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Clearance of Extracellular K* during Muscle Contraction—Roles of

Membrane Transport and Diffusion

Torben Clausen

Institute of Physiology and Biophysics, University of Aarhus, DK-8000 Arhus C, Denmark

Excitation of muscle often leads to a net loss of cellular K* and a rise in extracellular K* ([ K* ],), which in turn in-
hibits excitability and contractility. It is important, therefore, to determine how this K" is cleared by diffusion into
the surroundings or by reaccumulation into the muscle cells. The inhibitory effects of the rise in [K" |, may be as-
sessed from the time course of changes in tetanic force in isolated muscles where diffusional clearance of K is
eliminated by removing the incubation medium and allowing the muscles to contract in air. Measurements of te-
tanic force, endurance, and force recovery showed that in rat soleus and extensor digitorum longus (EDL) muscles
there was no significant difference between the performance of muscles contracting in buffer or in air for up to
8 min. Ouabain-induced inhibition of K* clearance via the Na*,K* pumps markedly reduced contractile endurance
and force recovery in air. Incubation in buffer containing 10 mM K' clearly inhibited force development and en-
durance, and these effects were considerably reduced by stimulating Na*,K* pumps with the Bo-agonist salbutamol.
Following 30-60 s of continuous stimulation at 60 Hz, the amount of K released into the extracellular space was
assessed from washout experiments. The release of intracellular K* per pulse was fourfold larger in EDL than in so-
leus, and in the two muscles, the average [K' |, reached 52.4 and 26.0 mM, respectively, appreciably higher than
previously detected. In conclusion, prevention of diffusion of K" from the extracellular space of isolated working
muscles causes only modest interference with contractile performance. The Na',K* pumps play a major role in the
clearance of K" and the maintenance of force. This new information is important for the evaluation of K*-induced
inhibition in muscles, where diffusional clearance of K' is reduced by tension development sufficient to sup-

press circulation.

INTRODUCTION

The vast majority of in vitro experiments with isolated
muscles are performed in an incubation medium, as-
certaining a stable environment with respect to tem-
perature, oxygenation, osmolarity, ionic milieu, and
metabolizable substrates. It is difficult, however, in stud-
ies of contractile performance to know to which extent
Na', K', or other ions are exchanged between the inter-
stitial water space and the often relatively large volume
of incubation medium. During contractile activity, there
is often a considerable efflux of K" across the sarco-
lemma, leading to a net loss of cellular K" and a rise
in the interstitial concentration of K*. This exercise-
induced rise in extracellular K* ([K'],) has repeatedly
been proposed to interfere with excitability and thus
to be considered a major cause of fatigue (Fenn, 1940;
Bigland-Ritchie et al., 1979; Jones, 1981; Sjggaard,
1990, 1996; Sejersted and Sjggaard, 2000; Clausen,
2003; for recent reviews see McKenna et al., 2007;
Clausen, 2008). The inhibitory effect of elevated [K'],
on excitability may be related to slow inactivation of the
Na'* channels (Ruff et al., 1988). In recent studies, the
excitation-induced loss of K" from isolated rat soleus
and extensor digitorum longus (EDL) muscles was
quantified and the ensuing rise in [K'], was calculated
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(Clausen et al., 2004). The inhibitory effects of com-
parable increases in the K' concentration of the incu-
bation medium were characterized, leading to the
conclusion that acute increases in [K'], cause predict-
able and defined reductions in tetanic force as well
as contractile endurance (Clausen and Nielsen, 2007).
It is generally assumed that the K' lost from working
muscle cells is cleared by washout into the surrounding
buffer (in vivo into the extracellular space and the
capillaries) or by transport across the sarcolemma into
the cytoplasm. The relative contribution of these pro-
cesses and their importance for contractility, however, is
unknown and has to my knowledge not been analyzed.
This is important because during strong isometric mus-
cle contractions, where it can be assumed that the
excitation-induced efflux of K* is large, circulation may
be occluded (Barcroft and Millen, 1939; Humphreys
and Lind, 1963). Under these physiological conditions,
therefore, K' clearance cannot take place by diffusion
into the capillaries. The only pathway open for K" clear-
ance is transport into the muscle cells. The strategy of
the present study has been to eliminate the diffusion of
K'into a surrounding incubation medium by letting the

Abbreviations used in this paper: EDL, extensor digitorum longus;
TCA, trichloroacetic acid.
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contractions of isolated rat muscles take place in air.
This approach is combined with a subsequent washout
of the Na" and K' from the extracellular space into
Na'free ice-cold buffer, allowing quantification of the
excitation-induced gain of Na" and loss of K' from the
muscle cells, using previously established procedures
(Everts and Clausen, 1992, 1994; Buchanan et al., 2002).
The functional importance of thus restricting the space
available for K' clearance by diffusion is assessed by
comparing the time course of contraction, fatigue, and
force recovery in buffer and in air. To explore the sig-
nificance of the rate of the excitation-induced increase
in passive K" efflux, these experiments are performed
using muscles (rat soleus and EDL) with widely different
excitation-induced Na® influx and K' efflux (Clausen
et al., 2004). It is reasonable to assume that during
continued stimulation in air, extracellular K" will in-
crease, causing progressive inhibition of excitability
and contractility. The rate of decrease in tetanic force is
likely to reflect the accumulation of K" in the extracellu-
lar space and this may be assessed from recordings of
the time course of force decline during continuous
stimulation. The clearance of K' from the extracellular
space is mediated by membrane transport systems, pri-
marily the Na’,K" pumps. The role of the Na',K" pumps
was assessed using pretreatment with ouabain, which
blocks the Na*,K" pumps or with the B, agonist salbuta-
mol, which stimulates the Na',K" pumps (Clausen,
2003). Finally, the importance of the length of the dif-
fusional pathways was assessed in incubation experi-
ments in buffer with soleus muscles split so as to reach a
size down to one third of the cross-sectional area of the
intact muscle.

The following working hypotheses were tested:

(a) In isolated rat soleus and EDL muscles exposed to
electrical stimulation, contractile performance depends
on the excitation-induced efflux of K" from the muscle
cells and the clearance of extracellular K by diffusion
into the surrounding buffer.

(b) Force, endurance, and force recovery depend on
the activity of the Na", K" pumps.

(c) During incubation in buffer, the rate of force de-
cline is reduced by decreasing the size of the muscle prep-
arations and thus favoring K' clearance by diffusion.

(d) Using muscle contractions in air combined with a
subsequent washout of the extracellular space in ice-cold
buffer it is possible to quantify the excitation-induced
increase in [K'],.

MATERIALS AND METHODS

Animals, Preparation, and Incubation of Muscles

All handling and use of rats complied with Danish animal wel-
fare regulations. All experiments were performed using 4-wk-old
Wistar rats of own breed, weighing 65-75 g. The animals were
fed ad libitum and kept in a thermostated environment at 21°C
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with a 12/12 h light/dark cycle. Animals were killed by cervical
dislocation, followed by decapitation. Intact soleus and EDL
muscles weighing 20-30 mg were dissected out during wash
with 154 mM NaCl at room temperature and then equilibrated
at 30°C in standard Krebs-Ringer bicarbonate buffer (pH 7.4
at 30°C), containing the following (in mM): 120.1 NaCl, 25
NaHCOs, 2.8 KCl, 1.2 KHy,PO,, 1.2 MgSOy, 1.3 CaCl,, and 5.0 p-
glucose (K.R.). In a few experiments, the concentration of K" was
increased from 4 to 10 mM. Isoosmolarity was maintained by an
equivalent reduction in NaCl. In some experiments, soleus mus-
cles were divided into two portions starting by splitting the proxi-
mal tendon and gently tearing the two strips apart, a preparation
previously used in our laboratory. By repeating this, a number of
muscle strips weighing from 8 to 16 mg, corresponding to 29—
58% of the wet wt of the intact muscles were obtained. All incu-
bations took place at 30°C under continuous gassing with a
mixture of 95% O, and 5% CO, via a cannula with its tip at the
bottom of the incubation chamber, thus allowing vigorous stir-
ring of the buffer around the muscle.

Measurements of Na*,K* Contents and "*C-sucrose Space

In some experiments, the Na*, K" contents of the muscles were de-
termined after rest or stimulation in air. This was primarily done
by washing the muscles during continuous gassing with air for
60 min in ice-cold Na'free Tris-sucrose buffer, followed by blot-
ting on dry filter paper and wet wt determination. The Na'-free
Tris-sucrose had the following composition (in mM): 263 sucrose,
10 Tris-HCI, 2.7 KCl, 1.3 CaCly, 1.2 MgSO,, 1.2 KHoPO, (pH 7.4).
The muscles were then soaked overnight in 0.3 M trichloroacetic
acid (TCA) and samples of this extract were taken for flame pho-
tometry. We have previously shown that during wash in ice-cold
Na'Afree Tris-sucrose buffer, K* contents of soleus and EDL mus-
cles remain constant for 150 min, whereas the intracellular Na*
content undergoes a slow decrease that can be corrected for by
multiplying with a constant. Thus by removing extracellular Na’,
as well as the K' released from the working muscle cells, without
causing further loss of intracellular K', this procedure allows the
determination of the total cellular contents of Na" and K'. The
excitation-induced release of intracellular K" is calculated from
the difference between the K contents of stimulated and resting
muscle. The values are expressed as micromol/g wet wt (Everts
and Clausen, 1992) and converted to nmol/stimulation pulse/g
wet wt.

"“C-sucrose space was determined by preincubating muscles for
90 min in K.R. buffer containing 1 mM sucrose and "*C-sucrose
(3.7 kBq/ml). After removal of the buffer, the muscles were ei-
ther resting or stimulated at 60 Hz, blotted, weighed, soaked over-
night in TCA, and the extract taken for counting of *C. The
MC-sucrose space was calculated on the basis of the '*C-sucrose
activity in the tissue and in the K.R. buffer (Clausen and Gissel,
2005). The "*C-sucrose space represents the extracellular water
space and can be used to calculate the average extracellular con-
centration of K', using the values obtained for K* washed out in
the ice-cold Na'-free buffer.

Electrical Stimulation and Measurement of Force

Muscles were mounted vertically with their tendons intact in
force transducers in thermostated chambers containing K.R.
with 4 or 10 mM K, adjusted to optimal length for measure-
ment of isometric contractions, and exposed to direct field stim-
ulation via platinum wire electrodes placed on either side of the
central region. In the first series of experiments, the nerve was
aspirated into a suction electrode, allowing indirect stimulation
with 1-ms pulses of 5 nA. Contractile performance was assessed
using chambers filled with 8 ml K.R. buffer or chambers where
the buffer had been aspirated. The buffer in the chambers was
continuously bubbled with a mixture of humidified 95% Oy and
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Figure 1. Time course of force decline in rat soleus during
60 Hz indirect stimulation in buffer or in air. Soleus muscles were
mounted in force transducers, adjusted to optimal length for
measurement of isometric contractions, and equilibrated for
30 min in thermostated chambers containing 8 ml K.R. buffer at
30°C. The nerves were aspirated into suction electrodes allowing
indirect stimulation as previously described in detail (Overgaard
et al., 1999). All muscles were then stimulated for 60 s at 60 Hz
using 1-ms pulses at 5 nA before and after aspiration of the buffer
from the incubation chamber. Each curve represents the mean
of observations on five muscles incubated in K.R. buffer (filled
symbols) compared with contralateral muscles from the same rats
mounted in air (open symbols) with vertical bars denoting SEM
of values recorded at the times indicated.

5% COs. Following the aspiration of buffer, drops of buffer still
adhering to the muscle were gently wiped off before the onset
of stimulation and the empty chambers were gassed with a mix-
ture of humidified 95% O, and 5% CO,. In all instances, the
temperature of the chambers was maintained at 30°C by perfus-
ing the hollow glass walls with distilled water circulating from a
thermostated water bath. In the majority of the experiments, di-
rect stimulation was applied via platinum wire electrodes using
trains of 0.2-ms pulses at supramaximal voltage (10-12 V) ap-
plied at 60 Hz. Isometric force development was measured with
force displacement transducers (Grass FTOs, Grass-Telefactor)
and recorded with a chart recorder and/or a computer using
Chart 5.4 software (ADInstruments) and expressed in mN. At a
stimulation frequency of 60 Hz, maximum force in soleus is ob-
tained after 1 s of stimulation (Murphy and Clausen, 2007).
Therefore, to ensure the development of peak absolute tetanic
force, stimulation durations of 2 s were used to test contractile
performance of soleus muscles. In EDL muscles, maximum
force was reached after 0.5 s of stimulation at 60 Hz, and this
duration of stimulation was therefore used in the experiments
with EDL muscles. In EDL muscles, stimulation at 90 Hz in-
duced 22% higher force than 60 Hz (n =4 vs. 4). However, to al-
low direct comparison with the measurements of force during
continuous stimulation of soleus muscles, all experiments were
performed using 60 Hz.
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Figure 2. Time course of force decline and recovery in rat soleus
during 60 Hz direct stimulation in buffer or in air. Experimental
conditions as described in the legend to Fig. 1, but muscles were
exposed to direct stimulation via platinum wires in contact with
the muscles. 0.2-ms pulses of 10 V were applied at a frequency of
60 Hz for 180 s, followed by 2 s trains of 0.2-ms pulses of 60 Hz
at the indicated intervals. The muscles were either stimulated in
K.R. buffer (filled symbols) or in air, after the buffer had been
aspirated (open symbols). Each point represents the mean of ob-
servations on four muscles with bars denoting SEM. None of the
differences between force recorded in buffer and in air reached
statistical significance.

Chemicals and Isotope

All chemicals used were of analytical grade. Salbutamol and oua-
bain were obtained from Sigma-Aldrich, *C-sucrose (22. 2 GBq/
mmol) was from Amersham.

Statistics

All data are presented as means with SEM. The statistical signifi-
cance of a difference between two groups was ascertained using
Student’s two-tailed ¢ test for nonpaired observations.

RESULTS

Contractile Force, Endurance, and Recovery

The first experiments were performed using indirect
stimulation of the nerve applied via a suction electrode.
This was done to ascertain that excitation elicited via the
nerve fibers and motor end plates gave the same force
development in buffer and in air. Fig. 1 shows the time
course of force decline in five isolated intact rat soleus
muscles exposed to continuous indirect stimulation at
60 Hz for 60 s in air or in K.R. buffer. There is no signifi-
cant difference between the time course of the relative
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Figure 3. Time course of force decline and recovery in rat EDL
during 60 Hz direct stimulation in buffer or in air. Experimental
conditions as described in the legend to Fig. 2, but muscles were
stimulated continuously for 30 s, followed by 0.5-s trains of 0.2-ms
pulses of 60 Hz at the indicated intervals. The muscles were either
stimulated in K.R. buffer (filled symbols) or in air, after the buffer
had been aspirated (open symbols). Each point represents the
mean of observations on four muscles with bars denoting SEM.
None of the differences between force development in buffer or
in air reached statistical significance.

force decline of the same five muscles in air or in buffer.
Since the setup used for indirect stimulation sometimes
gave rise to interruptions of the connection between the
nerve and the suction electrode, all the following exper-
iments were performed using direct stimulation. There
was no significant difference between the initial force
development induced by indirect (393 + 15 mN) and di-
rect stimulation (876 + 10 mN; n=>5vs. 4, P = 0.42).

Fig. 2 shows the time course of force decline and re-
covery in isolated rat soleus exposed to continuous direct
stimulation at 60 Hz for 180 s, followed by 300 s of rest,
where the recovery was tested at the indicated intervals
using 2-s trains of 60-Hz stimulation. There is no signifi-
cant difference between the absolute force development
or force recovery in air or in buffer. After 300 s of rest,
the force had recovered to ~90% of the initial level.
In other experiments the stability of force development in
air was tested. In soleus muscles maintained for 40 min
in air, 30 s of continuous stimulation at 60 Hz gave the
same force development when repeated four times at
10-min intervals (unpublished data).

To explore the possible effects of much more pro-
nounced excitation-induced K* efflux, experiments were
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Figure 4. Effect of splitting soleus muscles on the time course of
force decline during continuous direct stimulation in buffer for
120 s at 60 Hz. Each point represents the mean of observations on
four whole muscles or eight splits obtained from the contralateral
muscles of the same rats. Bars indicate SEM. None of the differ-
ences between force development in intact muscles or in splits
reached statistical significance.

performed using isolated rat EDL muscles. In this prep-
aration previous measurements of excitation-induced
K* efflux showed values 6.6-fold higher than those seen
in soleus muscles from the same animals (Clausen et al.,
2004). From Fig. 3 it can be seen that in rat EDL, there
is no significant difference between the absolute force
development and force recovery in air or in buffer.
It should be noted that in buffer the rate of force de-
cline in EDL was 3.9-fold faster than in soleus and in air
4.7-fold faster. After 300 s of subsequent rest, tetanic
force of EDL had recovered to ~60% of the initial force,
which is clearly lower than in soleus. These observations
indicate that the rate of force decline is the same with-
out or with access to diffusional clearance of K" into the
buffer, no matter whether the rate of force decline or
the efflux of K" is large or small.

Effects of Muscle Dimensions, Ouabain, and Salbutamol

on Contractile Performance

The influence of altering the diffusional distance was
explored by comparing the time course of force de-
cline in whole soleus muscles with that of muscle strips
weighing 8-15 mg, prepared from the contralateral so-
leus muscle. These experiments were performed using
buffer so as to allow diffusional clearance of K'. The
thinner muscle strips with cross-sectional areas of 29—
58% of that of the intact muscles should give shorter
diffusional delay for the K* leaving the muscle cells
than the intact muscle. Therefore, it seems reasonable
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Figure 5. [Effects of ouabain on tetanic force development in rat
soleus exposed to direct stimulation at 60 Hz in K.R. buffer or in
air. Experimental conditions as described in the legend to Fig. 2,
but muscles were first tested using 2-s trains of 60 Hz stimulation
in buffer without (filled symbols) or with (open symbols) oua-
bain (107° M). After 10 min of incubation in buffer without or
with ouabain, the buffer was aspirated and all muscles exposed to
continuous stimulation at 60 Hz for 180 s, followed by 2-s trains
of 60-Hz stimulation at the indicated intervals. Finally all muscles
were washed three times in K.R. without ouabain, left in buffer,
and tetanic force tested at the indicated intervals. Each point rep-
resents the mean of observations on three to four muscles with
bars denoting SEM.

to assume that the clearance of K' by diffusion was
more efficient in the strips than in the intact muscles,
allowing better maintenance of force and a slower rate
of force decline. As shown in Fig. 4, however, there was
no significant difference between the time course of
the decline of average force in whole muscles and in
strips prepared from the contralateral muscles. This to-
gether with the abovementioned observations indicate
that only a minor part of the intracellular K* lost dur-
ing excitation is cleared from the extracellular space by
diffusion into the surrounding buffer. Therefore, most
of the K" would have to be cleared by reaccumulation
into the cells. This possibility was explored by inhibit-
ing or stimulating the rate of K" uptake via the Na*",K*
pump and following the contractile performance in air.
As shown in Fig. 5, preincubation for 10 min in K.R.
with 107> M ouabain caused a decrease of 14% in the
force recorded at the onset of continuous stimulation
at 60 Hz. During the first 20 s of continuous stimula-
tion, the rate of force decline was accelerated by 565%
in comparison to the controls without ouabain. It seems
reasonable to assume that these changes reflect ouabain-
induced inhibition of K' reaccumulation in the muscle
cells and ensuing accumulation of K" in the interstitial
water space. It should be noted that the inhibitory ef-
fect of ouabain on contractile performance was not
restored even after a recovery period of 2,820 s in air.
In contrast, subsequently returning the muscles to K.R.
buffer without ouabain induced almost complete force
recovery in 1,500 s, demonstrating that following wash-
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Figure 6. Effects of ouabain on tetanic force development in
rat soleus exposed to direct stimulation at 60 Hz in buffer or in
air. Experimental conditions as described in the legend to Fig. 5,
but contractility was tested using 0.5-s pulses of 60 Hz. Each point
represents the mean of observations on four muscles with bars
denoting SEM.

out of the glycoside in buffer, the inhibitory effect of
ouabain on contractility was completely reversible. Con-
trol muscles not exposed to ouabain showed almost the
same time course of force decline during continuous
60-Hz stimulation as shown in Fig. 2 and ~90% recov-
ery of tetanic force in air. Henceforth, they maintained
contractile performance for around 1,800 s in air, but
showed no further force recovery following return to
K.R. buffer.

As shown in Fig. 6, the same experiment was repeated
using EDL muscles. Again, the untreated control mus-
cles showed a much faster force decline than soleus
and incomplete force recovery. Return to buffer caused
no further force recovery. The addition of ouabain in-
creased the rate of force decline by 51% and reduced
total force to 0. Return to buffer without ouabain caused
only slow and modest force recovery.

In the next series of experiments, the effects of ele-
vated [K'], and Na',K" pump stimulation with salbuta-
molwere explored in soleus muscles with measurements
of force development in air. As shown in Fig. 7, pre-
incubation for 20 min with buffer containing 10 mM
K' caused a significant reduction in the initial force
compared with muscles preincubated in buffer contain-
ing 4 mM K (—38%, P < 0.001). In the same muscles,
there was a considerable increase (625%) in the rate
of force decline during the first 20 s of the subse-
quent continuous stimulation. The addition of salbu-
tamol (107° M) to the preincubation buffer containing
10 mM K" induced complete restoration of initial force
and partial restoration of the rate of force decline (to
180% of the controls incubated at 4 mM K). It should
be noted that parallel experiments with stimulation
in K.R. buffer gave closely similar values for the time
course of force decline in buffer containing 4 mM K,
10 mM K, without or with salbutamol (n = 6-12, un-
published data).
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Figure 7. Effects of high [K'], without or with salbutamol on
force decline in rat soleus. Experimental conditions as described
in the legend to Fig. 2. All muscles were preincubated for 20 min
in K.R. containing 4 mM K* or 10 mM K" without or with 107® M
salbutamol. Then buffer was aspirated and all muscles exposed to
continuous stimulation at 60 Hz for 180 s. Each point represents
the mean of observations on four to six muscles with bars denot-
ing SEM.

Excitation-induced Loss of K" and Gain of Na*

The effects of stimulation in air on the loss of intracellu-
lar K" and the gain of intracellular Na" were estimated
in soleus and EDL muscles. It can be assumed that dur-
ing stimulation, the K" released from the muscle cells is
primarily accumulated in the extracellular space. Con-
comitantly, Na" is taken up into the intracellular space.
To quantify these changes, the muscles were washed in
ice-cold Na'-free buffer for 4 x 15 min. We have previously
shown that during this wash, extracellular K" and Na*
are removed, allowing quantification of the excitation-
induced changes in the intracellular contents of these
ions. During 60 min of washout in the ice-cold Na'-free
buffer, there is no loss of intracellular K*, whereas intra-
cellular Na" undergoes a reduction, which in soleus can
be corrected for by multiplying the final Na" content by
afactor of 1.49 (Buchanan etal., 2002) and in EDL by a
factor of 1.46 (Hansen et al., 2005).

Earlier studies have shown that during shorter-lasting
excitation in buffer (5-30 s), the release of K' per pulse
is ~6.6-fold faster in EDL than in soleus (Clausen et al.,
2004). It was of interest, therefore, to determine whether
the marked difference in K" release between soleus and
EDL could be detected by measuring the difference
between the net release of K" during stimulation in air.
The excitation-induced loss of K" and gain of Na* were
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Figure 8. The excitation-induced net loss of K" and gain of Na*
in rat soleus and EDL. Experimental conditions as described in
the legend to Fig. 2. Following equilibration for 30 min in K.R.
buffer, contralateral muscles from the same animal were either
allowed to rest or stimulated in air at 60 Hz for 60 s (soleus) or
30 s (EDL). For each pair of contralateral muscles, the excita-
tion-induced loss of K" and gain of Na* were calculated from the
differences in K" and Na* contents, respectively, and expressed as
nmol/pulse/g wet wt (A Na* and A K*). Each column represents
the mean of observations on 12 muscles with bars denoting SEM,
The difference between the excitation-induced Na* uptake in so-
leus and EDL muscles was significant (P = 0.014). Likewise, the
difference between excitation-induced K' release of soleus and
EDL muscles was significant (P = 0.011).

estimated after 60 Hz of continuous stimulation of
soleus (60 s or 3,600 pulses) and EDL (30 s or 1,800
pulses) muscles in air, followed by a washout in ice-cold
buffer. As shown in Fig. 8, the net loss of K" measured as
the difference between K' contents of resting and stim-
ulated muscles amounted to 5.73 + 0.82 nmol/pulse/g
wet wt in EDL and 1.45 + 0.34 nmol/pulse/g wet wt in
soleus (P =0.011). This indicates that the net loss of K
per pulse is fourfold larger in EDL than in soleus. As
can be seen from Fig. 8, the gain of Na" amounted to
4.22 + 0.28 nanomol/pulse/g wet wt in EDL and 1.59 +
0.18 nanomol/pulse/g wet wt in soleus (P =0.014), cor-
responding to a 2.7-fold difference in the net gain of
Na' per pulse.

As shown in Table I, measurements of the "*C-sucrose
space of the two muscles showed no significant differ-
ence between resting and stimulated muscles. The mean
values for "*C-sucrose space of resting and stimulated
muscles were 23.6 and 21.3% for soleus and EDL, re-
spectively, which is in close agreement with those ob-
tained in our previous studies (Clausen and Gissel, 2005).
I assume that these values represent the size of the ex-
tracellular space and that before the onset of stimulation
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TABLE |

" Cesucrose Space in Resting and Stimulated Soleus and EDL Muscles

“C-sucrose space (% of wet wt.)

Resting soleus 229+34
Soleus stimulated for 60 s 24.2 +2.8
Resting EDL 21.7+1.9
EDL stimulated for 30 s 209+ 1.2

Muscles were mounted on electrodes for isometric contractions and
incubated for 90 min in K.R. containing 1 mM sucrose and 3.7 kBq/
ml of "C-sucrose. Then all muscles were moved into empty tubes and
carefully blotted to remove the last drips of buffer and stimulated at 60
Hz or allowed to rest. Immediately after the stimulation, the muscles
were blotted, weighed, and soaked overnight in 0.3 M TCA. The TCA
extract was sampled for counting of "*C-sucrose. Each value is the mean of
measurements on 3 muscles + SEM.

this contains 4 mM K. By dividing the values for the
total amount of K' released into the extracellular space
(in soleus 5.200 nmol/g wet wt and in EDL 10.300
nmol/g wet wt) by the mean values of '*C-sucrose space
it could be calculated that at the end of the continuous
stimulation in air, the average [K'], in the extracellular
space of soleus and EDL had increased from 4 mM to
26.0 and 52.4 mM, respectively.

In other experiments it was examined whether the
net loss of K" from EDL muscles was higher when the
muscles were stimulated in buffer than in air. Following
30 s of continuous stimulation of muscles at 60 Hz in
K.R. buffer or in air, the muscles were washed for 4 x 15
min in ice-cold Na*-free Tris-sucrose buffer, blotted,
weighed, and taken for flame photometric determina-
tion of total K" contents. The difference between K*
contents of resting and contralateral stimulated muscles
was 9.1 + 1.7 pmol/g wet wt in the muscle pairs kept in
air and 9.5 = 1.4 wmol/g wet wt in those kept in buffer
(n=9vs.7,P=0.87). This indicates that during the 30 s
of stimulation in K.R. buffer, the average concentration
of K" in the extracellular space of EDL muscles reaches
the same level (48.6 mM) as in the muscles stimulated
in air (46.7 mM), in keeping with the close similarity in
loss of force (Fig. 3).

DISCUSSION

The major new information gained from the present
study is that when isolated rat skeletal muscles are al-
lowed to work in air, their contractile performance over
30-180 s of continuous 60-Hz stimulation is closely simi-
lar to that shown in the standard K.R. incubation me-
dium. It is generally assumed that the K" released from
muscles working in vitro is primarily cleared by diffu-
sion into the surrounding buffer. When the muscles are
working in air, however, this clearance pathway is closed.
Since this causes no impairment of contractile perfor-
mance, clearance of K by diffusion into the incubation
medium seems to be of minor importance during the

early phase of our in vitro experiments. Comparison of
the net loss of K* following stimulation in air and in buf-
fer shows no difference, indicating that during 30 s of
60 Hz stimulation of EDL muscles, the relatively large
loss of K" from the muscle cells into the extracellular
water space is not diffusing into the incubation medium.
Moreover, marked reduction in the size of the soleus
muscle preparation, which would facilitate diffusional
clearance of K', causes no reduction in the rate of force
decline. Hence, it seems reasonable to assume that the
clearance of K" depends on reaccumulation into the
muscle cells. In keeping with this, inhibition of K' reac-
cumulation via the Na',K" pumps markedly accelerates
the force decline (by 565%) taking place during contin-
uous stimulation of soleus muscles. A similar increase in
the force decline (by 625%) is obtained by augmenting
extracellular K" by preincubation in buffer containing
10 mM K'. Conversely, the increase in the rate of force
decline induced by high [K'], is counterbalanced by
stimulation of the Na',K" pumps with the B, agonist sal-
butamol. Taken together, these results indicate that
clearance of extracellular K via the Na", K" pumps plays
a major role in the maintenance of muscle contractility.
Further evidence for the crucial role of extracellular K*
in determining contractile performance emerges from
the observation that during continuous stimulation, the
rate of K release per pulse is fourfold faster in EDL
than in soleus. As shown in Figs. 2 and 3, the rate of
force decline in EDL is 3.9-fold (in buffer) and 4.7-fold
(in air) faster than in soleus, which is very similar to the
difference observed between isolated mouse soleus and
EDL muscles (Pagala et al., 1998). The correlation be-
tween the excitation-induced K' release and force de-
cline indicate that the difference in fatigability of soleus
and EDL is due to differences in the rate of excitation-
induced accumulation of K" in the extracellular space.
The much lower contractile endurance in muscles con-
taining predominantly fast-twitch type II fibers can be
related to a faster reduction in the amplitude of the
compound action potentials (Pagala et al., 1984, 1998;
Clausen et al., 2004).

In the presence of ouabain (107° M), the initial rate
of force decline is 74% faster in EDL than in soleus.
Since this difference is appreciably smaller than in the
absence of ouabain (290-370%), it is possible that only
part of it reflects a difference in the rate of excitation-
induced K" efflux. Part of the difference in force de-
cline may be due to a lower rate of Na*, K" pump-mediated
K' reaccumulation in EDL. Thus, we found that during
2-Hz stimulation, the Na',K* pump-mediated **Rb up-
take in soleus is 57% larger than in EDL, possibly be-
cause in soleus, the Na’",K" pumps are more sensitive to
increases in intracellular Na* than in EDL (Everts and
Clausen, 1992).

Measurements of the difference between the K' con-
tent of the resting and the stimulated muscles indicate
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that during continuous stimulation at 60 Hz, the aver-
age extracellular concentration of K' reaches values
of 26.0 mM in soleus (after 60 s) and 52.4 mM in EDL
(after 30 s), respectively. These values represent the net
result of the excitation-induced release of K' from the
working muscle cells minus the K* that has been cleared
into the muscle cells during the entire stimulation pe-
riod. It should be noted, however, that during the
continuous stimulation, soleus (60 s) and EDL (30 s)
lose respectively 35 and 83% of their initial force (Fig. 2
and 3), probably due to loss of excitability and ensuing
dropout of action potentials (Clausen et al., 2004). This
implies that, on average, the total number of action
potentials in soleus (in 60 s) and in EDL (in 30 s) is
reduced by ~17 and 41%, respectively. It could be cal-
culated that this accounts for the fact that the excita-
tion-induced losses of K per pulse in soleus and EDL
obtained in the present study are smaller than those
measured in a previous study, where shorter intervals
of stimulation were used, allowing better maintenance
of the generation of action potentials (Clausen et al.,
2004). It should be noted that the excitation-induced
loss of muscle K" per action potential observed in our
laboratory is in the same range as those found in other
intact muscle fibers (for references see Clausen, 2003).
It is interesting that the present as well as a previous
study (Clausen et al., 2004) showed that the excitation-
induced loss of K" was not significantly different from
the gain of Na', both in soleus (P = 0.38) and in EDL
(P = 0.07). This is in keeping with the usual one-for-
one exchange of Na" and K' taking place during the
action potentials.

The stimulation frequency of 60 Hz used in the pre-
sent study was chosen for technical reasons, allowing
more accurate measurements of Na',K" exchange and
characterization of the rates of fatigue. The initial peak
tetanic force reached in soleus and EDL is similar to
those obtained by stimulating the same muscles from
35-d-old rats with intact blood supply (Close, 1964). In
rat soleus with intact circulation, peak tetanic force
at 30°C was 20 N/cm? of cross-sectional area (Swoap
etal., 1997). In soleus of the size used in the present
study, the cross-sectional area is 0.016 cm?, and the
peak tetanic force measured in air is 38 g, correspond-
ing to 23.3 N/cm?, which is in good agreement with
the value obtained by Swoap et al. (1997). 60 Hz is
higher than the frequencies measured in skeletal mus-
cles of spontaneously active rats in vivo (Hennig and
Lgmo, 1985), raising the question of whether low fre-
quency muscle work also in vivo gives rise to loss of K*
from the muscles and a gain of Na'. Sréter (1963)
found that in the red fibers of rat gastrocnemius in
vivo, 4 min of stimulation at 5 Hz caused a 14% de-
crease in [K']; and an 81% increase in [Na'];. In rat
EDL muscle in vivo, 15 min of indirect 5-Hz stimula-
tion increased [Na']; by 100% and decreased [K']; by

480 K* Clearance during Muscle Work

30% (Nagaoka et al., 1994). In man, voluntary biking,
which is assumed to be associated with an average stim-
ulation frequency of around 6 Hz, leads to a net loss of
K" from the working muscles (Sjggaard, 1990; Hallen
etal., 1994). Moreover, in the venous blood leaving in-
tensely working human leg muscles, plasma K" may in-
crease to around 8 mM within 1 min (Medbg and
Sejersted, 1990). Studies with microdialysis probes in-
dicate that during plantar flexion exercise, extracellu-
lar K' in the gastrocnemius muscles increases to 11.5
mM, and there is a considerable net release of K* from
the working muscles to the venous blood (Green et al.,
2000). In keeping with this, it was shown that during
work, skeletal muscle cells undergo depolarization,
both in vitro (Hanson, 1974; Balog et al., 1994) and
in vivo (Locke and Solomon, 1967), which may con-
tribute to the loss of excitability and contractility shown
in several studies (for review see Clausen, 2003).

The present results indicate that for the short-term
maintenance of contractile performance, access to dif-
fusional clearance of K' to a surrounding incubation
medium plays only a minor role. The clearance of K*
may take place by reaccumulation into the muscle cells
via the Na", K" pumps. During static work with isometric
contractions, the blood vessels may be compressed
(Barcroft and Millen, 1939; Humphreys and Lind, 1963),
causing cessation of circulation. Under these condi-
tions, K" has to be cleared by transport into the cells.
The muscles seem to have adapted to maintain force
during such critical situations by generating the large
number of Na’",K" pumps, which they have been shown
to contain. Following 10 s of intense excitation of iso-
lated rat soleus muscles, the net efflux of intracellular
Na' as measured over the following 30 s has been shown
to increase up to 22-fold, reaching the theoretical maxi-
mum capacity of the Na’",K" pumps present in the same
muscle (Clausen, 2003). Due to the electrogenic action
of the Na’,K" pump, this contributes to the maintenance
of membrane potential and excitability. It is surprising,
however, that even when the average extracellular con-
centration of K" in soleus and EDL reaches 26 and 52
mM, respectively, the muscles are still able to produce,
albeit weakened, contractions. This may be attributed
to the recently discovered improvement of excitability
brought about by intracellular accumulation of lactic
acid with ensuing acidification and inactivation of Cl~
channels (Pedersen et al., 2005). It is important that
in K'-inhibited muscles, the effects of Na’',K" pump
stimulation by catecholamines and lactic acid on force
recovery are additive (De Paoli et al., 2007). Both effects
are rapid in onset, and in working muscles, metabolic
acidosis and Na',K" pump stimulation act concomitantly
to maintain excitability.
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