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Short communication

Low Calcium Treatment Provokes Persistent Spiking
in Tonic Crayfish Muscle
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The fibres of the tonic abdominal flexor muscle (TAF) of the crayfish do not
usually exhibit autoregenerative action potentials (AP) of an “all or none™ type.
but graded responses (GR) which are accompanied by delayed rectification
(Lehouelleur 1978). This type of electrical response is known to be dependent
on a single calcium inward current, and several, outward, potassium currents,
which have different kinetic properties (Hencek et al. 1978: Mounier and
Vassort 1975; Mounier 1979.). However, it is possible to modify the electrical
response of TAF fibres by surgical denervation of the muscle (Lehouelleur et al.
1983) or by the action of the alkaloid — veratridine (Lehouelleur et. al. — in
preparation). The dependence of these phenomena on the newly developed
sodium conductance has been discussed. Reuben et al. (1967) reported another
case of AP induction in crayfish muscles following the removal of calcium ions
from the extracellular medium. In these conditions he observed spontaneous
AP’s, which were sodium-dependent. blocked by tetrodotoxin (TTX) and were
not modified by the alteration of extracellular potassium and chloride ion
concentrations.

In our experiments we have elicited transformation of the TAF response to
electrical stimulation by means of transient perfusion of the preparation in an
extracellular medium with the calcium concentration reduced to 0.1 to 0.25 of
the normal. The novel finding was that once the ability to develop AP’s had been
evoked, it remained for several hours, in contrast with the short time-span
expected if they were due to any well-known influence of the lowered calcium
level on membrane excitability (Hagiwara and Takahashi 1967; McCleskey and
Almers 1985; Sheu and Blaustein 1983).

The experiments were performed on muscle fibres of the tonic abdominal
flexor (TAF) taken from the third abdominal segment of Procambarus clarki.
The crayfish were obtained from Dahl Co. (Berkeley) and maintained in a
controlled thermal and light environment. The TAF preparation was con-
tinuously superfused with fresh van Harreveld solution (VH) containing (in
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mmol/l) : NaCl 207; KCI 5.4; CaCl, 13.5; MgCl, 5.3; HEPES 5.7; pH adjusted
to 7.2; temperature 13— 16°C.

The solution was modified during the experiments by the removal of some
components and introduction of appropriate replacements, or by addition of
specific agents, as indicated in the text. The chemicals were purchased from
Sigma.

The fibres were studied using the conventional current clamp technique with
two glass microelectrodes impaled into a single fibre at a distance not exceeding
50 ym. The voltage electrode was filled with 3 mol/l KCI and had a resistance
of 10—16 MOhm, while the current electrode was filled with 2 mol/l citrate-K
and had a resistance of 6— 10 MOhm. In some experiments the current electrode
was filled with 3 mol/l KCI or | mol/l EGTA-K. The fibre membrane was held
at a steady potential of —80 mV by passing a direct current which did not
exceed 30 nA. Most other details of the experimental procedure were similar to
those described by Lehouelleur (1978) and Lehouelleur et al. (1983).

The input resistance of TAF fibres superfused with normal, unmodified VH
ranged from 0.5 to 1.5 MOhm. In 48 independent trials in these conditions, the
fibres displayed only GR’s of the delayed rectification type. even if the mem-
brane was depolarised from —90 -~ —80 mV to a potential level close to 0 mV,
In one case only did a TAF fibre give an electrical response of delayed rectifica-
tion type, but which was intermediate between a typical GR and AP. These
observations were consistent with the results of Lehouelleur (1978).

The same fibres were superfused with VH solution in which the calcium
concentration was lowered from 13.5 mmol/l to 1 = 3 mmol/l (26 independent
trials). The calcium ions removed were replaced by an equivalent quantity of
sodium 1ons (in 22 trials) or magnesium ions (4 trials). No changes occurred by
the end of the superfusion with reduced calcium and magnesium substituted VH
or after the subsequent return to normal VH. On the contrary, superfusion with
reduced calcium and sodium substituted VH, followed by a return to normal
VH. caused a 2 = 3 fold increase in the input resistance of the fibre membrane,
which reached values of 2 + 5 MOhm. Subsequently overshooting AP’s devel-
ped, these could be evoked by depolarising pulses from a membrane potential

held at —65 -+ —100mV, and were triggered at a potential level of about
—40 mV.(Fig. 1 4). In several cases (5 out of 22) these AP’s were fully developed
only after 1 = 2 hours following return of the fibre to normal VH. The AP’s

obtained continued even after 24 hours superfusion in normal VH; moreover,
once they had been induced, they could not be abolished by subsequent super-
fusion with VH solution enriched with calcium ions (4-fold) or with magnesium
(8-fold) (2 trials). These results establish that the AP’s depended neither on
disruption of the surface bivalent cation layer of the membrane, which would
be the expectation according to the surface charge density hypothesis of Hagi-
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Fig. 1. Records of spikes obtained in crayfish tonic muscle fibres: A, B, — control, before treatment
of the fibre: A,, B,, C,, D, — spikes after treatment with lowered external calcium: A; — blockade
of the spike by 0.3 mmol/l La** : B, — effect of Na* removal from extracellular solution; C, — lack
of effect of TTX (12 umol/l); D, — effect of Mn** (10 mmol/l); Calibration: A, ;. C, ,,
D, ,—20mV, 100ms, 100 nA; B, ,—20mV 50 ms, 100 nA; B, — 20 mV, 50 ms, 500 nA. Resting
potential: —80 mV.

Upper line: 0 mV. Lower trace: current pulses.

wara and Takahashi (1967), nor on the loss of calcium channel selectivity, which
was proposed by McCleskey and Almers (1985) to be the effect of low calcium
treatment on calcium channels. If the AP’s were dependent on these effects they
should be both short lasting and reversed by superfusion with normal VH.
Nevertheless, transient disturbance of the normal balance of extracellular mon-
ovalent and bivalent ions seemed to be important for the induction of AP’s in
fibres that are usually nonspiking.

The induced AP’s could not be blocked by tetrodotoxin (TTX) at a con-
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centration of 12 pmol/l (Fig. 1C). but they were completely blocked while the
fibre was superfused with a physiological solution in which all the sodium ions
were replaced by Tris (Fig. 1B). In the sodium-free environment the input
resistance of the fibre was reduced about 10-fold to less than 0.5 MOhm
(3 trials). The return to normal VH did not reestablish the AP’s. The insensivity
of the AP’s to TTX did not allow us to explain their mechanism as dependent
on the newly developed sodium conductance. as it was for similar observations
made by Lehouelleur et al. (1983). Lowe et al. (1978). Reuben et al. (1967) and
Schwartz and Stiuhmer (1984). The fact that AP’s disappear in the absence of
extracellular sodium could not be used to support the sodium hypothesis
because, in such conditions, the observed diminution of the input resistance
indicated increased leak currents which could both prevent the regenerative
response and diminish the amplitude of the graded response.

The calcium blockers: manganese 1ons (5 = 10 mmol/l) and lanthanum ions
(0.3 = 0.5 mmol/l) prevented the induction of AP’s (6 trials), (Fig. 14 and 1D);
this blockade was fully reversible. This action of calcium blockers precluded
possibility that there is a TTX insensitive sodium conductance, which has been
shown to exist in some preparations (Koyima and Sperelakis 1983; McLean et
al. 1974). This also allowed the categorisation of the AP’s as being dependent
on a calcium current (Hagiwara and Byerly 1981). At the same time, the idea
that there exist nonspecific cation channels which are sensitive to La'" and
activated by removal of the extracellular calcium (Sheu and Blaustein 1983)
seemed to be incorrect for the reason given above.

The transformation of GR’s into AP’s was observed only in those fibres
which were impaled with microelectrodes throughout the experimental mani-
pulations. The neighbouring TAF fibres showed no transformation of the
electrical response until they were impaled and treated with reduced calcium. In
four fibres tested with current electrodes filled with EGTA-K (the potent and
specific calcium chelator) there was no AP induction in any of the experimental
conditions that usualy induced AP’s. Similarly, there was no AP induction when
the current electrode was filled with KCI. This result allowed us to reject the
hypothesis that leakage of citrate to the interior of the fibre and chelation of
intracellular calcium might cause the diminution of the calcium dependent
potassium currents and the enhancement of the calcium current. These, in turn
might provoke AP induction, as proposed by Hagiwara and Byerly (1981).
Moreover, it is possible that the injected citrate becomes a substrate for the
aerobic energy metabolism of the fibres; however, if this effect were to be
established as dependent on chelation, it would have to be observable without
any additional manipulation, such as diminution of the extracellular calcium
concentration.

Although a transient reduction in the extracellular divalent cation con-
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centration is essential for the observed effect the mechanism of its action must
differ substantially from those discussed above. The large increase in input
resistance, observed in our experiment, can be considered as the primary effect
of low calcium treatment as well as the basis of the fibre’s capacity to develop
AP’s. This increase in resistance may be due to reduced passive chloride or
potassium conductances, constituing background leak currents, or it may be
due to a reduction in an early transient potassium current which usually
prevents fast depolarization and large changes of membrane potential. This
explanation needs the assumption that the transient lowering of extracellular
calcium elicits a persistent modification of these conductances, and consequent-
ly, the modification of these types of channels. It is possible that the postulated
modification is similar to the inactivation of channels accompanied by disrup-
tion of their gating mechanism.

Acknowledgements. This research work was performed at the Laboratoire de Neurobiologie in
Amiens. and the results were first presented at the Meeting of the Polish Biophysical Society in
Katowice (1987). We would like to express cordial thanks to all those who made the cooperation
possible. and particularly to Dr. P. Castellonese and to Prof. Z. Jethon.

References

Hagiwara S., Byerly B. (1981): Calcium channel. Annu. Rev. Neurosci. 4, 69—125

Hagiwara S., Takahashi K. (1967): Surface density of calcium and calcium spikes in the barnacle
muscle fiber membrane. J. Gen. Physiol. 50, 583601

Hencéek M., Zachar J. (1977): Calcium current and conductances in the muscle membrane of
crayfish. J. Physiol. (London) 268, 5171

Hencek M., Zachar J., Zacharova D. (1978): Membrane current in a calcium type muscle membrane
under voltage clamp. Physiol. Bohemoslov. 27, 457466

Koyima M., Sperelakis N. (1983): Calcium antagonistic drugs differ to block the slow Na " —chan-
nels of young embryonic chick hearts. Eur. J. Pharmacol. 94, 918

Lehouelleur J. (1978): Electrical properties of phasic and tonic muscle fibres of the abdominal flexor
muscles in crayfish. J. Physiol. (Paris) 74, 675686

Lehouelleur J., Cuadras J., Bruner J. (1983): Tonic muscle fibres of crayfish after gangliectomy:
increase in excitability and occurrence of sodium dependent spikes. Neuro-sci. Lett. 37, 227

231

Lowe D. A, Bush B., Ripley S. (1978): Pharmacological evidence for *“fast” sodium channels in
nonspiking neurone. Nature 274, 289290

McLean M. J., Shigenodu K., Sperelakis N. (1974): Two pharmacological types of cardiac slew
Na' —channels as distinguished by verapramil. Eur. J. Pharmacol. 26, 379382

McCleskey E. W., Almers W. (1985): The Ca channel in skeletal muscle is a large pore. Proc. Nat.
Acad, Sci. USA 82. 7149—7153



176 Laszczyca et al.

Mounier Y. (1979): Inactivation of the slow potassium outward current in crab muscle fibre. Arch.
Int. Physiol. Biochem. 87, 501 508

Mounier Y., Vassort G. (1975): Evidence for a transient potassium membrane current dependent
on calcium influx mn crab muscle fibre. J. Physiol. 251, 609 626

Reuben J. P., Brandt P. W., Girardier L., Grundfest H. (1967): Crayfish muscle: Permeability to
sodium induced by calcium depletion. Science 155. 12631266

Schwartz J., Stiihmer W. (1984): Voltage-dependent sodium channels in an invertebrate striated
muscle. Science 225, 523 525

Sheu S. C.. Blaustein M. P. (1983): Effect of calcium on membrane potential and sodium influx in
barnacle muscle fibres. Amer. J. Physiol. 244, €297 C301

Final version accepted October 10, 1988



