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ABSTRACT When Myxicola giant axons are internally dialyzed with Cs+ as the sole
cation, the time-course of prepulse inactivation is selectively accelerated compared to
its rate with K+ dialysis in the same axons. This decrease in Tg occurs without
any change in the magnitude or time-course of INa during step depolarizations and
results in TP/4r ratios near unity over most of the potential range in Cs+ dialyzed
axons.

INTRODUCTION

In voltage-clamped Myxicola giant axons the time constant (hi) of sodium inactiva-
tion during a maintained depolarization has been shown to be substantially smaller
than the time constant (-r) of inactivation produced by conditioning prepulses for
potentials more negative than 0-10 mV (Goldman and Schauf, 1973; Schauf and
Davis, 1975). This difference has been shown to be quantitatively unchanged by pro-
cedures that alter the absolute magnitude of inward current (Bullock and Schauf,
1978), suggesting that it is unlikely to be due to incomplete series resistance compen-
sation or spatial nonuniformity. It has also been detected in lobster axons (Oxford
and Pooler, 1975), but has not been seen in careful studies of perfused squid giant
axons (Bezanilla and Armstrong, 1977). We report here studies that demonstrate
that the internal dialysis of Myxicola with Cs+ reduces or eliminates the TZ/TP
difference due to an acceleration of prepulse inactivation, without any effect on either
Ts or the absolute magnitude of sodium conductance.

METHODS

Methods for simultaneous voltage clamp and internal dialysis of Myxicola axons were as pre-
viously reported (Bullock and Schauf, 1978). The internal solutions used in this study were as
follows: K+ dialysis-560 mM K+, 50 mM F-, 30 mM HPO;, 450 mM glutamate; K+ +
tetraethylammonium (TEA+) dialysis-same but 40 mM TEA+ added; Cs+ dialysis-610 mM
Cs+, 450 mM glutamate, 50 mM F-. The internal pH was maintained at 7.30 0.05 with
1 mM Hepes buffer. External solution was K+ free artificial seawater (ASW; Schauf et al.,
1977) at pH 7.8. Axons were held at -80 mV and compensated for series resistance. The
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adequacy of compensation was tested by repeating all protocols in low Na+ (20% of normal
using Tris substitution) and observing whether INa(t) records differed by only a scaling
factor at all potentials (Schauf et al., 1977). Membrane potentials were corrected for liquid
junction potentials measured in the different internal solutions by moving the internal electrode
from the external solution to samples of the internal solutions coupled via a saturated KCI-agar
bridge. For the K+ solution this correction was 4.5 mV whereas for the CsI solution it
was 5.5 mV.

In general the procedure was to record membrane sodium currents both during a series of
depolarizing voltage steps and during a fixed test step to 0 mV after conditioning pulses of
variable amplitude and duration, first in axons dialyzed with K+ + TEA+ and then in the
same axons 20 min after switching the internal dialysate to the Cs+ solution. Thus all data
shown here directly illustrate a differential effect of Cs+ on Na+ inactivation over a brief
period of time in a particular axon.

RESULTS

The basic observations are illustrated in Fig. 1. In Fig. 1 A we show the sodium cur-
rents measured using step depolarizations first during dialysis with K + + TEA+ and

B
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FIGURE I A. Membrane currents recorded during step depolarizations to -30, -20, -10, and
0 mV in an axon dialyzed first with K+ + TEA' (upper records), then 30 min after switching to
Cs+ dialysis (lower records). Temperature, 5C. Calibrations are 0.75 mA/cm2 and 1.0 ms,
respectively. B. Time-course of prepulse inactivation with K+ + TEA+ dialysis compared to
that with Cs + dialysis. Data from two axons, each of which was first dialyzed with K + + TEA +,
then with Cs '. The relative magnitude of peak inward current as a function of prepulse dura-
tion is calculated as described in the text. Prepulse potential, -50 mV. The solid lines repre-

sent the least squares fit to the data for each internal solution. Temperature, 5°C.
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FIGURE 2 Composite INa inactivation data from five axons first dialyzed with K+ + TEA+,
then with Cs+. In B the time constants of inactivation during step depolarizations (4h) are given
in the two solutions, whereas in A the time constants of prepulse inactivation (Tu) are compared.
In C we have compared the values of 4' and rg in Cs+ dialyzed axons (see text).

then after changing to a Cs+ dialysate. Semilogarithmic plots of these data (not
shown) prove that the time-course of INa is comparable in both cases (Fig. 2), illus-
trating that Cs+ does not appreciably alter the kinetics of inactivation of conducting
channels. The small (10%) decrease in inward current in the Cs+ records probably
represents a slight deterioration and was not consistently observed.

In Fig. 1 B we have plotted for two axons the time-course of inactivation of IN.
during a prepulse to -50 mV as measured using a subsequent test step to 0 mV. The
peak inward current during the test step was measured, after being corrected for an
assumed linear leak conductance by using records obtained during equal hyperpolariz-
ing pulses, and plotted as a function of prepulse duration. The data were normalized
to account for the incomplete inactivation of INa by calculating (INa - )/
(IN - I;.), where INa is the peak Na + current obtained for a particular prepulse dura-
tion, I;. is the peak current obtained after a 100-ms prepulse, and ION. is the peak
current obtained with no prepulse. The time constant of slow INa inactivation is of the
order of 1-2 s at potentials between -20 and 0 mV (Schauf et al., 1976b), consequently,
use of a 100-ms prepulse to define I;, should produce no more than a 10% error with
much less error for more negative potentials.
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The values of '~a in each axon were comparable with either K+ + TEA+ or Cs+
dialysis and the normalized data for a particular dialysate superimpose. However,
the time constant of prepulse inactivation was 12.2 ms when the axon was dialyzed
with K+ + TEA+, but only 6.3 ms when the axon was dialyzed with Cs+. Delays in
the development of INa inactivation are not easily seen in the scale of Fig. 1 B but
were comparable to previous data (Schauf and Davis, 1975) and not obviously different
in the two solutions.
The results of our analysis of five axons over a full range of potentials are shown

in Fig. 2. In Fig. 2 B we have plotted rs(V) for the decline in sodium current during
a maintained depolarization in axons first dialyzed with K + + TEA +, then with Cs +.
The measurements superimpose within experimental error. In Fig. 2 A the values of
the prepulse inactivation time constant (-rg) are plotted as a function of prepulse
potential. The values of Tg are significantly smaller with Cs+ as the internal cation,
the data being equally well described as either a twofold decrease in Tg(V) or a
20-mV shift of the 7-g(V) curve in the hyperpolarizing direction. Finally, in Fig. 2 C
we have replotted the data so as to compare the values of rs and Tf in Cs+ di-
alyzed axons. Unlike intact (Goldman and Schauf, 1973), TEA+-injected (Schauf
et al., 1976a), or K + + TEA+-dialyzed axons, there is little or no difference between
Tg and -r (except for the points at -40 mV) as is observed in squid axons Bezanilla
and Armstrong, 1977). The steady-state INa inactivation curve was also measured in
these axons, during both TEA+ + K + and Cs+ dialysis, and no significant differences
were found.

It should be noted that both TEA+ and Cs+ dialysis completely block potassium
currents over the potential range examined here. TEA+ dialysis is insufficient for
measurement of asymmetry currents during long pulses to positive potentials (Bullock
and Schauf, 1978) because of a 3-5% residual IK in this range. However, in the
presence ofTEA+ or Cs+ there is no significant K + activation during long prepulses to
potentials of -10 mV or less, or during shorter test pulses to 0-20 mV.

DISCUSSION

In Myxicola giant axons dialyzed with K+ and with TEA+ present to block 'K,
Th is significantly smaller than rd at negative potentials, the ratio Tf/rh varying
from approximately 5.5 at -55 mV to 1.5 at 0 mV in agreement with previous
observations (Goldman and Schauf, 1973; Schauf and Davis, 1975; Schauf et al.,
1976a). Dialysis of the same axons with Cs+ causes a selective decrease in the magni-
tude of Tj(V) such that the ratio Tg/rT is near unity for potentials of -30 mV or
greater, without producing any change in the magnitude or time-course of INA during
step depolarizations or the level of steady-state Na + inactivation.

In Dosidicus axons injected with TEA+, as well as in Loligo axons perfused with
K+ + TEA+ or with 200 mM TEA, the Tgr/r ratio is near unity for potentials
between -40 and +60 mV (Bezanilla and Armstrong, 1977). However, in intact squid
axons under sucrose gap voltage clamp (Moore and Cox, 1976), as well as in lobster
giant axons (Oxford and Pooler, 1975), Tr was larger than Ts at most negative

BIOPHYSICAL JOURNAL VOLUME 23 1978476



potentials. The results described here demonstrate that sodium inactivation in Myxi-
cola can be markedly altered by changes in internal solutions, and suggest the need for
caution in interpreting results when comparisons are to be made between systems
examined under different internal conditions.
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