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ABSTRACT In Myxicola axons subjected to moderate depolarizations the sodium inac-
tivation time constants obtained from the decay of sodium current during a main-
tained depolarization (7}) are substantially smaller than inactivation time con-
stants determined at the same potential from the effect of changes in the duration of
conditioning prepulses (7§). This report extends these observations to positive
membrane potentials and demonstrates that for sufficiently large depolarizations 75
and 7§ become comparable. The ratio of inactivation time constants, 7§/7}, is unaf-
fected by changes in [Ca**] provided total divalent cation concentration is main-
tained constant, while changes in total divalent ion concentrations produce simple
voltage shifts comparable to those obtained from measurement of membrane sodium
or potassium conductances. Sodium inactivation delay was quantitatively determined
as a function of membrane potential, and found to be similarly unaffected by changes
in [Ca**]at constant total divalent ion concentration. Inactivation delay is, how-
ever, directly proportional to the activation rate constant over a wide range of poten-
tials.

INTRODUCTION

A number of theoretical models of the behavior of the sodium channel have ascribed
a specific critical role to calcium ions in the gating process (Goldman, 1964; Offner,
1970; Fishman et al., 1971; Moore and Jakobsson, 1971). In Myxicola axons, how-
ever, equimolar substitution of Mg** for Ca** has no detectible effect on voltage-
dependent membrane parameters (Schauf, 1975). Except for a lower sensitivity of
steady-state sodium inactivation, the result of changing external [Ca**] is consistent
with a simple screening hypothesis in which no detectible Ca** binding occurs and the
surface charge density is —0.013 charges /7\’ (Schauf, 1975). However, these data were
obtained solely from experimental procedures in which there is no serious deviation
from Hodgkin-Huxley kinetics.

Voltage-clamp studies of Myxicola axons (Goldman and Schauf, 1973; Schauf,
1973), lobster axons (Oxford and Pooler, 1975), and frog nerve (Peganov, et al., 1974)
have demonstrated that sodium inactivation time constants measured from the decay
of sodium current during a maintained depolarization are substantially smaller than
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the inactivation time constants determined at the same membrane potential using con-
ditioning prepulses. Such data is difficult to reconcile with the existence of indepen-
dent gating processes for sodium activation and inactivation. With sufficiently brief
prepulses, clear deviations from simple exponential behavior can be observed both
during inactivation (Armstrong, 1970; Goldman and Schauf, 1972) and on reactivation
(Schauf, 1974). A formal quantitative description of Myxicola kinetics in terms of a
generalized second order variable has been presented (Goldman, 1975). Further sup-
port for the concept that activation and inactivation are not independent processes
has been recently obtained from studies of gating currents in squid axons (Armstrong
and Bezanilla, 1974; Bezanilla and Armstrong, 1975) and from the effects of pancur-
onium (Yeh and Narahashi, 1975).

A complete analysis of the response of Myxicola axons to Ca** requires investiga-
tion of all features of sodium channel gating, including those aspects anomalous rela-
tive to the Hodgkin-Huxley kinetics. Perhaps here an intimate involvement of Ca**
with the gating processes might be reflected in some Ca** sensitivity inconsistent with
simple screening of membrane surface charge.

METHODS

Mpyxicola giant axons were voltage-clamped by methods previously described (Binstock and
Goldman, 1969). Compensated feedback was used in all experiments. The reference artificial
sea water (ASW) solution had the composition: 430 mM NaCl, 10 mM KCl, 50 mM MgCl,,
10 mM CaCl,, 5 mM tris (hydroxymethyl) aminomethane. The pH was adjusted by the addition
of sufficient 6M HCI prior to each experiment to be 7.8 + 0.05 at a temperature of 5.0 + 0.5°C.
The experiments requiring changes in [Ca*'*] were generally performed at constant total
divalent ion concentrations (60 mM) by reciprocal alteration of [Mg**]. General proce-
dures were similar to those reported elsewhere (Schauf, 1975). Currents were recorded first in
the reference ASW, then in a test solution with altered [Ca**], and finally in the presence
of 10~*M tetrodotoxin and appropriate amounts of Ca** using a pulse protocol identical to
that used initially. Sodium currents were obtained by the subtraction of corresponding records.
Measurements of 74(¥’) and 7;(V) were made on an individual axon in reference ASW and
in the test solutions so that the axon served as its own control. In a few cases experiments were
performed in Mg** free solutions with varied [Ca**).

RESULTS AND DISCUSSION

Prior to investigating the effects of changes in [Ca**], we wished to extend as far as
possible the voltage range over which inactivation time constants in Myxicola have
been determined both during step depolarizations (73) and from the effect of prepulses
(7§). The major reason for this effort was to see whether 7§ and r{ would become
equal at large depolarizations.

Our determination of the voltage dependence of 7; was identical to that previously
described (Goldman and Schauf, 1973). Nevertheless, its measurement was essential
so that comparison data could be available on the same axons. Measurement of
74 (V) involves using a prepulse of variable duration, followed by a fixed test pulse (V).
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The amplitude of the peak sodium current during ¥, is monitored as prepulse duration
isincreased. For hyperpolarizing prepulses or moderate depolarizations there is no
difficulty in fitting an exponential function to the changing sodium current, because
the magnitude of the inactivation delay (Armstrong, 1970; Goldman and Schauf, 1972)
is negligible compared to the overall time course of inactivation. The initial deviation
is simply neglected in the determination of 7§.

However for prepulses more depolarized than those used by Goldman and Schauf
(1972), this procedure is no longer completely satisfactory. At prepulse potentials
more positive than 0 mV the overall rate of inactivation becomes sufficiently rapid that
the presence of the initial delay (which is only decreasing slowly with increasing poten-
tial in this range) prevents us from obtaining an adequate fit. A much better descrip-
tion of the data is provided if one arbitrarily assumes the existence of a finite dead
time and uses the relation.

Gra _ { 1 1< )
GR. lexpl-(t — 1)/78] t > 4,

This relation was employed in a curve-fitting program to analyze all experimental
data, not just that at positive prepulse potentials. Fig. 1 shows that the measurements
are essentially superimposable with the data reported previously by Goldman and

e Two-pulse experiments
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FIGURE 1 Inactivation time constants measured from the effect of prepulse duration on the
peak sodium current during a subsequent fixed test pulse (+§, solid symbols), and from curve
fitting the decline in sodium current during a step depolarization (3, open symbols), plotted
asa function of membrane potential. Values of 7§ were obtained by assuming the existence
of a finite dead time. The solid lines are calculated using Eqgs. 12-14 of Goldman and Schauf
(1973) for the region over which they obtained data. Data from four experiments using 10 mM
Ca** and S0mM Mg** in the external solution.
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Schauf (1973) over most of the potential range. However, at potentials near zero,
and most noticeably at positive potentials, the inactivation time constants, 7} and
7§, begin to become comparable to one another.

The inequality of 7§ and 7 between —40 mV and approximately 0 mV is difficult
to explain unless there is more than one pathway to the inactive state. The present
extension of these observations suggests that only a single pathway may be primarily
utilized at positive potentials.

In addition to demonstrating an equality of 7} and 74 for large positive prepulses,
the procedure of Eq. 1 enables a quantitative determination of inactivation delay,
defined simply as #;,. The results are presented in Fig. 2 (solid symbols). Although
the scatter is large, the inactivation delay seems to be a constant multiple (1.6) of the
activation time constant expression derived earlier by Goldman and Schauf (1973).
Such a quantitative correlation between inactivation delay, and the rate of activation
seems in itself strong evidence for coupling between the activation and conditioning
processes.

The effects of alterations in calcium concentration on these determinations were
examined in six experiments in which there was a reciprocal alteration of [Ca**] and
[Mg**] so as to maintain total divalent cation ¢oncentration constant and thus elimi-
nate the effect of changes in surface potential (Schauf, 1975).
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FIGURE 2 Value of the inactivation delay, defined as ¢, in Eq. 1 of the text, plotted as a func-
tion of prepulse potential. Solid symbols were obtained in an external solution containing 10
mM Ca**, 50 mM Mg™*™; open symbols either in a 60 mM Mg**, Ca** free solution or in
a60mM Ca**, Mg** free solution. The solid line is 1.6 7,, where r,, is defined by Egs. 9 and
10 of Goldman and Schauf (1973) and the relation 7, = (a,, + B,,)” !

FIGURE 3 Values of the time constant ratio 7 /7} plotted as a function of membrane poten-
tial. Solid symbols were obtained in 10 mM Ca**, 50 mM Mg**; open symbols in either 0 mM
Ca**,60mM Mg** or 60 mM Ca**, 0 mM Mg**. The solid line was computed from Egs. 12-
14 of Goldman and Schauf (1973) over the range —40 mV to —15 mV and extended by eye to
fit the remaining data for 60 mM divalent ions.
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Figs. 2 and 3 show the results of these experiments. In Fig. 2, referred to previously
the open symbols are inactivation delays measured in 0 mM Ca** 60 mM Mg**, or
60 mM Ca** 0 mM Mg** solutions. There is no difference from the remainder of the
data. In Fig. 3 the time constant ratio 7§/7} is plotted for a 10 mM Ca**, 50 mM
Mg** solution (solid symbols) and under conditions of altered [Ca**] but constant
total divalent cation concentration (open symbols). With constant divalent cation
concentration the ratios are not affected by changes in [Ca**].

A number of experiments were also performed in which [Ca**] was altered in Mg**
free solutions. The inactivation time constant ratios were simply translated along the
voltage axis by amounts comparable to those obtained from the shift in the conduc-
tance-voltage curves in agreement with the screening of membrane surface charge pre-
viously reported (Schauf, 1975).

These experiments have failed to demonstrate any specific interaction of Ca** with
those aspects of Myxicola behavior inconsistent with Hodgkin-Huxley kinetics. Thus,
the only observation in this preparation which remains at variance with a simple
screening of membrane surface charge is the lower magnitude of the &, shift compared
to other parameters (Schauf, 1975).

This work was supported by the Morris Multiple Sclerosis Research Fund. Expert technical assistance was
provided by Ms. Barbara Reed. C. L. Schauf is the recipient of a Rwearch Career Development Award from
the National Institutes of Health (1 KO4 NS 00004-01).

Received for publication 8 April 1975 and in revised form 12 May 1975.

REFERENCES

ARMSTRONG, C. M. 1970. Comparison of gk inactivation caused by quaternary ammonium ion with gn,
inactivation. Biophys. Soc. Annu. Meet. Abstr. 10:185a.

ARMSTRONG, C. M., and F. BEzANILLA. 1974. Charge movement associated with the opening and closing
of the activation gates of the Na channels. J. Gen. Physiol. 63:533.

BEZANILLA, F., and C. M. ARMSTRONG. 1975. Inactivation of gating charge movement. Biophys. J. 15(2,
Pt.2):163a. (Abstr.)

BiNsTOox, L., and L. GoLDMAN. 1969. Current and voltage-clamped studies on Myxicola giant axons;
effect of tetrodotoxin. J. Gen. Physiol. 54:730.

FisumaN, S. N, B. I. KHODOROV, and M. V. VOLKENSTEIN. 1971. Molecular mechanism of membrane
ionic permeability changes. Biochim. Biophys. Acta. 25:1.

GoLDpMAN, D. E. 1964. A molecular structural basis for the excitation properties of axons. Biophys. J.
4:167.

GoLDMAN, L. 1975. Quantitative description of the sodium conductance of the giant axon of Myxicola
in terms of a generalized second-order variable. Biophys. J. 15:119.

GoLDMAN, L., and C. L. ScHAUF. 1972. Inactivation of the sodium current in Myxicola axons: evidence
for coupling to the activation process. J. Gen. Physiol. 59:659.

GOLDMAN, L., and C. L. SCHAUF. 1973. Quantitative description of sodium and potassium currents and
computed action potentials in Myxicola giant axons. J. Gen. Physiol. 61:361.

MOORE, L. E., and E. JAkoBssON. 1971. Interpretation of the sodium permeability changes of myelinated
nerve in terms of linear relaxation theory. J. Theor. Biol. 33:71.

OFFNER, F. F. 1970. Kinetics of excitable membranes. Voltage amplification in a diffusion regime. J. Gen.
Physiol. 56:272. )

OXFORD, G. S., and J. P. POOLER. 1975. Selective modification of sodium channel gating by trinitrophenol.
Biophys. J. 15(2, Pt. 2):261a. (Abstr.)

C. L. ScHAUF AND F. A. Davis Calcium and Coupling in Myxicola 1115



PeGANOV, E. M,, E. N. TMIN, and B. 1. KHODOROV. 1974, Interrelationship between the processes of
sodium activation and inactivation. Bull. Exp. Biol. Med. 76:1254.
ScHAuF, C. L. 1973. Temperature dependence of the ionic current kinetics of Myxicola giant axons. J.

Physiol. 235:197.
SCHAUF, C. L. 1974. Sodium currents in Myxicola axons: nonexponential recovery from the inactive state.

Biophys. J. 14:151.
ScHAUF, C. L. 1975. The interactions of calcium with Myxicola giant axons and a description in terms of a

simple surface charge model. J. Physiol. 248:613.
YEH, J. F., and T. NARAHASHI. 1975. Modifications of sodium conductance kinetics of squid axon mem-

branes by pancuronium. Biophys. J. 15(2, Pt. 2):263a. (Abstr.)

1116 BioPHYSICAL JOURNAL VOLUME 15 1975



