data were obtained from the publications indicated by references.

catecholamines and CGRP (Clausen and Flatman, 
1977; Andersen and Clausen, 1993). In cells cul­
tured from shark rectal glands, 3’,5’cAMP induces 
stimulation of the Na+,K" -pump. This leads to a 
decrease in intracellular Na+ (Lear et al., 1992), 
indicating that this is a general mechanism.

Taken together, the observations presented in 
Fig. 2 indicate that there is a general mechanism 
for rapid activation of the Na+,K+-pump, lead­
ing to a decrease in intracellular Na+. The hor­
monal activation takes place within minutes and 
seems to be mediated by second messengers and 
protein kinases. The excitation-induced stimula­
tion of the Na+,K+-pump, however, may reach 
maximum within 10 sec. We assume that these 
rapid changes reflect conformational modifications 
of the Na+,K+-pump, allowing it to function with 

a higher affinity for intracellular Na+. This is ana­
logous to the observation that the Ca++-ATPase 
located in the plasma membrane exists in two in­
terconvertible functional states, one with a consid­
erably higher affinity for intracellular Ca++ than 
the other (Scharff and Foder, 1993).

The molecular mechanisms underlying the 
rapid activation of the Na+,K+-pump are poorly 
understood. We need more information about 
how the Na+,K+-pump might be influenced by 
3’,5’cAMP, protein kinases, rapid changes in mem­
brane potential or the opening of Na+-channels. 
A model for the plasma membrane must include 
mechanisms for a rapid increase in the rate of ac­
tive Na+,K+-transport that is independent of a 
rise in [Na+]i.
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Implications of Activation of the Na+,K+-pump:

Due to the electrogenicity of the Na+,K+-pump, 
an acute activation leads to hyperpolarization. 
This would allow restoration of excitability in mus­
cles exposed to high extracellular K+ ([K+]o). In­
deed, in isolated rat soleus muscles which had been 
inhibited by exposure to a [K+]o of 10-12.5 mM, 
the addition of hormones inducing stimulation of 
the Na+,K+-pump was found to produce hyperpo­
larization and a marked force recovery. This force 
recovery was completely suppressed by ouabain 
and closely correlated to the concomitant stimula­
tion of 86 Rb uptake and the decrease in intracellu­
lar Na+ (Clausen et al., 1993). These experiments 
strongly suggest that during exercise, activation 
of the Na+,K+-pump by the elevated plasma level 
of catecholamines is important for the mainte­

nance of excitability and contractile performance 
in skeletal muscle. The much more rapid activa­
tion of the Na+,K+-pump associated with excita­
tion allows the muscle cells to restore excitability 
at the moment where this is most needed. Re­
cently, it was shown that in the isolated rat soleus 
muscle, intensified electrical stimulation could pre­
vent the inhibitory effect of high [K+]o on force 
development (Clausen et al., 1996).

Contrary to earlier assumptions, the Na+,K+- 
pump is more than a slow mechanism for grad­
ual compensation of excitation-induced rundown 
of Na+,K+-gradients. The new concept is that the 
Na+,K+-pump restores and maintains excitability 
by undergoing prompt and sometimes large-scale 
activation.
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