Physiol. Res. 52: 587-592, 2003

Chloride Cotransport in the Membrane of Earthworm Body
Wall Muscles

E. M. VOLI§OV1, L. F. NURULLIN', E. NIKOLSKY"*, J. KRUSEK,
F. VYSKOCIL*?

'gate Medical University, Kazan, Russia, %I nstitute of Physiology, Academy of Sciences of the
Czech Republic, Prague, *Department of Animal Physiology and Developmental Biology, Charles
University, Czech Republic and “Institute of Biochemistry and Biophysics, Russian Academy of
Sciences, Kazan, Russia

Received May 11, 2001
Accepted October 15, 2002

Summary

The resting membrane potential (V,,) of isolated somatic longitudinal muscles of the earthworm Lumbricus terrestris
was studied by glass microelectrodes. The inhibition of chloride permeability by low pH did not affect V,, of the muscle
fibers in isolated somatic longitudinal muscles of the earthworm Lumbricus terrestris which was —48.7 mV (inside
negative) at pH 7.3 and —49.1 at pH 5.6. On the other hand, bathing the muscles in CI" and Na'-free solutions, or
application of the chloride transporter inhibitor furosemide and Na'-K'-ATPase inhibitor ouabain depolarized the V,, by
3-5 mV. The effects of a Cl” -free solution and ouabain were not additive. This demonstrates relatively small
contribution of equilibrium potential for CI to the resting membrane potential and electrogenic effect of Na'K'-ATPase
which is dependent on the supply of Na'; ions by furosemide-sensitive and Cl'.- and Na'.-dependent electroneutral
transport (most probably Na'K CI" cotransport).
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I ntroduction

The resting membrane potential (V,,,) of skeletal
muscle fiber can be regulated by several mechanisms
Heukelom et al. 1994): the
electrochemical potential (Edwards and Vyskocil 1984),

(Siegenbeek  van

ionic permeability (see eg. Shabunova and Vyskocil
1982, Giniatullin et al. 1999), pH (Volkov 1983), ionic
pumps such as Na'-K"-ATPase (Kernan 1962, Vysko¢il
et al. 1995, Volkov et al. 2000) and the furosemide-
sensitive Cl-transporter (Edwards and Vyskocil 1984,

Urazaev et al. 1998a, 1999, 2002). V,, is also controlled
by an osmotic state of the cell (Edwards 1982, Lang et al.
1995), hormones (Zemkova et al. 1982, Adamek et al.
1996, 2002, Schutzner et al. 1999) and by long-lasting
transmitter release regulated by second messengers, nitric
oxide (Urazaev et al. 1998b, 1999, 2002, Mukhtarov et
al. 1999, Nikolsky et al. 1999), and presynaptic
autoreceptors (Bukharaeva et al. 1999, 2000).

The extent to which the Na'-K' pump
somatic

contributes to V., in muscles of the

developmentally important phyllum Annelidae (Chang
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1969, Walker et al. 1993) was shown in our previous
study (Volkov et al. 2000) where we demonstrated that
this pump can hyperpolarize the muscle fiber membrane
more effectively than in frog skeletal muscles when
activated by extracellular K*. In the present report we
demonstrate pharmacologically the role of another
electrogenic ion, CI" (Volkov et al. 2000) in earthworm
muscles, and the existence of a chloride membrane

transporter.
Methods

Experiments were performed on isolated
neuromuscular preparations of longitudinal somatic

muscles of the earthworm Lumbricus terrestris (Drewes
and Pax 1974). Strips of the earthworm body wall
muscle, approximately 10 segments in length, were
prepared, from which the nerve cord and viscera had been
removed. The resting membrane potential was measured
by impaling 20 or more muscle fibers with glass

Table 1. Tonic composition of solutions (in mmol/1).

microelectrodes (2.5 mol/l KCl, 7-15 MQ) during a 5 min
period before, and another 20 or more fibers 5-10 min
after the addition of 1x10™ mol/l ouabain (Kernan 1962,
Zemkova et al. 1982) or 1x10™ mol/l furosemide (Sigma,
USA) to the medium. The difference between the mean
resting membrane potentials under these two conditions
is generally considered to be due to the electrogenic
activity of the sodium pump. The earthworm modified
Drewes-Pax solution (Drewes and Pax 1974) contained
(mM): NaCl 163; KCl 4; CacCl, 6; sucrose 167; Tris 2; pH
7.2-7.4, unless otherwise stated (Table 1). In each
experimental group, 4-6 animals were used.

Origin, version 3.5, (Microcal
1991-1994) was used for statistical
analyses. Parametric analysis of variance (ANOVA) of

Microcal
Software, Inc.
the experimental groups versus the control group was
made by multiple comparisons using the Bonferroni
t-test.
differences between the mean + S.E.M. of two groups are

Throughout the text, statistically significant

indicated at the given level of probability P.

Na* K* Ca®* TRIS ClI' S0,% NO, Sucrose  Osmolarity lonic strength
mosmol/| mmol/|
Control 163 4 6 2 93 43 - 167 478 229
Cl'-free 162 4 6 2 - 44 - 170 478 229
Cl'-free 162 4 6 2 - - 90 170 478 229
Na*-free - 4 6 225 205 - - 38 478 229

pH 7.2-7.4 and 5.6 were adjusted by titration

Results

The (V) of
earthworm muscle fibers (n = 400, 8 muscles) was
—48.7+£0.6 mV (inside negative) (Volkov et al. 2000) in
control solution. Substitution of sulphates or nitrates for

resting membrane potential

chlorides led to 4 mV depolarization, with no difference
between substitutes. Depolarization was also seen in Na'-
free medium (Table 2) which was similar to that in CI'-
free solutions. On the other hand, lowering the pH to 5.6,
which decreases the membrane CI° permeability
(Eisenberg and Gage 1969, Volkov et al. 1987) had no
effect on V,,. When muscles were incubated with the
Na'-K'-ATPase antagonist, ouabain ( 1x10™* mol/l) for

5-10 min or furosemide, the blocker of electroneutral
Na', K', 2CI symport (1)(10'4 mol/l), the muscle fibers
were depolarized to an extent similar to that seen in Na'-
and CI'-free media (Table 2). Subsequent application of
ouabain or furosemide to muscles bathed in Na'- or CI-
free media did not induce membrane depolarization.
Thus, the effects were not additive (Table 2).

The present experiments show that removal of
CI' and Na' leads to depolarization of earthworm muscle
fibers,
permeability by low pH does not change the V. Passive

whereas the inhibition of passive chloride
chloride permeability is a necessary prerequisite for the
Nernst contribution of this ion to the V. If no change of
V. is observed after acidification which can close the
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ClI channels, it means that the participation of Cl ions in
V., is negligible, if at all (Hodgkin and Horowicz 1959,
Dulhunty 1978). The small effect of complete chloride
removal could more probably support the idea that resting
chloride conductance is much lower than the potassium
conductance and that its further blockade could not cause
a further change of membrane potential. Interestingly, the
absence of the effect of pH changes also indicates that
muscle membrane is not permeable for protons. On the
other hand, the depolarization can be ascribed to some
kind of electrogenic transport which hyperpolarizes the
membrane and is abolished in C1'- and Na'-free solutions
In many of vertebrate cell membranes, including
those of muscle fibers, the membrane has a furosemide-
sensitive Na®, K", 2CI" symport (e.g. Haas et al. 1982,
Aickin et al. 1989, Grege et al. 1983, Altamirano and
Russel 1987). This symport is, however, electroneutral
and its equilibrium is given by products of ions on both
sides of the membrane [Na]; [K]; [Cl]* = [Na], [K], [Cl]s”
(Haas et al. 1982). It usually runs in “inward” direction
being driven by the gradient of sodium and chloride ions.
Accumulation of potassium ions inside the cell due to
Na',K'-ATPase or Na', K', 2CI" symport can by itself
cause a Nernstian hyperpolarization. Na' permanently
enters the fiber and is extruded outside by electrogenic
Na',K'-ATPase, i.e. by the process which also causes a
hyperpolarization of V., due to uneven number of
transported positive charges. It is obvious that when no
sodium is present outside, the intracellular Na" is rapidly
pumped out and the Na'K'-ATPase is inhibited by the
lack of fiber. This

depolarization, which should be the same as after direct

sodium inside the causes
pump inhibition by ouabain (Table 2). The inhibition of
the electrogenic sodium pump can also be caused by CI'-
free medium, because the Na', K*, 2CI" symport directed
inwardly is inhibited and no Na' is transported into the
cell. One can even speculate that the application of CI'-
free solution could cause not only inhibition of the co-
transport but also the reversion of neutral co-transport
which then transports sodium and potassium outside the
cell. Anyhow, the depletion of intracellular sodium is
followed by the inhibition of electrogenic effect of
Na'K'-ATPase and can be considered as a main cause of
depolarization. The decrease of intracellular potassium
which could be caused either by reversion of Na“, K",
2CI" symport or by inhibition of Na'K'-ATPase can also
cause depolarization, but this Nernstian influence of
internal potassium decrease by several mmol/l is small.

Table 2. Resting membrane potential V,, of earthworm
longitudinal muscles bathed in different solutions.

Solutions Ym , n
(mV, inside

negative)

Control medium pH 7.2-7.4
Control medium pH 5.6

Cl" -free medium

Na’-free medium

Sandard medium + ouabain
Cl’-free medium + ouabain
Sandard medium + furosemide

48.740.6 400
49.140.9 80
45.1+0.8* 202
43.5+1.3* 80
43.1+0.9* 180
42.3+1.0* 80
43.5+1.0* 80

Mean + SE.M. are given. Ouabain and furosemide were
applied in the concentration of 1x10™* mol/l. n = number
of muscle fibers. Asterisks indicate values that are
significantly different from Control (p<0.05).

Discussion

The application of Na'-free or Cl-free solutions
causes a depolarization of V. The resting membrane
potential is also depolarized to the same level, when the
sodium pump is blocked by ouabain and there is no Na"
This
ouabain-induced depolarization of earthworm muscle
fibers has already been reported (Volkov et al. 2000) and
was interpreted to be due to the elimination of

transport across the muscle fiber membrane.

electrogenic Na'-K " ATPase activity.

In contrast, removal of chlorides from the
bathing medium or inhibition of Na', K', 2CI" symport by
furosemide does not substantially affect V, in cold
This
dramatically changes after motor denervation. Nerve

blooded vertebrates or mammals. situation
section in vertebrates affects the activity of the ion
transport systems responsible for the electrical properties
of the
gradients and permeabilities (McArdle 1983, Shabunova
and Vyskocil 1982). The first observed change after
nerve section is a depolarization of the V,, (Albuquerque
et al. 1971, Lorkovic and Tomanek 1977, Shabunova and
Vysko¢il 1982, Svandova et al. 2001) by about 8-10 mV
(10-12 % of the control V) which occurs already within
four hours of denervation (Bray et al. 1976, 1982,
Urazaev €t al. 1995, Urazaev et al. 1997, 1998a). We
have shown that, to a great extent, furosemide prevents

sarcolemma, and the transmembrane ionic
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this early postdenervation depolarization which is
apparently caused by inward-directed, furosemide-
sensitive chloride transport (Urazaev et al. 1997, 1999).
In this case, passive V, is higher than the symport-driven
new chloride equilibrium.

In other words, inactivation of CI” transport leads
to a depolarization of earthworm muscle fibers, but to a
hyperpolarization (also seen as a prevention of
depolarization) of denervated mammalian muscles.
Because the concomitant presence of all three ions (Na

and CI” outside the cell and K inside) is necessary for the

proper functioning of the Na*, K', 2CI" co-transport, it is
clear that inhibition of the primary antiport of Na” and K"
by ouabain stops the hyperpolarizing effect of chloride
symport.

Acknowledgements

We thank Dr. Damien Kuffler for careful reading the
manuscript and his valuable suggestions. Supported by
grants MSMT 1131100003, GACR 305/02/1333, 202-02-
1213, AV025011922 and RBRF 98-04-48044, 99-04-
48286 and 99-04-4306.

References

ADAMEK S, SCHUTZNER J, SEIDL Z, SMAT V, PITHA I: Correlation of computer tomography findings with
surgical findings in patients with myasthenia gravis. Rozhl Chir 75: 237-239, 1996.

ADAMEK 8, LIBANSKY P, TVRDON J, PAFKO P, BROULIK P. Personal experience with a bilateral approach in
the surgical treatment of primary hyperparathyroidism. Rozhl Chir 81: 443-449, 2002.

AICKIN CC, BETZ WJ, HARRIS GL: Intracellular chloride and the mechanism for its accumulation in rat lumbrical
muscle. J Physiol Lond 411: 437-455, 1989.

ALBUQUERQUE EX, SCHUH FT, KAUFFMAN FC: Early membrane depolarization of the fast mammalian muscle
after denervation. Pfligers Arch 328: 36-50, 1971.

ALTAMIRANO AA, RUSSEL JM: Coupled Na/K/Cl efflux. J Gen Physiol 89: 669-686, 1987.

BRAY JJ, HAWKEN MJ, HUBBARD JI, POCKETT S, WILSON L: The membrane potential of rat diaphragm muscle
fibres and the effect of denervation. J Physiol Lond 255: 651-667, 1976.

BRAY JJ, FORREST JW, HUBBARD JI: Evidence for the role of non-quantal acetylcholine in the maintenance of the
membrane potential of rat skeletal muscle. J Physiol Lond 326: 285-298, 1982.

BUKHARAEVA E, IPATOVA T, NIKOLSKY EE, RICNY J, VYSKOCIL F: Carbachol and a-bungarotoxin decrease
spontaneous quantal secretion at the frog neuromuscular junction. Physiol Res 48: S60, 1999.

BUKHARAEVA E, SAMIGULLIN D, NIKOLSKY EE, VYSKOCIL F: Cyclic AMP synchronizes evoked quantal
release at frog neuromuscular junction. Physiol Res 49: 475-479, 2000.

CHANG YC: Membrane potential of muscle cells from the earthworm Pheretima hawayana. Am J Physiol 216: 1258-
1265, 1969.

DREWES CP, PAX RA: Neuromuscular physiology of the longitudinal muscle of the earthworm, Lumbricus terrestris.
I. Efects of different physiological salines. J Exp Biol 60: 445-452, 1974.

DULHUNTY AF: The dependence of membrane potential on extracellular chloride concentrations in mammalian
skeletal muscle fibers. J Physiol Lond 276: 67-82, 1978.

EISENBERG RS, GAGE RW: Ionic conductance of the surface and transversal tubular membranes of frog sartorius
fibers J Gen Physiol 53: 279-297, 1969.

EDWARDS C: The selectivity of ion channels in nerve and muscle. Neuroscience 7: 1335-1366, 1982.

EDWARDS C, VYSKOCIL F: The effects of the replacement of K™ by TI", Rb", and NH™ on the muscle membrane
potential. Gen Physiol Biophys 3: 259-264, 1984.

GINIATULLIN R, TALANTOVA M, KRUSEK J, SHARIFULLINA E, VYSKOCIL F: Desensitization-promoting
action of verapamil on nicotinic receptors expressed in COS cells and on frog endplate. Physiol Res 48: S47,
1999

GREGE R, SCHATTER E, LANG F: Evidence for electroneutral sodium chloride cotransport in the cortical thick
ascending limb of Henle's loop of rabbit kidney. Pfllgers Arch 396: 308-314, 1983.



2003 Chloride Co-transport in Earthworm Muscles 591

HAAS M, SCHMIDT WF, MCMANUS TIJ: Catecholamine-stimulated ion transport in duck red cells. Gradient effects
in electrically neutral [Na + K + 2Cl] co-transport. J Gen Physiol 80:125-147,1982.

HODGKIN AL, HOROWICZ P: The influence of potassium and chloride ions on the membrane potential of single
muscle fibers. J Physiol Lond 148: 127-160, 1959.

KERNAN RP: Membrane potential changes during sodium transport in frog sartorius muscle. Nature 193: 986-987,
1962.

LANG F, BUSCH GL. VOLKL H, HAUSSINGER D: Cell volume: a second message in regulation of cellular
function. News Physiol Sci 10: 18-22, 1995.

LORKOVIC H. TOMANEK RIJ: Potassium and chloride conductances in normal and denervated rat muscles. Am J
Physiol 232: 109-114, 1977.

MCARDLE JJ: Molecular aspects of the trophic influence of nerve on muscle. Prog Neurobiol 21: 135-198, 1983.

MUKHTAROV MR, VYSKOCIL F, URAZAEV AKh, NIKOLSKY EE: Non-quantal acetylcholine release is
increased after nitric oxide synthase inhibition. Physiol Res 48: 315-317, 1999.

NIKOLSKY EE, MUKHTAROV MR, URAZAEV AKh, VYSKOCIL F: Nitric oxide modulates the non-quantal
acetylcholine release at the rat neuromuscular junction. Physiol Res48: S101, 1999.

SCHUTZNER J, SMAT V, PAFKO P, ADAMEK S, SLAMA J: Surgical therapy of thymomas. Sb Lek 100: 27-31,
1999.

SHABUNOVA I, VYSKOCIL F: Postdenervation changes of intracellular potassium and sodium measured by ion
selective microelectrodes in rat soleus. Pfliigers Arch 394: 161-164, 1982.

SIEGENBEEK VAN HEULEKOM J, VAN MIL HGJ, POPTSOVA MS, DOUMAID R: What is controlling the cell
membrane potential? In: What is Controlling Life? Modern Trends in Biothermokinetics, Vol. 3. GNAIGER E
(ed), Insbruck Univ Press, Insbruck, 1994, pp 169-173.

SVANDOVA J, UJEC E, VYSKOCIL F: NO synthase inhibition partially mimics postdenervation changes in rat
skeletal muscles. Physiol Res 50: P29, 2001.

URAZAEV AKh, MAGSUMOV ST, POLETAEV GI, NIKOLSKY EE, VYSKOCIL F: Muscle NMDA receptors
regulate the resting membrane potential through NO-synthase. Physiol Res 44: 205-208, 1995.

URAZAEV AKh, NAUMENKO NV, POLETAEV GI., NIKOLSKY EE, VYSKOCIL F: Acetylcholine and carbachol
prevent muscle depolarization in denervated rat diaphragm. NeuroReport 8: 403-406, 1997.

URAZAEV AKh, NAUMENKO NV, POLETAYEV GI, NIKOLSKY EE, VYSKOCIL F: The effect of glutamate and
inhibitors of NMDA receptors on postdenervation decrease of membrane potential in rat diaphragm. Mol Chem
Neuropathol 33: 163-174, 1998a.

URAZAEV AKh, NAUMENKO NV, NIKOLSKY EE, VYSKOCIL F: The effect of imidazole-containing compounds
on the postdenervation decrease of membrane potential in the rat diaphragm. Physiol Res 47: 291-295, 1998b.

URAZAEV AKh, NAUMENKO NV, NIKOLSKY EE, VYSKOCIL F: The glutamate and carbachol effects on the
early post-denervation depolarization in rat diaphragm are directed towards furosemide-sensitive chloride
transport. Neurosci Res 33: 81-86, 1999.

URAZAEV AKh, NAUMENKO NV, NIKOLSKY EE, VYSKOCIL F: Delay of the early postdenervation
depolarization of muscle fibers by cholinergic agonists. Physiol Res 51: P49, 2002.

VOLKOV EM: Effect of pH on resting membrane potential of the muscle fibers in frog (in Russian). Sechenov Fizol
Zh 69: 1170-1175, 1983.

VOLKOV EM, POLETAIEV GI, CHAMITOV CHC, URAZAEV AKh: First postdenervation changes in
electrogenesis of mammalian muscle membrane. Usp Sovr Biol 104: 412-425, 1987.

VOLKOV EM, NURULLIN LF, SVANDOVA [, NIKOLSKY EE, VYSKOCIL F: Participation of electrogenic Na-K-
ATPase in the membrane potential of earthworm body wall muscles. Physiol Res 49: 481-484, 2000.

VYSKOCIL F, NIKOLSKY EE, ZEMKOVA H, KRUSEK J: The role of non-quantal release of acetylcholine in
regulation of postsynaptic membrane electrogenesis. J Physiol Lond 89: 157-162, 1995.

WALKER RJ, HOLDEN-DYE L, FRANKS CIJ: Physiological and pharmacological studies on annelid and nematode
body wall muscle. Comp Biochem Physiol C 106: 49-58, 1993.



592 volkov et al. Vol. 52

ZEMKOVA H, TEISINGER J, VYSKOCIL F: The comparison of vanadyl (IV) and insulin-induced hyperpolarization
of the mammalian muscle cell. Biochim Biophys Acta 720: 405-410, 1982.

Reprint requests
F. Vyskocil, Institute of Physiology, Academy of Sciences of the Czech Republic, Videniska 1083, 142 20 Prague 4,
Czech Republic, e-mail: vyskocil@biomed.cas.cz



