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Sen, Chandan K., Osmo Hinninen, and Sergei N. Or-
lov. Unidirectional sodium and potassium flux in myogenic
L6 cells: mechanisms and volume-dependent regulation. J.
Appl. Physiol. 78(1): 272-281, 1995.—To clarify the relative
participation of particular ion transport systems in net univa-
lent cation fluxes under basal conditions and altered volume
of skeletal muscle-derived cells, the effect of inhibitors of the
Na*-K* pump (ouabain), univalent ion cotransporters [bu-
metanide, furosemide, and (dihydroindenyl)oxy alkanoic
acid], and Na*/H" exchanger (ethylisopropylamiloride) on
8Rb and ??Na fluxes has been studied in L6 myoblasts incu-
bated in isosmotic (320 mosmol/kg) and anisosmotic media.
Under the isosmotic condition, the relative contribution of
ouabain-inhibited and ouabain-insensitive bumetanide-in-
hibited component of *Rb influx was ~15-20 and 60%, respec-
tively. 2Na influx was inhibited by bumetanide and ethyliso-
propylamiloride by 25 and 15%, respectively. Under isosmotic
conditions, an increase of L6 cell volume was observed after
addition of extracellular acetylcholine, extracellular K*-in-
duced depolarization, or lowering of the pH of the incubation
medium. High extracellular glutathione (150 M) did not af-
fect the cell volume of the muscle-derived cells bathed in
isosmotic medium. Results of this study suggest that the bu-
metanide-inhibited component of K* influx plays a key role
in the adjustment of transmembrane K* gradient in L6 my-
oblasts. The Na*/H"* exchanger appears to be important in
regulatory volume increase.

muscle; ion transport; sodium/hydrogen exchanger; sodium-
potassium pump; univalent ion cotransporters; glutathione;
inhibitors

ELECTROLYTE REGULATION in skeletal muscle is funda-
mental to electromechanical coupling and to the devel-
opment of fatigue (4, 22). Intense muscular contraction
remarkably modifies intracellular electrolyte concen-
trations. The sum total of such ionic changes is mani-
fested as a marked increase in intracellular H* concen-
tration (22). This intracellular acidosis has been sug-
gested to impair regulatory and contractile protein
function and calcium regulation and thus contributes
to the development of skeletal muscle fatigue. Na™-K*
pump and carriers play a key role in the adjustment
of electrochemical univalent ion gradients and cell vol-
ume. The introduction of the skeletal muscle-derived
clonal L6 cell line as a model for experimental research
(33) was soon followed by a series of studies related
to nerve-muscle interaction and development of action
potentials (12, 15). All such investigations employed
electrophysiological techniques to study membrane po-
tentials and permeability of ion channels. Although the
properties of several ionophores have been studied in
L6 cells (9, 27), data on the relative activity of the Na*-
K* pump and univalent ion carriers in L6 cells or any
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other skeletal muscle-derived cultured cells are lack-
ing. We were therefore interested to study the partici-
pation of different ion transport systems in inward and
outward potassium (®**Rb) and sodium (*’Na) fluxes in
L6 cells.

It is known that feedback regulation of volume is a
fundamental property of most cell types (13). In human
and animal skeletal muscles, marked shifts of water
and electrolytes after electrical stimulation or intense
exercise have been documented. Intense muscular con-
traction was described to be accompanied by cell swell-
ing, a 6—20% decrease in intracellular K* concentra-
tion, a twofold increase in intracellular Na* concentra-
tion ([Na*];), and variable increases in intracellular C1~
concentration ([C17];). Potassium efflux from con-
tracting muscle cells dramatically decreases the intra-
cellular-to-extracellular potassium ratio, leading to de-
polarization of sarcolemmal t-tubular membranes (22).
To our knowledge, there is no report on the volume-
dependent mechanisms of ion flux regulation, regula-
tory volume increase (RVI), or regulatory volume de-
crease (RVD) in skeletal muscle-derived cells. We car-
ried out experiments on the volume-dependent regula-
tion of sodium and potassium fluxes in L6 cells. This
study provides the first direct evidence regarding the
nature in which K* and Na* transport systems in the
skeletal muscle-derived cells are affected by changes
in cell volume, which are known to be associated with
intense exercise. We also studied the effects of high
extracellular K*-induced depolarization, lowered ex-
tracellular pH, and high extracellular glutathione on
cell volume. All the above-cited conditions may be man-
ifested as consequences of exhaustive exercise. Re-
duced glutathione (GSH), a sulfhydryl tripeptide an-
ionic in physiological pH, is known to serve antioxidant
and detoxicant functions in the body and has been
shown to be synthesized by L6 myoblasts as well (29).
Thiols are known to modulate K*-Cl~ cotransport in
erythrocytes. The sulfhydryl reagent iodoacetamide
and N-methylmaleimide sharply reduced the capability
of Cl -dependent K* transport to regulate its activity
in response to cell volume changes (19). Because ex-
haustive exercise is associated with a remarkable rise
in plasma GSH (20), we were also interested to know
about the possible effect of high concentrations of extra-
cellular GSH on muscle cell volume. We also studied
the effect of acetylcholine-induced hyperpolarization on
the cell volume of L6 myoblasts.

MATERIALS AND METHODS

Materials. L6 cells (33) from American Type Culture Col-
lection (Rockville, MD) were provided by Dr. P. Rahkila of
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the University of Jyviskyld. Dulbecco’s modified Eagle’s me-
dium, fetal calf serum, and other reagents for cell culture
were purchased from GIBCO (Grand Island, NY). The radio-
isotopes #*RbCl, 22NaCl, and 3-O-methyl-D-[*C]glucose were
obtained from Amersham (Buckinghamshire, UK). Ethyliso-
propylamiloride (EIPA) was obtained from Ciba Geigy (Basel,
Switzerland). (Dihydroindenyl)oxy alkanoic acid (DIOA) was
synthesized (8) and provided as a gift by Dr. Edward J.
Cragoe, Jr. Quabain was obtained from Serva Feinbiochem-
ica (Heidelberg, Germany). N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (HEPES), tristhydroxymethyl)amino-
methane (Tris), choline chloride, 3-O-methyl-D-glucose, bu-
metanide, and furosemide were purchased from Sigma
Chemical (St. Louis, MO). All other chemicals were of the
highest purity available and were obtained from Merck AG
(Darmstadt, Germany) or BDH (Poole, UK). Cell culture
dishes were purchased from A/S Nunc (Roskilde, Denmark).

Cell culture. Monolayer cultures were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum, 5 mM glutamine, 0.3% D-glucose, 50 U/ml of penicil-
lin, and 50 pg/ml of streptomycin in humidified air containing
10% CO, at 37°C. Cell viability was >95% as estimated by
trypan blue exclusion. The cells were split once every 2 days.
All experiments were carried out with myoblast of the fourth
to the tenth passage. About 12—14 h (lag phase of cell multi-
plication) before ion-flux studies, cells were seeded in either
24-well (4—5 X 10° cells/well; for measurements of 8Rb up-
take and loss) or 6-well (1.5—-2 X 10° cells/well; for measure-
ment of ?Na uptake and determination of volume of intracel-
lular water) culture dishes as required.

Determination of %Rb influx. Rb influx was studied as
described previously (25), with minor modifications reported
below. L6 cells (seeded in 24-well plates; 4—5 X 10° cells/
well) were washed with 2 X 1-ml aliquots of medium A (140
mM NaCl, 5 mM KCl, 1 mM MgCl,, and 1 mM CaCl, in 10
mM Tris-HEPES buffer, pH 7.4) and preincubated in 0.5 ml
of medium B (140 mM NaCl, 5 mM KCI], 1 mM MgCl,, 1 mM
CaCl,, 1 mM Na,HPO,, and 10 mM D-glucose in 20 mM Tris-
HEPES buffer, pH 7.4) for 10 min at 37°C. In some experi-
ments, this preincubation medium contained ion transport
inhibitors or other compounds at twice the concentration indi-
cated in the legends of Figs. 2, 6, and 8—10. After the preincu-
bation as indicated above, 0.5 ml of medium B containing 1—
2 uCi/ml of *RbCl was added to each well and the incubation
was continued for another 2, 5, 10, or 20 min to study the
uptake kinetics (see Fig. 1A4). For other experiments (see Figs.
2, 6, and 8-10), the incubation with the radioisotope salt was
carried out for 10 min. When required (see Figs. 6 and 8-
10), changes in the total osmolality of the incubation medium
(in the range 200-620 mosmol/’kg) were made by either de-
creasing the concentration of NaCl (up to 20 mM) or increas-
ing the concentration of sucrose (up to 600 mM) in the incuba-
tion medium (medium B with ®Rb). Osmolalities of the incu-
bation media were measured by a milliosmometer (Knauer,
Hamburg, Germany). In some experiments (see Figs. 8 and
9), NaCl of the incubation medium was substituted by an
equimolar amount of choline chloride. The uptake of **Rb was
terminated after appropriate time intervals by the addition
of 1.5 ml of ice-cold medium C (100 mM MgCl, in 5 mM Tris-
HEPES, pH 7.4). Dishes were immediately placed on ice, and
the cells were washed with 5 X 1.5 ml of ice-cold medium C.
After the aspiration of medium C, 1 ml of 5% sodium dodecyl
sulfate solution containing 2 mM Na,EDTA was added to
each well to lyse the cells. The cell lysate (or incubation me-
dium, 1 ml) followed by 4 ml of OptiPhase HiSafe3 (LKB
Wallac, Turku, Finland) was then added to scintillation vials.
Radioactivities in the incubation medium and in the cell ly-
sate were determined by a 1214 RACKBETA liquid scintilla-
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tion counter (LKB Wallac). ¥Rb influx (nmol - 10° cells™!-
min™?!) was calculated as A(ant)™!, where A is the radioactiv-
ity (counts/min) in the cell lysate, a is the specific radioactiv-
ity (counts - min~!+nmol™?!) of the incubation medium, n is
the number of 10° cells per well, and ¢ is the time interval
(in minutes) of incubation of the cells with the isotope.

Determination of *Rb efflux. L6 cells (seeded in 24-well
plates; 4—5 X 10° cells/well) were prelabeled with **Rb by
incubating the cells with 0.5 ml/well of medium B containing
3—-4 uCi/ml of *RbCl. The incubation was carried out at 37°C
and lasted for 4 h. After the incubation, the 24-well culture
plates were placed on ice and the radioactive incubation me-
dium was aspirated. The cells were then washed with 5 X
1.5-ml aliquots of medium A. To initiate #Rb efflux, 1 ml of
prewarmed (37°C) medium B containing 1 mM ouabain was
added to each well. Cells were incubated at 37°C for 2, 5, 10,
15, 20, or 25 min for the study of ion loss kinetics (see Fig.
1B). For other experiments, the incubation for *Rb efflux
was carried out for 5 min. After the appropriate time interval
of incubation, 1.5 ml of an ice-cold solution of 150 mM NaCl
in 10 mM Tris-HEPES (pH 7.4 at 4°C) were added and the
medium (overlaying buffer) from each well was transferred
to scintillation vials. To determine the amount of %Rb still
remaining within the cells, cell lysates were obtained as de-
scribed above and transferred to scintillation vials. Values of
%Rb efflux were expressed as the percentage of initial *Rb
content (as a result of prelabeling) in the cells and was calcu-
lated as (100A;)(A; + Ay)~!, where A, is the radioactivity
in the withdrawn medium (overlaying buffer) and A, is the
residual radioactivity in the cell lysate.

Determination of ?Na influx. **Na influx was studied as
described previously (26, 32), with minor modifications as
described below. L6 cells (seeded in 6-well plates; 1.5-2 X
10° cells/well) were washed with 2 X 3-ml aliquots of medium
A at room temperature. The cells were then preincubated in
0.5 ml of medium B containing 1 mM ouabain for 10 min at
37°C. In some experiments (see Figs. 3 and 7), the preincuba-
tion medium contained either bumetanide or EIPA in twice
the concentration indicated in the legends of Figs. 3 and 7.
After the 10 min of preincubation, 1 ml of medium B con-
taining 3—4 uCi *NaCl was added to each well and the incu-
bation was continued for another 1, 2, 3, 5, 7, or 10 min to
study the uptake kinetics (see Fig. 1C). For other experiments
(see Figs. 3 and 7), the incubation with the radioisotope was
carried out for 3 min. When required (see Fig. 7), changes in
the total osmolality of the incubation medium were made
as described above. After the appropriate time interval of
incubation, Na uptake was terminated by the addition of 3
ml of ice-cold medium C (100 mM MgCl, in 5 mM Tris-
HEPES, pH 7.4) to each well. The multiwell plates were
placed on ice, and the cells were washed with 5 X 3 ml of
medium C per well. After the final aspiration of medium C,
cell lysates were prepared and radioactivity was determined
as described earlier. ?Na influx (nmol- 10° cells™!- min™?)
was calculated as A(ant)™.

Determination of intracellular water space. The principle
of equilibrium distribution of the nonmetabolizable hexose,
3-O-methyl-D-["*Clglucose, as suggested by Kleitzen et al.
(16) and described previously (26), was used. L6 cells (seeded
in 6-well plates; 2 X 10° cells/well) were washed with 2 X 3-
ml aliquots of medium A at room temperature. The cells were
then incubated in 1 ml (per well) of a solution (140 mM NaCl,
5 mM KCl, 1 mM MgCl,, 1 mM CaCl,, and 1 mM 3-O-methyl-
D-glucose in 20 mM Tris-HEPES buffer, pH 7.4 at 37°C) con-
taining 0.8 pCi/ml of 3-O-methyl-D-[**C]glucose. In some ex-
periments, either the composition of the incubation medium
was altered or other compounds were added as mentioned in
the legend of Fig. 5. Osmolality of the incubation medium
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was adjusted as described earlier. After 30 min of incubation,
the radioactivity-containing buffer was collected from each
well and the cells were washed with 5 X 3-ml aliquots of
ice-cold medium A. Cell lysates were prepared as described
earlier, and the radioactivities in the cell lysate fraction and
the incubation buffer samples were quantitated by liquid
scintillation counting as described earlier. Intracellular wa-
ter space (V) was calculated as V = (AV)AL!, where A is
the radioactivity of the lysate, A, is the radioactivity of the
medium, and V,, is the volume of the medium used for the
determination of A,.

Statistical analysis. Results are expressed as means + SD
of either three or four different experiments as indicated in
the respective figure legends. Data of each experiment were
obtained as means of quadruplicates. As required, the differ-
ence between means was tested by Student’s ¢-test for un-
paired data or one-way analysis of variance.

RESULTS

Kinetics of potassium (°*Rb) and sodium (**Na) up-
take and potassium (%Rb) loss. In the L6 myoblasts,
the kinetics of potassium uptake were studied for up to
20 min of incubation with the radioisotope. The kinetics
were observed to be linear over the studied period (Fig.
1A). Figure 1B shows that the curve representing the
kinetics of potassium loss was linear at least up to the
first 10—15 min. Figure 1C represents the kinetics of
sodium uptake into the L6 myoblasts incubated in a
buffer containing **Na. Linear uptake kinetics were
observed up to 5 min, after which the curve tended to
plateau. On the basis of the above-mentioned observa-
tions, 10, 5, and 3 min were chosen to be the time
intervals of incubation to estimate **Rb uptake, *Rb
loss, and **Na uptake, respectively, in subsequent ex-
periments.

Effect of ion transport inhibitors on *Rb and *’Na
flux under isosmotic conditions. Under isosmotic condi-
tions, **Rb influx in L6 myoblasts was ~3 nmol - 10°
cells '+ min ! (Fig. 2). Addition of 1 mM ouabain to the
incubation medium led to a decrease in ®**Rb influx by
10-20%. In the presence of 1 mM ouabain in combina-
tion with 10 M bumetanide, **Rb influx was 70-80%
lower compared with the control. No effect on ®*Rb in-
flux was observed on addition of 30 uM DIOA to the
combination of ouabain + bumetanide inhibitors. Fig-
ure 2 (inset) illustrates the relative contribution of oua-
bain-inhibited, ouabain-insensitive bumetanide-inhib-
ited, ouabain + bumetanide-insensitive DIOA-inhib-
ited, and ouabain + bumetanide + DIOA-insensitive
components of **Rb influx. Data are expressed as per-
centage of total **Rb influx. The relative contribution of
the Na*-K* pump (ouabain-inhibited component), Na*-
K*-2Cl™ cotransport (ouabain-insensitive bumetanide-
inhibited component), and passive permeability (“leak-
age”) for potassium (ouabain + bumetanide + DIOA-
insensitive component) to the total **Rb influx in L6
myoblasts are also represented in Fig. 2 (inset).

Direct evidence of inhibition by bumetanide of elec-
troneutral sodium, potassium, and chloride symport
(Na*-K*-2C1™ cotransport) had been obtained for eryth-
rocytes of several avian and mammalian species, as
well as for the Ehrlich ascites tumour cells (10). Re-
cently it was shown that DIOA is a specific inhibitor
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FIG. 1. Kinetics of 8Rb uptake (A), Rb loss (B), and **Na uptake
(C) in L6 myoblasts at 37°C. For these experiments, isosmotic trans-
port medium contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 1
mM CaCl,, 1 mM Na,HPO,, 10 mM D-glucose in 20 mM HEPES-
Tris buffer, pH 7.4 (medium B). For **Rb uptake study (A), no ion
transport inhibitor was added to medium B. For experiments con-
cerning %Rb loss (B) and **Na uptake (C), 1 mM ouabain was added
to medium B. Data are means + SD; n = 4 experiments.

of K*-C1~ cotransport in human erythrocytes (8). We
did not observe any effect of DIOA on %Rb influx in
the L6 myoblasts (Fig. 2, inset).

In experiments related to the study of ®**Rb efflux
from prelabeled L6 myoblasts, 1 mM ouabain was
added to the incubation medium to block Na*-K*
pump-mediated efflux of K™ by way of K*/K* exchange
(6). No significant effect of either 10 M bumetanide
or 30 uM DIOA on %Rb efflux was observed (results
not shown).
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FIG. 2. Effect of ion transport inhibitors on **Rb influx in L6 my-
oblasts. Influx experiment was carried out in isosmotic medium B
at 37°C. i, Control (medium B containing no ion transport inhibitor);
i1, medium B containing 1 mM ouabain; iii, medium B containing 1
mM ouabain + 10 M bumetanide; iv, medium B containing 1 mM
ouabain + 10 uM bumetanide + 30 uM (dihydroindenyl)oxy alkanoic
acid (DIOA). Data are means + SD; n = 4 experiments. Inset: relative
contribution of different ion transport system studied to total **Rb
influx capacity (i of main graph) of L6 cells. 1, Ouabain-sensitive
component; 2, ouabain-insensitive bumetanide-inhibited component;
3, ouabain + bumetanide-insensitive DIOA inhibited component,; 4,
ouabain + bumetanide + DIOA-insensitive component. Incubation
of cells with #**RbCl was carried out for 10 min.

Figure 3 illustrates that in the presence of ouabain
#Na influx in L6 myoblasts is ~7 nmol - 10° cells™*
min'. After addition of 10 yM bumetanide and com-
bined addition of bumetanide and 10 M EIPA, **Na
influx decreased to ~5 and 4 nmol - 10° cells™* - min~?,
respectively. Therefore, we see that the relative contri-
bution of Na*-K"-2Cl™ cotransport (ouabain-insensi-
tive bumetanide-inhibited component) and Na*/H* ex-
changer (ouabain + bumetanide-insensitive EIPA-in-
hibited component) to unidirectional **Na influx under
basal conditions was ~25 and 15%, respectively. The
ion transport system(s) involved in ouabain + bumeta-
nide + EIPA-insensitive *’Na influx in L6 myoblasts is
yet unknown.

Effect of osmolality, high extracellular K*, pH, extra-
cellular glutathione, acetylcholine, and inhibitors of ion
transport systems on cell volume. Boyle-van’t Hoff’s law
states that the volume of an ideal osmometer is in-
versely proportional to the osmolality of the incubation
medium. Figure 4 demonstrates that in the L6 cells
the line representing the dependence of the volume of
intracellular water on the inverse osmolality of the in-
cubation medium is rather linear at the physiological
domain (280-420 mosmol/kg); however, at the two (i.e.,
hypo- and hyper-) extremes of osmolality bending of
the line was observed. This anomalous behaviour of the
cells at the two extremes of osmolality may be due to
increased solute influx at very high osmolality (bending
of the line toward the x-axis due to RVI) and the ab-
sence of bending in the same direction due to the ab-
sence of RVD. An upward slope change suggests addi-
tional cell swelling not compensated by RVI as borne
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FIG. 3. Effect of ion transport inhibitors on ??Na influx in L6 my-
oblasts. Influx experiment was carried out in isosmotic medium B
at 37°C. i, Control (medium B containing 1 mM ouabain); ii, medium
B containing 1 mM ouabain + 10 yM bumetanide; iii, medium B
containing 1 mM ouabain + 10 uM bumetanide + 10 uM ethylisopro-
pylamiloride (EIPA). Data are means + SD; n = 4 experiments. Inset:
relative contribution of different ion transport systems studied to
total 22Na influx capacity of L6 cells. 1, Ouabain-insensitive bumeta-
nide inhibited component; 2, ouabain + bumetanide-insensitive
EIPA-inhibited component; 3, ouabain + bumetanide + EIPA-insen-
sitive component. Incubation of cells with 2NaCl was carried out for
3 min.
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FIG. 4. Dependence of volume of intracellular water in L6 my-
oblasts on inverted osmolality (IT"!) of incubation medium. Values of
(mosmol/kg)~! X 10* values are plotted on y-axis with corresponding
values of osmolality enclosed in parentheses. Data are means + SD;
n = 4 experiments.

out by the data on %Rb and ?2Na leaks not sensitive to
inhibitors. Results presented in Fig. 4 were used for the
presentation of data on volume-dependent regulation of
univalent ion flux (see Figs. 6-9).

Under isosmotic conditions (320 mosmol/kg), extra-
cellular GSH (150 pgM), ouabain (1 mM), ouabain +
bumetanide (10 M), or ouabain + bumetanide + DIOA
(30 M) did not affect intracellular water content (Fig.
5). Extracellular presence of 1 mM acetylcholine or low-
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ered pH (7.0) caused a significant swelling of the cells.
About 12—-16% increase of cell volume was observed
when cells were exposed to a medium with high concen-
tration of K~.

Dependence of univalent cation fluxes on intracellular
water content. Compared with cells under isosmotic
conditions (320 mosmol/kg), swelling of the cells in a
hyposmotic medium increased Na’-K~ pump activity.
At 200 mosmol/kg (2.04 ul cell water/10° cells), the ac-
tivities of the Na"-K" pump and the ouabain-insensi-
tive bumetanide-inhibited component of *Rb influx
(Fig. 6) were about the same. The activity of the pump
decreased in hyperosmotic conditions until its activity
could be hardly detected at 420 mosmol/kg. A further
shrinkage of the cell remarkably increased the contri-
bution of the pump to inward potassium (**Rb) flux. At
620 mosmol/kg (1.16 ul cell water/10° cells), the activity
of the Na'-K" pump was ~60% of the bumetanide-
inhibited component of **Rb influx.

Shrinkage of the L6 myoblasts under hyperosmotic
conditions resulted in a remarkable increase in the
ouabain-insensitive bumetanide-inhibited component
of *Rb influx. Compared with cells under isosmotic
conditions, an 8% decrease in intracellular water con-
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F1G. 5. Intracellular water content of L6 myoblasts under various
conditions of incubation medium (isosmotic medium B at 37°C). i,
Control (incubation medium comprised of medium B only); ii, me-
dium B containing 150 uM of reduced glutathione; iii, medium B
containing 1 mM ouabain; iv, medium B containing 1 mM ouabain
+ 10 uM bumetanide; v, medium B containing 1 mM ouabain + 10
uM bumetanide + 30 pM DIOA; vi, medium B containing 1 mM
acetylcholine; vii, medium B containing higher concentration of K’
(90 mM NaCl and 55 mM KCl instead of 140 mM NaCl and 5 mM
KCI; other composition of medium B remained unchanged); viii, me-
dium (140 mM NaCl and 5 mM KCI in 20 mM Tris-HEPES) with
lowered pH (pH 7.0 at 37°C). Data are means = SD; n = 4 experi-
ments. Means were compared with control using Student’s ¢-test for
unpaired data: * P < 0.05; ** P < 0.01. Under isosmotic conditions
(320 mosmol/kg), extracellular reduced glutathione (150 uM), oua-
bain (1 mM), ouabain + bumetanide (10 M), or ouabain + bumeta-
nide + DIOA (30 uM) did not affect intracellular water content.
Extracellular presence of 1 mM acetylcholine or lowered pH caused
a significant swelling of the cells (vi and viii, respectively, compared
with control). About 12—16% increase of cell volume was observed
when cells were exposed to a medium with high concentration of K*
(vii).
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FIG. 6. Dependence of *Rb influx on intracellular water content
of L6 myoblasts adjusted in incubation medium with different osmol-
alities as shown in Fig. 5. Line a: ouabain-inhibited component of
%Rb influx. Line b: ouabain-insensitive bumetanide-inhibited compo-
nent of **Rb influx. Line c: ouabain + bumetanide-insensitive compo-
nent of **Rb influx. Incubation of cells with **RbCl was carried out
for 10 min. Data are means + SD; n = 4 experiments.

tent caused a 100% increase in the activity of the above-
mentioned component (Fig. 6). However, a further in-
crease in the activity of the ouabain-insensitive bumet-
anide-inhibited component of **Rb influx was not seen
in cells exposed to a more hyperosmotic environment.
The ouabain- and bumetanide-insensitive component
of ®Rb influx, usually identified as a passive diffusion
or leakage (2), was not dependent on intracellular wa-
ter content of the L6 myoblasts (Fig. 6). Swelling of
cells in hyposmotic medium also caused a 25—-35% in-
crease in the activity of the transport system(s) in-
volved in "Rb efflux (results not shown). Unlike **Rb
influx, the activity of the pathways of **Rb efflux was
not affected by even 25% of cell shrinkage. However,
further shrinkage of the cell appeared to activate **Rb
efflux by ~15%.

Unlike that during **Rb influx (Fig. 6), alterations in
cell volume did not have any effect on the ouabain-
insensitive bumetanide-inhibited component of **Na
influx in the L6 myoblasts (Fig. 7). The activity of the
Na'/H" exchanger (ouabain + bumetanide-insensitive
EIPA-inhibited component of **Na influx) was consider-
ably higher in shrunken cells placed in hyperosmotic
medium. Compared with cells in isosmotic medium, a
25% decrease in intracellular water content resulted
in an eightfold increase in the activity of the exchanger.
The activity of the ouabain + bumetanide + EIPA-
insensitive component of **Na influx in the L6 my-
oblasts increased by 25% with cell swelling. No compre-
hensive effect was seen even at 25% of cell shrinkage.
A further decrease in cell volume sharply increased
(20—30%) the activity of the above-described compo-
nent of “Na influx.

Effect of extracellular sodium (Na,) on volume-de-
pendent regulation of *°Rb influx. Figure 8 illustrates
that under isosmotic conditions an equimolar substitu-
tion of extracellular sodium with choline resulted in
an 80% decrease in the activity of the Na*-K* pump
(ouabain-inhibited **Rb influx). Such an effect is proba-

Downloaded from journals.physiol ogy.org/journal/jappl at Ohio State Univ HSL (140.254.087.149) on December 10, 2020.



CATION FLUX IN MUSCLE CELLS

107 Hyperosmotic | Hyposmotic
£
E g
5 C
o
[7/]
3 67
(3]
(<]
o,
5 a
5 IN_ i
g 27 T ]
c \\

0 1.54 1.67 2.04

Cell water (ul/1 06 cells)

1.16 1.25

FIG. 7. Dependence of **Na influx on intracellular water content
of L6 myoblasts adjusted in incubation medium with different osmol-
alities as shown in Fig. 5. Incubation medium used for influx experi-
ment contained 1 mM ouabain to inhibit Na*-K*-adenosinetriphos-
phatase activity. Line a: bumetanide-inhibited component of *Na
influx. Line b: bumetanide-insensitive 10 uM EIPA-inhibited compo-
nent of #*Na influx. Line c: bumetanide + EIPA-insensitive compo-
nent of ?Na influx. Incubation of cells with 22NaCl was carried out
for 3 min. Data are means = SD; n = 4 experiments.

Hyperosmotic |Hyposmotic

1.4
a
1.2

11

Q

0.8

0.6

-

O

0.4 1

nmol per 108 cells per min

0.2 1

o_

1.25 1.54 1.67

Cell water (ui/1 08 cells)

FIG. 8. Dependence of ouabain-inhibited component of *Rb influx
on volume of intracellular water in L6 myoblasts. Effect of extracellu-
lar Na™ on above-said dependence is represented. Line a: incubation
medium (medium B) contains Na*. Line b: influx experiment was
carried out in Na*-free medium (NaCl in medium B was substituted
by equimolar amounts of choline chloride). Line ¢: Na*-dependent
(i.e., line a — line b) component of ouabain-inhibited **Rb influx.
Incubation of cells with 8RbCl was carried out for 10 min. Data are
means + SD; n = 4 experiments.

2.04

bly caused by a drastic decrease in [Na*]; of L6 my-
oblasts in the sodium-replaced medium. Figure 8 also
shows the sodium-dependent component of ouabain-
inhibited ®*Rb influx. No effect of extracellular sodium
(Nag) on the increment of the activity of the Na*-K*
pump under hyposmotic condition was observed. How-
ever, the remarkable activation of the Na*-K* pump
that accompanied cell shrinkage (from 1.54 to 1.25 ul
intracellular water space/10° cells) was almost entirely
dependent on the presence of sodium in the incubation
medium.

Under isosmotic condition, the equimolar substitu-
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influx. Incubation of cells with ®RbCl was carried out for 10 min.
Data are means = SD; n = 4 experiments.
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tion of sodium in the incubation medium with choline
decreased the ouabain-insensitive bumetanide-inhib-
ited component of **Rb influx by ~15% only (Fig. 9). In
hyposmotic medium the above-mentioned component
of ®*Rb influx was absolutely (Na;) insensitive. The cell
shrinkage-dependent increase (~90%) in the ouabain-
insensitive bumetanide-inhibited component of *Rb in-
flux was almost entirely dependent on extracellular so-
dium (Naj). Figure 9 also shows the sodium-dependent
component of the ouabain-insensitive bumetanide-in-
hibited component of *Rb influx.

Effect of bumetanide, furosemide, and DIOA on %Rb
influx in swollen and shrunken myoblasts. With human
erythrocytes it was shown that bumetanide and DIOA
are selective inhibitors of Na*-K*-2Cl~ and K*-Cl~ co-
transport, respectively, whereas furosemide at concen-
trations of 0.5—1.0 mM inhibits both of the above-men-
tioned ion transport pathways (8). On the basis of the
above-mentioned properties of bumetanide, furose-
mide, and DIOA and our findings regarding the differ-
ent effect of (Na)) on ouabain-insensitive ¥Rb influx
in L6 myoblast in hyper- and hyposmotic medium (Fig.
9), we compared the effect of the above-mentioned com-
pounds on ouabain-insensitive *Rb influx in swollen
(2.04 ul intracellular water space/10° cells in 200 mos-
mol/kg medium) and shrunken (1.54 ul intracellular
water space/10° cells in 420 mosmol/kg medium) my-
oblasts. Figure 10 shows that the values of bumeta-
nide- and furosemide-inhibited components are about
the same with relation to each other in both shrunken
and swollen cells. However, in the shrunken cells the
value of each of the above-mentioned components was
almost twice of that observed in the swollen cells. The
DIOA-sensitive component of ouabain-insensitive **Rb
influx is also shown. In the swollen myoblasts, the
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FIG. 10. Effect of 10 uM bumetanide (i), 30 uM DIOA (ii), and 0.5
mM furosemide (iii) on ®Rb influx in swollen myoblasts suspended
in 200 mosmol/kg medium (comprised of 80 mM NaCl, 5 mM KC], 1
mM MgCl,, 1 mM CaCl,, 10 mM D-glucose, 1 mM Na,HPO,, and 1
mM ouabain in 20 mM HEPES-Tris buffer, pH 7.4 at 37°C) and
shrunken (myoblacts suspended in a 400 mosmol/’kg medium com-
prised of 140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 1 mM CaCl,, 10
mM D-glucose, 100 mM sucrose, 1 mM Na,HPO,, and 1 mM ouabain
in 20 mM HEPES-Tris buffer, pH 7.4 at 37°C) L6 myoblasts. Incuba-
tion of cells with %éRbCl was carried out for 10 min. Mean (+SD)
values of bumetanide-, DIOA-, and furosemide-inhibited components
of ®Rb influx are represented. Means of values at 420 mosmol/kg
were compared with those at 200 mosmol’kg using Student’s ¢-test
for unpaired data: * P < 0.005; ** P < 0.001.

DIOA-sensitive component accounted for ~50% of the
individual contribution of the bumetanide- and furose-
mide-inhibited components. However, in the shrunken
myoblasts, the activity of the DIOA-sensitive compo-
nent of ouabain-insensitive **Rb influx was negligible
compared with the individual contribution of the bu-
metanide- and furosemide-inhibited components.

DISCUSSION

Ouabain-inhibited **Rb influx. Comparing data on
potassium efflux during the propagation of the action
potential, ouabain-inhibited **Rb influx, Na*-K*-aden-
osinetriphosphatase activity, and [°"H]ouabain binding,
it was proposed that during the contractile activity of
skeletal muscles the activity of the Na*™-K* pump may
be a rate-limiting step in clearing potassium from the
interfiber space to the sarcoplasm (4). Our results show
that, at least in the myoblasts used in this study, under
basal conditions the ouabain-inhibited component of
8Rb influx accounts for ~20% of the total capacity for
8Rb influx. %Rb influx was primarily mediated by a
ouabain-insensitive bumetanide-inhibited transport
system (Fig. 2). It is known that in the resting skeletal
muscle [Na*]; is only 8—16% of the level required to
produce maximal activation of Na'-K'-adenosinetri-
phosphatase. Factors affecting [Na*]; play a key role
in the regulation of the activity of the ion transport
pathway (see Ref. 4). It may be assumed that low [Na™];
is the main cause of the relatively low Na*-K* pump
activity in the resting L6 myoblasts. This assumption
is in agreement with the approximately fourfold activa-
tion of the ouabain-inhibited component of Rb influx
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in shrunken cells (Figs. 6 and 8) where [Na*]; may have
sharply increased due to a loss (20—25%) of intracellu-
lar water (Fig. 4) and a powerful activation of the Na*/
H* exchanger (Fig. 7). Figure 8 shows that the shrink-
age-induced activation of the Na*-K* pump was absent
when cells were incubated in Na*-free medium. This
observation indicates that shrinkage-induced sodium
influx may play a key role in the activation of Na*-K*
pump under hyperosmotic conditions. Unlike shrink-
age, swelling of LL6 myoblasts did not modify the total
capacity for *Na influx (Fig. 7, compare at 320 and 200
mosmol/kg). Therefore, it appears that the activity of
the Na*-K* pump was not sensitive to a further low-
ering of [Na*]; as caused by a 20% increase in intracel-
lular water content. However, it should be noted that
the activity of the ouabain-inhibited component of *Rb
influx was increased in swollen cells (in hyposmotic
medium) and that such an increment was not depen-
dent on the presence or absence of (Nag) (Fig. 8). The
mechanism of (NaJ )-independent activation of the Na*-
K* pump in swollen L6 myoblasts is yet unknown.
However, recently we have observed (Nag)-indepen-
dent swelling-induced activation of the Na*-K* pump
in excitable rat brain synaptosomes (1).

Ouabain-insensitive bumetanide-inhibited **Rb and
#Na influxes. The main pathway for inward potassium
flux in L6 myoblasts was ouabain insensitive and bu-
metanide inhibited (Fig. 2). In erythrocytes and Ehrlich
ascites cells, this pathway was identified as an electro-
neutral transport system for Na*-K*-2Cl~ cotransport
(10). The ouabain-insensitive bumetanide-inhibited
pathway for ®*Rb influx in L6 myoblasts was barely
dependent on the presence of (Nag ) when the cells were
placed in hyposmotic medium. However, such a depen-
dence was observed in cells bathed in iso- and hyperos-
motic media, indicating the possibility that the ion
transport system responsible for the potassium influx
may have been Na*-K*-2Cl1~ cotransport. Our observa-
tion supports the contention that the stoichiometry of
8Rb and **Na influx through the bumetanide-sensitive
pathway was close to unity (Figs. 2 and 3). Eveloff and
Calamina (7) observed Na*-K*-2Cl1~ cotransport in rab-
bit medullary thick ascending limb cells only under
hypertonic conditions. The apparently (Na;)-indepen-
dent mechanism of inward K* transport in the cells
bathed in hyposmotic medium is yet unclear.

K*-Cl™ cotransport in mammalian erythrocytes was
inhibited by 0.5—1 mM furosemide and 30 uM DIOA,
was insensitive to 10 uM bumetanide, and can be acti-
vated by one to two orders of magnitude by cell swelling
(3, 8, 11). However, in L6 myoblasts the activities of the
10 uM bumetanide- and 0.5 mM furosemide-inhibited
components of **Rb influx were equal in both shrunken
and swollen cells (Fig. 10). The activity of the DIOA-
inhibited component of **Rb influx was less by ~40%
and one order of magnitude compared with the activi-
ties of the 10 uM bumetanide- or 0.5 mM furosemide-
inhibited components in the swollen (200 mosmol/’kg)
and shrunken (420 mosmol/kg) cells, respectively (Fig.
10). Both 10 M bumetanide- and 0.5 mM furosemide-
inhibited components of ®*Rb influx were increased in
shrunken cells, whereas the activity of the DIOA-inhib-
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ited component was decreased under the same condi-
tions (Fig. 10). As is evident from Fig. 2, no effect of
DIOA on ®*Rb influx in L6 myoblasts was observed in
the presence of bumetanide in the incubation medium
(Fig. 2, inset). In erythrocytes, K*-Cl~ cotransport oper-
ates in both directions (3, 23). In L6 myoblasts, neither
bumetanide nor DIOA modified #Rb efflux both under
isosmotic and anisosmotic conditions (data not shown).
Unlike our observation concerning *Rb influx, no sig-
nificant effect of cell shrinkage on %Rb efflux was ob-
served (results not shown).

Bumetanide-insensitive EIPA-inhibited *Na influx.
In resting L6 myoblasts, the activity of the Na*/H*
exchanger (bumetanide-insensitive EIPA-inhibited com-
ponent of **Na influx) accounted for ~10-15% of the
total ??Na influx (Fig. 3, inset). As was shown pre-
viously in a wide variety of cell types, with the excep-
tion of human erythrocytes (24), the activity of the Na*/
H* exchanger in L6 myoblasts was increased by hyper-
osmotic shrinkage (Fig. 7).

Ion transport inhibitor-insensitive **Rb and #Na
fluxes. ®°Rb influx in the presence of ouabain, bumeta-
nide, and DIOA is said to represent the passive diffu-
sion (leakage) of ions through the membrane lipid bi-
layer or lipid-protein contact area (2). In L.6 myoblasts
bathed in an isosmotic medium, the above-mentioned
pathway mediated ~20% of the total inward flux of
%Rb (Fig. 2). The inward passive diffusion of **Rb was
not dependent on the osmolality of the incubation me-
dium (Fig. 6). Under isosmotic conditions, ~60% of the
total **Na influx in L6 myoblasts was mediated by bu-
metanide + EIPA-insensitive pathway(s) (Fig. 3, inset).
The ion transport system involved in such pathway(s)
of inward flux of **Na or in the pathway(s) mediating
the ion transport inhibitor-insensitive **Rb efflux is yet
unknown.

Relative contribution of ion transport system(s) in
transmembrane sodium and potassium fluxes and vol-
ume adjustment in L6 myoblasts. Figure 11 displays a
hypothetical (developed on the basis of the findings of
the present study) schematic representation of the rela-
tive activity of Na* and K* transport systems of L6
myoblasts and their involvement in cell volume regula-
tion. Under isosmotic condition, most of the *Rb influx
is mediated by a bumetanide-inhibited pathway. It is
likely that transmembrane Cl gradient is the driving
force for the bumetanide-inhibited pathway. It is
known that unlike the majority of other cells, [C17];
in the resting skeletal muscle is rather low, varying
between 2 and 20 mM (21). The presence of a low [C17];
and/or low affinity of the cotransporter to intracellular
chloride may be viewed as a main cause for the absence
of any effect of bumetanide on outward **Rb flux in the
L6 myoblasts.

No effect of ouabain, bumetanide, DIOA (Fig. 5), or
EIPA (data not shown) on the volume of L6 myoblasts
incubated in an isosmotic medium could be observed.
Previously we have reported that vascular smooth mus-
cle cell volume was slightly decreased after inhibition
of the Na*-K™ pump but was unaltered by the addition
of bumetanide and EIPA (26). Under conditions of mod-
erate shrinkage (Fig. 11) of the myoblast, a twofold
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activation of the bumetanide-sensitive 8Rb influx was
observed (Fig. 6). Previously, we reported a similar
shrinkage-associated activation of the bumetanide-in-
hibited component of univalent cation flux in erythro-
cytes and vascular smooth muscle cells (23, 24, 26).
However, in rat erythrocytes (23, 24) and vascular
smooth muscle cells (26), shrinkage of cells increased
both inward and outward bumetanide-sensitive fluxes,
thereby decreasing the efficiency of the pathway to par-
ticipate in RVI. In L6 myoblasts, the volume-dependent
bumetanide-sensitive K* transport pathway was unidi-
rectional and extremely sensitive to volume alter-
ations. The pathway was markedly (100%) activated in
response to a slight (5%) decrease in intracellular water
space (Fig. 6). Previously we have shown that in vascu-
lar smooth muscle cells a similar activation of the bu-
metanide-sensitive K™ transport pathway was caused
by 10% cell volume decrease (26). Thus, in L6 my-
oblasts the bumetanide-sensitive potassium pathway
may be viewed as a highly effective mechanism that
operates to restore cell volume after moderate shrink-
age. Under such conditions of cell shrinkage, the activ-
ity of the Na*/H™ exchanger was also increased. A
higher degree of cell shrinkage was accompanied by a
manyfold activation of the Na*/H" exchanger (Fig. 7).
Similar results were obtained by Klip et al. (17) using
an intracellular fluorescent pH indicator. Thus it ap-
pears plausible that Na*/H* exchange plays a key role
in RVI of L6 myoblasts after its powerful shrinkage.
No significant response of the **Rb efflux pathway(s)
to hyperosmotic shrinkage was observed. The increase
in %Rb efflux after hyposmotic swelling (20% increase
in intracellular water space) was accompanied by al-
most a similar increase in the activity of the bumeta-
nide + EIPA-insensitive component of >?Na influx (Fig.
7). Perhaps the above-described swelling-induced ac-
celerated univalent cation leakage was mediated by
low-selective stretch-activated channels recently re-
vealed in vascular smooth muscle cells by the patch-
clamp technique (5). Activity of the channel in L6 my-
oblasts appeared to be quite low, and therefore the key
role in RVD is expected to be played by the volume-
dependent electrogenic (3 intracellular Na*/2 extracel-
lular K*; see Fig. 11) Na*-K* pump (Fig. 11). However,
to substantiate the relative participation of the Na*-
K" pump and univalent ion carriers in cell volume reg-
ulation, additional experiments on the effect of the in-
hibitors of these ion transport pathways on L6 cell vol-
ume under anisotonic conditions should be carried out.
Figure 5 illustrates that prolonged depolarization in
a medium containing high K* concentration or hyper-
polarization caused by acetylcholine caused a marked
increase in intracellular water content. This effect on
cell volume may be mediated via sodium and chloride
influxes through potential-operated ion channels. Such
an assumption is supported by the reported data on
the twofold increase of intracellular Na* (14), four- to
fivefold increase of intracellular Cl~ content (21), and
7-9% increase of intracellular water content (31) in
skeletal muscle after intense exercise. Intense exercise
is also associated with GSH oxidation, mobilization of
the hepatic GSH pool, and a remarkable rise in plasma
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RVIY

FIG. 11. Hypothetical model describ-
ing involvement of Na*-K* pump (solid
rectangle), bumetanide-inhibited K*-
flux (solid circle), and Na*/H* exchange
(solid ellipse) in regulatory volume in-
crease (RVI) and decrease (RVD) in L6
myoblasts as observed in this study. De-
pending on their intracellular water
content, 4 states of cell are illustrated:
a, control cells in isosmotic medium; b,
cells with moderate hyperosmotic-
shrinkage (5-7% decreased cell vol-
ume); ¢, cells with powerful hyperos-
motic-shrinkage (~20% decreased cell
volume); and d, cells with hyposmotic-
swelling (~20% increased cell volume).
Size of each ion transport system is ap-
proximately proportional to its respec-
tive relative contribution (activity) to
net transmembrane ion flux in control,
shrunken, and swollen cells. Bold line
with arrows indicates bumetanide-in-
hibited K*-flux and Na*/H" exchange
may play key role in RVI and that Na*-
K* pump may be important in RVD.

~(b) (@)

glutathione content (20, 28, 30). A high concentration
(150 uM) of extracellular GSH did not have any effect
in modifying the cell volume of L6 myoblasts (Fig. 5).
It is known that intense exercise may be accompanied
by a rapid acidification of extracellular fluids (see Ref.
22). Data obtained in this study showed that acidifica-
tion of the incubation medium from pH 7.4 to 7.0 in-
creased cell volume by ~10%. Such an acidification
may thus be expected to cause an insufficiency in the
activity of RVD provided by the Na*-K* pump. Insuffi-
ciency in the activity of the pump will also tend to
dissipate the transsarcolemmal K™ gradient and may
play a key role in the pathogenesis of fatigue.
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