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SUMMARY

1. The effects of toxin II from scorpion Androctonus australis Hector (AaH II) on
the Na current of frog myelinated nerve fibres were analysed under voltage-clamp
conditions.

2. Like other a-scorpion toxins and Anemonia toxin II, AaH II both increased the
inactivation time constants of peak Na current and induced a non-inactivatable Na
current (maintained current).

3. In the presence of AaH II, the slope of the maintained conductance-voltage
curve was less steep than that corresponding to the peak conductance and the
maintained current reversed at a voltage about 20 mV more negative than the peak
current.

4. When the peak current was inactivated by pre-depolarizations, 'on' and 'off'
relaxation kinetics of the maintained current were an exponential function whose
time constant changed with voltage in a bell-shaped manner. At 0 mV, the time
constant was about 10 ms.

5. The effects of AaH II could be decomposed into fast effects (increase in
inactivation time constants of the peak current) which developed within about 5 s
and slow effects (increase in maintained current and changes in initial amplitudes of
fast and slow phases ofpeak current inactivation) which developed within about 30 s.

6. These two types ofAaH II effects could be completely removed by conditioning
depolarizations giving rise to outward currents.

7. A model is proposed in which the binding of the toxin with its receptor is
modulated by membrane potential and internal cations, the appearance of the
maintained current is modulated by the environment of channels and the change in
inactivation time constants is modulated by membrane potential. The maintained
current would correspond to the transformation of a fraction of channels into a
non-inactivatable (late) form.

INTRODUCTION

Several agents with diverse chemical structures are known to partly remove and/or
slow Na current inactivation of excitable cells (see Schmidtmayer, 1985). Four
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different models and interpretations have been proposed to describe the effects of
these agents. (1) A reopening of a fraction of channels inactivated during a
depolarization (Chandler & Meves, 1970; Ulbricht & Schmidtmayer, 1981). (2) An
unmasking of pre-existant silent channels (Jacques, Fosset & Lazdunski, 1978). (3)
A transformation of a fraction of inactivatable channels into non-inactivatable ones
(Benoit, Corbier & Dubois, 1985). (4) Quantitative changes in rate constants of
channel inactivation (Schmidtmayer, 1985; Wang & Strichartz, 1985). Taking into
account that these models are conceptually different, it can be thought that a fine
analysis of properties of peak and maintained Na currents may help to define more
precisely which of them is the most credible. With this object, we analysed time- and
voltage-dependent properties of Na current of frog myelinated nerve fibre poisoned
with toxin II from scorpion Androctonus australis Hector. In neuroblastoma cells, this
toxin has similar effects and binds to the same receptor site as toxin II from sea
anemone Anemonia sulcata and a-toxins from scorpions ofgenera Leiurus and Buthus
(Couraud, Rochat & Lissitzky, 1978; Couraud, Jover, Dubois & Rochat, 1982; Bazan
& Bernard, 1984). In frog myelinated nerve fibre, the major effects of Anemonia and
a-scorpion toxins are to induce a maintained (late) Na current ('Na 1) and to increase
inactivation time constants of the peak Na current (Neumcke, Schwarz & Staimpfli,
1980; Ulbricht & Schmidtmayer, 1981; Meves, Rubly & Watt, 1982, 1984;
Schmidtmayer, 1985). We show here that similar effects are induced by AaH II and
we describe new properties of the maintained Na current. The results allow us to
define more precisely the mode of action of inactivation gate modifiers.

METHODS

The experiments were carried out on nodes of Ranvier of isolated myelinated nerve fibres from
frog Rana e8culenta. The nodal membrane was voltage clamped using the method of Nonner (1969).
All methods were as previously described (Benoit et al. 1985; Benoit & Dubois, 1985). The node
was superfused with control Ringer solution or test solutions. The Ringer solution had the following
composition (mM): NaCl, 1115; KCl, 2-5; CaCl2, 1-8; NaHCO3, 2-4; tetraethylammonium, 10; pH,
7-4. The fibre ends were cut in a solution containing 113 mM-CsCl and 7 mM-NaCl. Samples of toxin
II extracted from the venom of scorpion Androctonus australis Hector (AaH II) (Rochat, Bernard
& Couraud, 1979) were kept at -18 C and diluted, immediately preceding experiments, in Ringer
solution. The temperature was 13-15 'C.

RESULTS

Voltage dependence of peak and maintained Na currents

Fig. 1 A shows traces of Na current recorded under control conditions and in the
presence of 70 nM-AaH II. Under control conditions, the current fully inactivated
during depolarizations. In the presence of toxin, a fraction of current (maintained
current) failed to inactivate during long-lasting depolarizations. This maintained
current corresponded to about 30% ofthe peak current and was not further increased
by a 5-fold increase in toxin concentration. At 0 mV, the amplitude of the maintained
current, relative to that ofthe peak current, varied from one fibre to another between
15 and 40 %. Peak and maintained currents, measured at various potentials before
and during the application of 70 nM-AaH II, were plotted against voltage (Fig. 1 B).
The amplitude and the voltage dependence of the peak current were not significantly
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modified by the toxin. Moreover, activation threshold voltages and voltages cor-
responding to maximum inward current, for peak and maintained currents, were
identical but the maintained current reversed at a more negative potential than the
peak current.
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Fig. 1. Peak and AaH II-induced maintained Na current-voltage relationships. A, traces
ofNa current recorded under control conditions (left) and in the presence of 70 nM-AaH II
(right) during depolarizations to 0 mV preceded by 50 ms hyperpolarizations to
- 120 mV. Fibre: 3-04-85. B, peak Na current was recorded under control conditions
(open circles) and in the presence of 70 nM-AaH II (filled diamonds), and maintained Na
current was recorded in the presence of 70 nM-AaH II (open diamonds) during and at the
end of, respectively, 45 ms depolarizations of various amplitudes preceded by 50 ms
hyperpolarizations to - 120 mV. Fibre: 30-04-85.

Fig. 2 shows that, in the presence of 70 nM-AaH II, the slope of the conductance-
voltage curve was less steep for maintained than for peak current. The voltage
corresponding to half-maximum conductance was about 5 mV more negative for peak
than for maintained current. Mean values of parameters, characterizing peak and
maintained currents recorded in several fibres, are summarized in Table 1.

Reversal potentials of peak and maintained currents
The preceding results show that peak and maintained currents reversed at different

potentials. In order to confirm this point, the current was recorded at various
potentials in the presence of 70 nM-AaH II successively without and with 300 nM-
tetrodotoxin (TTX). The current flowing through Na channels was calculated as the
difference between currents recorded without and with TTX (Fig. 3). The maintained
current reversed at a potential about 20 mV more negative than the reversal potential
of the peak current (see also Table 1). This indicates that channels giving rise to the
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Fig. 2. Relative conductance-voltage curves as calculated from peak and maintained Na
currents. Peak (filled diamonds) and maintained (open diamonds) currents were recorded
in the presence of70 nM-AaH II as described in Fig. 1 B. Conductance values are expressed
relative to the maximal conductances at large depolarizations. The curves were calculated
from eqn. (1). The values of the parameters V, k and a were respectively -27-5 mV,
7-5 mV and 1 (maintained) and -32 mV, 7.5 mV and 3 (peak). Fibre: 30-04-85.

TABLE 1. Characteristic parameters of maintained and peak currents in the presence of AaH II
Maintained Peak
current current

g#gp 0-38+0-03 (n = 6)
Vf/2 (mV) -23+2 (n = 6) -31+3 (n = 6)
Vth(mV) -45+3(n=6) -45±3(n=6)
VI (mV) -13+2 (n = 6) -12+2 (n = 6)
VreV (mV) +51+5 (n = 15) +73+4 (n = 15)
9v+5,/9v-5, 1X95+0*13 (n = 6) 2-75+0-28 (n = 6)

AaH II concentration was 70 nm. 9- and #p are the maximum maintained and peak conductances
respectively. V,1/2 is the voltage corresponding to half-maximum conductance. Vth is the voltage
corresponding to activation threshold of current. VI is the voltage corresponding to maximum
current. Vrev is the reversal potential of current. gV+5/gv_6 is the ratio of conductances at

V0/2 ± 5 mV. Values are mean + S.E. of mean of n determinations.

maintained current are relatively more permeable to Cs ions than channels giving
rise to the peak current. Assuming that channels corresponding to the peak current
are not permeable to Cs ions (Hille, 1972), the permeability ratio PCs/PNa for channels
corresponding to the maintained current would be 0078.

Relaxation kinetics of the maintained current

In Fig. 3A, one can observe that, when recorded near the reversal potential of the
peak current, the maintained current activated relatively slowly. In order to analyse
relaxation kinetics of the maintained current, the peak current was inactivated by
50 ms pre-depolarizations and the maintained current was recorded during test pulses
immediately following pre-pulses (see Wang & Strichartz, 1985, Figs. 1 and 6). Fig. 4
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Fig. 3. Reversal potentials ofpeak and maintained Na currents. A, Na currents calculated
as the difference between current traces recorded in the presence of 70 nM-AaH II, before
and after addition of 300 nM-TTX, during depolarizations of various amplitudes
(membrane potential given to left of trace in millivolts) preceded by 50 ms hyperpolar-
izations to -120 mV. B, peak (filled diamonds) and maintained (open diamonds) currents
as a function ofmembrane potential. The currents were calculated as in A. Fibre: 6-02-85.

shows traces and semilogarithmic representations of current recorded in the presence
of 70 nm-AaH II, during pulses to 0 mV preceded by depolarizations to either -30
or +30 mV. Under both conditions, the major part of the maintained current
relaxation kinetics could be described by a single exponential whose time constant
was 7-8 ms (turning 'on') and 9-6 ms (turning 'off'). When recorded during test pulses
to various potentials between -70 and + 50 mV preceded by depolarizations to or
beyond -30 mV, the relaxation kinetics of the maintained current could always be
described by an exponential whose time constant changed with voltage in a
bell-shaped manner (Fig. 5). However, it must be noted that, when the maintained
current was recorded at a given voltage, its turning 'on' was faster than its turning
'off' (Figs. 4 and 5). This point was further examined in the experiments reported
in Fig. 6 which shows the variation in relaxation time constant of the maintained
current recorded at 0 mV after depolarizing pre-pulses of various amplitudes. Ton (for
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pre-pulses to between -40 and -1O mV) was significantly smaller than Tr0f (for
pre-pulses to between + 10 and + 100 mV). Several explanations can be proposed for
this phenomenon (see Discussion).
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Fig. 4. 'On' and 'off' relaxation kinetics of the maintained Na current. Na current (upper
traces) and representations in semilogarithmic coordinates of their relaxation kinetics
(lower panels) in the presence of 70 nM-AaH II. The current was recorded during
depolarizations to 0 mV preceded by 50 ms depolarizations to either -30 mV ('on') or
+ 30 mV ('off'). Stepped traces show membrane potential (mV). The dashed lines represent
zero current. The values of time constants were determined by linear-regression analysis
(r2 > 0-996) using logarithms of the measured values and were 7-8 ms ('on') and 9-6 ms
('off'). I and I0 represent the current at times t and infinity. Fibre: 13-08-85.

Rate of action of AaH II
AaH II, like other a-scorpion toxins and Anemonia toxin, both induces a main-

tained current and alters the inactivation of the remaining peak current (see Fig. 1 A
and Introduction). In order to see whether these two types of effects were related
or not, we analysed the rate of action of AaH II on the Na current by measuring the
increase in maintained current and changes in time constants and initial amplitudes
of inactivation phases of the peak current.

Before application of the toxin, the inactivation time course of the peak current
could be described by the sum of two exponentials (Chiu, 1977; Benoit et al. 1985
and Fig. 7D). In the presence ofAaH II, the maintained current should be subtracted
from the total current before performing analyses of inactivation phases of the peak
current. In previous works, the activation of the maintained current, induced by
inactivation gate modifiers, was assumed to be faster than the inactivation of the
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Fig. 5. Time constants of relaxation kinetics of the maintained Na current as a function
of test pulse amplitude ( Vtet). The current was recorded in the presence of 70 nM-AaH II
during depolarizations of various amplitudes preceded by 50 ms depolarizations to
-30 mV (open circles), -20 mV (filled circles) or + 30 mV (filled triangles). Time
constants of relaxation kinetics (Xr) were calculated as described in Fig. 4. The curves were
calculated from eqn. (2). The values of the parameters V, k, 'I and rV were respectively
-23 mV, 8 mV, 0 17 and 8-7 ms ('off') and -23 mV, 8 mV, 0 17 and 6-5 ms ('on'). Fibre:
13-08-85.
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Fig. 6. Time constants of relaxation kinetics of the maintained Na current as a function
of pre-pulse amplitude (Vpre). The current was recorded in the presence of 70 nM-AaH II
during depolarizations to 0 mV preceded by 50 ms depolarizations of various amplitudes.
Time constants of relaxation kinetics (r) were calculated as described in Fig. 4. Mean
values and S.E. of mean obtained in two to eleven experiments. The numbers beside each
point give the number of experiments.
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remaining peak current. In consequence, the maintained current, linearly extrapo-
lated to time of depolarization, was subtracted from the total current (Bergman,
Dubois, Rojas & Rathmayer, 1976; Neumcke et al. 1980; Ulbricht & Schmidtmayer,
1981; Meves et al. 1984; Schmidtmayer, 1985; Wang & Strichartz, 1985). This method
was applied in Fig. 7E which shows that AaH II both increased fast and slow
inactivation time constants and decreased the amplitude of the fast inactivation
phase, extrapolated to time of depolarization. We showed above that the maintained
current turned 'on' exponentially with a time constant of several milliseconds,
independent of the pre-pulse amplitude (Figs. 4, 5 and 6). Consequently, it should
be not linearly but exponentially extrapolated to time of depolarization. Thus, the
maintained current was first recorded, as shown in Fig. 4A, after a pre-pulse to
-30 mV. A time constant of 6 ms was calculated for its turning 'on'. Then, the
maintained current was exponentially extrapolated (Ton = 6 ms) to zero current at
time of depolarization and subtracted from the total current (Fig. 7C). The semi-
logarithmic representation of the inactivation of the remaining current (Fig. 7F)
shows that it could still be described by the sum of two exponentials whose time
constants and initial amplitudes were very similar to those obtained after a linear
extrapolation of the maintained current. This indicates that if, in a strict sense, the
linear extrapolation of the maintained current was not correct, it could be applied as

a good approximation to calculate time constants and initial amplitudes of the
remaining peak current inactivation. This method was applied in the experiment
presented in Fig. 8. The maintained current and the time constants and initial ampli-
tudes of the inactivation phases of the remaining peak current were calculated from
traces of current recorded once per second before and during application of
70 nM-AaH II. After addition of toxin, fast and slow inactivation time constants
increased and reached steady values within about 5 s. In contrast, changes in initial
amplitudes of the fast inactivation phase (decrease) and the maintained current
(increase) lasted about 30 s. Assuming that the amplitude of the maintained current
changed exponentially, the 'on' time constant of increase in maintained current,
following toxin application, was 10-6 s. The change in initial amplitude of the slow
inactivation phase was more complex. After toxin application, it decreased during
3-4 s and then re-increased during about 30 s. The total current, calculated as the
sum of fast and slow phases of inactivating current and maintained current
amplitudes, extrapolated to time of depolarization, decreased quickly during 3-4 s

and then slowly during 30 s. Similar effects of AaHII were observed on five different
fibres. From these results, it appears that the effects of AaHII could be decomposed
into fast effects which developed within about 5 s and slow effects which developed
within about 30 s.

Removal of AaH II effects

The affinity ofa-scorpion toxins for their receptor is dependent on the membrane
potential (Catterall, 1979; Jover, Martin-Moutot, Couraud & Rochat, 1980;
Mozhayeva, Naumov, Nosyreva & Grishin, 1980). In our experimental conditions,
the fibres were held at -70 mV. If one assumes that 50 ms test depolarizations,
applied at frequencies lower than 1 Hz, do not displace the toxin from its binding site,
the affinity of AaHII for its receptor should be maximal (Jover et al. 1980;
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Mozhayeva et al. 1980) and the effects of the toxin should be poorly reversible upon
washing. This latter point was verified in the experiments presented in Fig. 9. The
amplitude of the maintained current, recorded at 0 mV, was measured in different
fibres before and during wash-out of 70 nM-AaH II. During wash, the decrease in
maintained current amplitude could be described by an exponential whose time

A B -- C - -

17 ---------- ------- -- ----- ---

20 nA

2ms 20ms
D E F

-50

-20

-10 *
-5 0

z~~~~~~~~~~~~~
-2-
-1

-0*5

0 1 2 3 0 2 4 6 8 0 2 4 6 8
Time (ms) Time (ms) Time (ms)

Fig. 7. Effects of AaH II on the inactivation phases of the Na current. Traces of Na
current (A, B and C) and representations in semilogarithmic coordinates of their
inactivation phases (D, E and F) in the absence (A and D) and presence (B, C, E and F)
of 70 nM-AaH II. The current was recorded during depolarizations to 0 mV preceded by
50 ms hyperpolarizations to -120 mV. In B and C, filled circles represent the maintained
current either linearly extrapolated to time of depolarization (B) or exponentially
extrapolated (with a time constant of 6 ms) to zero current at time of depolarization (C).
In D, E and F, filled circles give the over-all Na current (D) or over-all Na current minus
the maintained current (E and F), and open circles give the fast phase ofinactivation after
subtraction of the slow phase of inactivation (continuous line through filled circles). The
values of initial amplitudes to time of depolarization and time constants were determined
by linear-regression analysis (r2 > 0 996) using logarithms of the measured values. Time
constants of fast and slow phases of current inactivation were respectively 0 30 and
1-04 ms (D), 0-62 and 7-56 ms (E) and 0-72 and 7-23 ms (F). Initial amplitudes of fast and
slow phases of current inactivation relative to their values without AaH II were
respectively 0-28 and 1 19 (E) and 0-28 and 1-51 (F). Fibre: 13-08-85.

constant (,ro) was 32 min (Fig. 9A). From this value and that of Ton (Fig. 8), rate
constants of binding and unbinding of the toxin could be calculated. They were
1-34 x 106 M-1 s-1 and 0-52 x 10-3 s-1, respectively, and for the apparent dissociation
constant they gave a value (0-39 nM) very close to those calculated from binding
experiments on different tissues (0-12-0-46 nM) (Rochat et al. 1979; Jover et al. 1980;
Berwald-Netter, Martin-Moutot, Koulakoff & Couraud, 1981; Couraud et al. 1982).

In contrast with the maintained current which slowly decreased during wash-out
ofthe toxin, inactivation time constants ofthe peak current did not change even after
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Fig. 8. Kinetics of AaH II effects on the inactivation parameters of the Na current. The
current was recorded every second during depolarizations to 0 mV preceded by 50 ms
hyperpolarizations to - 120 mV, before and during application of 70 nM-AaH II. A and
B, initial amplitudes of fast phase of inactivation ('Na f, open circles), slow phase of
inactivation (INa, , filled circles) and maintained current ('Na, 1, filled triangles), up to time
of depolarization. All calculated as described in Fig. 7B and E. Total current (Itot, open
triangles) was calculated as the sum of initial amplitudes of fast and slow inactivation
phases and maintained current. C, time constants of fast phase of inactivation (Tf, open
circles) and slow phase of inactivation (use filled circles), calculated as described in Fig. 7 E.
The curves were drawn by eye. Fibre: 4-01-85.

20 min of wash (Fig. 9B). This would suggest that, whereas the slow effects of the
toxin (maintained current and changes in initial amplitudes of inactivation phases
of the peak current) were reversible, the fast effects of the toxin (changes in
inactivation time constants) were irreversible (but see below and Discussion).
The removal of AaH II effect on the maintained current could be accelerated by

repetitive large depolarizations. In the experiment presented in Fig. 0bA, the
maintained current was partly removed by ten conditioning depolarizations to
+100 mV, applied at a frequency of 07 Hz. The current was recorded during
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Fig. 9. Removal of AaH II effects during wash-out of the toxin. A, the maintained Na
current was recorded in the presence and during wash-out of 70 nM-AaH II at the end
of 20-90 ms depolarizations to 0 mV preceded by 50 ms hyperpolarizations to
- 120 mV. The current after wash-out (INa, 1 (t)) is expressed relative to its value in the
presence of toxin (INa, (0)). The value of time constant of maintained current disap-
pearance, determined by linear-regression analysis (r2 = 055) using logarithms of the
measured values, was 32 min. Eleven experiments. B, traces of Na current (upper panels)
and representations in semilogarithmic coordinates of their inactivation phases (lower
panels) before (a) and after (b) 20 min wash-out of70 nM-AaH II. The current was recorded
during depolarizations to 0 mV preceded by 50 ms hyperpolarizations to -120 mV. The
dashed lines in the lower panels represent the maintained current linearly extrapolated
to time of depolarization. Filled and open circles are as described in Fig. 7 E. Initial
amplitudes of maintained current and fast and slow phases of inactivation after 20 min
wash-out ofAaH II, relative to their value in the presence of toxin, were respectively 0 57,
1-36 and 0-78 (r2 > -099). Time constants of fast and slow phases of inactivation were

respectively 0 79 and 7-88 ms (a), and 0-66 and 8&89 ms (b). Fibre: 13-08-85.
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Fig. 10. Removal of AaH II effects by large conditioning depolarizations. Peak and
maintained currents were recorded during depolarizations to 0 mV preceded by 50 ms
hyperpolarizations to -120 mV. A, top trace shows membrane potential (mV); a-f show
current recorded before (a and d), immediately after (b and e) and 2 min after (c and f)
ten conditioning depolarizations (45 ms) to + 100 mV, applied at a frequency of 0-7 Hz,
in the presence (a, b and c) and 2 min after wash-out (d, e and f) of 70 nM-AaH IL. The
maintained current, which was significantly decreased just after the conditioning
depolarizations, recovered after 2 min in the presence of toxin (c) but recovered only
poorly during wash-out of the toxin (0. Fibre: 24-05-85. B, removal of AaH II effects
on inactivation kinetic of the peak current. a, superposition of current traces before and
after application of 70 nM-AaH II. Circles represent the current during wash-out of the
toxin after twenty conditioning depolarizations to + 100 mV. b and c, representations in
semilogarithmic coordinates of peak current inactivation before application of toxin (b)
and during wash-out of the toxin after twenty conditioning depolarizations to + 100 mV
(c). Filled and open circles are as described in Fig. 7D. Time constants of fast and slow
phases of inactivation were respectively 0 37 and 2-25 ms (b) and 0 40 and 2-17 ms (c).
Initial amplitudes of fast and slow phases of inactivation (c), relative to their values before
toxin application, were respectively 0-96 and 1-02 (r2 > 0 99). Fibre: 23-10-85.
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depolarizations to 0 mV before and after the conditioning depolarizations. 2 min after
the conditioning depolarizations, the maintained current at 0 mV fully recovered in
the presence of the toxin but did not in the absence of the toxin (Fig. 1OA). During
wash-out of the toxin, the two types of AaH II effects (maintained current and
increased inactivation time constants) could be fully removed by twenty depolariz-
ations to + 100 mV (Fig. lOB). These observations, which indicate that the toxin is

A

1 10 10 *10 *10 pr1
z A *
Z 7-5

K_ @ 10-20

05
B

2-5 - Membrane potential (mV)
-50 ~~0 50

100
'-2-5 - C ,, 10

Fig. 11. Decrease in maintained current induced by conditioning depolarizations giving
rise to outward currents. The maintained current was recorded in the presence of
70 nM-AaH II at the end of 49 ms depolarizations preceded by 50 ms hyperpolarizations
to - 120 mV. A, relative amplitude of maintained current as a function of voltage during
conditioning depolarizations. The current was recorded at 0 mV just after 1-20 (number
beside each point) conditioning depolarizations (49 ms) of various amplitudes applied at
a frequency of 0 7 Hz. The amplitude of the maintained current was expressed relative
to its value before conditioning depolarizations. B, maintained current-voltage curve.
The current was recorded at the end of depolarizations of various amplitudes as described
in Fig. 1 B. Fibre: 23-10-85.

unlocked from its binding site by membrane depolarization, are in agreement with
previous reported voltage dependence of a-scorpion toxin binding (Catterall, 1979;
Jover et al. 1980; Mozhayeva et al. 1980; Wang & Strichartz, 1984). However, we
observed that AaH II effects could only be removed by repetitive depolarizations
giving rise to outward currents. This point is illustrated in Fig. 11 which shows both
the change in the relative amplitude of the maintained current with the amplitude
of conditioning depolarizations and the maintained current-voltage curve. The
amplitude of the maintained current was not modified by ten conditioning de-
polarizations to below the reversal potential of the maintained current but was
increasingly decreased by conditioning depolarizations to beyond the reversal
potential of the maintained current as the amplitude and number of conditioning
depolarizations were increased.
The preceding result suggests the existence of an interaction between the toxin

binding sites and outward-going ions either within the channels or at the external
face of the membrane. In this latter case, outward current would give rise to an
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external accumulation of Na or Cs ions (Dubois & Coulombe, 1984). In order to test
these hypotheses, three complementary experiments were undertaken. First, peak
and maintained currents were recorded at 0 mV after ten conditioning depolarizations
of various amplitudes in media containing 50, 100 or 150 % NaCl. The osmotic
pressure was maintained at a constant level and equivalent to 1500 NaCl by sucrose.
The results are presented in Fig. 12A which confirm that only conditioning
depolarizations to beyond the reversal potential of the maintained current could
displace the toxin. Moreover, we observed that the maximum maintained conduc-
tance, relative to the maximum peak conductance, was independent of the external
Na concentration. Secondly, peak and maintained currents were recorded in Ringer
solution containing either 100% NaCl or 50 % NaCl + 50 % CsCl with the fibre ends
cut in a solution containing 120 mM-KCl. In these conditions, the maximum
maintained conductance, relative to the maximum peak conductance, was not altered
either by the presence of Cs ions in the external solution or by the replacement of
internal Cs by K ions. Thirdly, we observed that, at constant driving force,
conditioning depolarizations were increasingly effective at displacing the toxin as the
external Na concentration was increased (see Fig. 12 A). Since the maximum Na
conductance is a function of the external Na concentration (Dubois & Bergman,
1971; Landowne & Scruggs, 1981; Yamamoto, Yeh & Narahashi, 1985), this could
indicate that the displacement of the toxin not only depends on the driving force but
also on the conductance with the toxin being displaced by outward-going ions and
outward current being increased with the maximum conductance. However, in the
different media used, we observed that the outward maintained current was very
small and almost independent of the external Na concentration and voltage (see
Figs. 1 and 11). These observations led us to assume that (1) the displacement of the
toxin was dependent on the interaction between internal cations and a channel site
only accessible when the channel is open and (2) the mean open time of channels was
proportional to the maximum conductance and dependent on the external Na
concentration. In order to test this possibility, we plotted the variation in relative
amplitude of the maintained current which was recorded at 0 mV after ten con-
ditioning depolarizations of various amplitudes against the relative maximum main-
tained conductance multiplied by the driving force for the maintained current during
the conditioning depolarizations. The maximum conductance was calculated between
0 and +50 mV and then expressed relative to the maximum conductance recorded
in 100% NaCl (Fig. 12 B). Fig. 12 includes experiments made on different fibres in
normal Na Ringer solution, the experiment presented in Fig. 12A and two experi-
ments made either in 100% NaCl or in 50 % NaCl + 50 % CsCl with the fibre ends cut
in a solution containing 120 mM-KCl. The results confirm that the maintained current
could only be decreased by conditioning depolarizations to beyond the reversal
potential of the maintained current. Moreover, the decrease in maintained current,
induced by conditioning depolarizations, was proportional both to the maximum
maintained conductance and to the driving force for the maintained current. This
strongly suggests that the toxin was displaced from its binding site by the occupancy
of a site located within the channel and only accessible to internal ions (see
Discussion).
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Fig. 12. Relation between amplitudes of maintained current, driving force during con-
ditioning pulses and maximum conductance. The maintained current was recorded in the
presence of 70 nM-AaH II at the end of test depolarizations (45 ms) to 0 mV preceded by
50 ms hyperpolarizations to -120 mV before and just after ten conditioning depolariz-
ations (45 ms) of various amplitudes (see Fig. 10A). The amplitude of the current was
expressed relative to its value before conditioning depolarizations. A, relative amplitude
of maintained current at the end of test depolarizations as a function of voltage (V) during
conditioning depolarizations in external media containing 50% NaCl+100% sucrose
(filled diamonds), 100% NaCl + 50% sucrose (filled circles) or 150% NaCl (filled triangles).
Arrows indicate reversal potential of maintained current (Vrev, ) in each medium. The
curves were drawn by eye. Fibre: 23-10-85. B, relative amplitude of maintained current
at the end of test depolarizations as a function of the occupancy of a channel site by
internal cations during conditioning depolarizations. Same experiment as in A plus
experiments made on five other fibres in normal Na Ringer solution (open circles), in
normal Na Ringer solution (filled squares) or in 50% NaCl + 50% CsCl Ringer solution
(open squares) with the fibre ends cut in a solution containing 120 mM-KCI. The occupancy
of channel sites during conditioning depolarizations is expressed as the maximum
maintained conductance (#Na, 1) relative to its value in 100% NaCl multiplied by the
driving force for the maintained current. The curve was drawn by linear-regression
analysis (r2 = 0-82).

DISCUSSION

The major findings in this paper can be summarized as follows. (1) Peak Na current
and AaH II-induced maintained Na current have different voltage dependencies of
activation, different reversal potentials and different activation kinetics. (2) The
effects of AaH II on the Na current can be separated into fast effects (changes in
inactivation time constants) and slow effects (induction of a maintained current and
changes in initial amplitudes of inactivation phases of the peak current). (3) The
effects of AaH II are antagonized by large depolarizations giving rise to outward
currents.

Transformation of Na channels
As mentioned in the Introduction, four different models can be proposed to explain

the effects of Na inactivation gate modifiers: (1) a reopening of a fraction of
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inactivated channels; (2) an unmasking of pre-existent silent channels; (3) a
transformation of a fraction of inactivatable channels into non-inactivatable ones
and (4) quantitative changes in rate constants of channel inactivation.

According to the model proposed by Schmidtmayer (1985), consisting of quanti-
tative changes in rate constants of inactivation, channels would have only one open
state and, consequently, peak and maintained currents should reverse at the same
voltage. The observation that peak and maintained currents reverse at different
potentials (Figs. 1 and 3; Table 1) indicates that this model cannot explain all the
effects of the toxin.

It must be noted that, in contrast with the maintained current induced by toxin II from scorpion
Androctonus australis Hector, the maintained current induced by toxin II from scorpion Leiurus
quinquedtriatus reverses at the same voltage as the peak current (Wang & Strichartz, 1985). This
indicates that the properties ofNa channels are differentially modified by various a-scorpion toxins.

Any of the other models proposed cannot be definitively rejected on the basis of
the present observations. However, the observation that, following toxin treatment,
the initial amplitudes of fast and slow inactivation phases and maintained current
change simultaneously (Fig. 8) is in favour of the interconversion hypothesis that we
recently proposed (Benoit et al. 1985) which consists of a transformation of fast
channels into slow and late channels. The fast and slow channels corresponded to fast
and slow inactivation phases of the peak current, respectively. The effects ofAaH II
on the global Na current can be explained if one assumes that, while the toxin binds
to a single class of receptors (Jover et al. 1980; Wang & Strichartz, 1985), it exerts
two separate types of actions on Na channels. First, it induces an increase in
inactivation time constants (Figs. 7 and 8). Then, it would induce a transformation
of fast (F) channels into slow (S) and late (L) channels according to the scheme:

Fo"', 1- So -L,LI (A)

where the late channels would give rise to the slowly activating maintained current.
The two types of effects ofAaH II can be explained on the basis of a model already

proposed by Schmidtmayer, Stoye-Herzog & Ulbricht (1982) to describe the delayed
appearance of the maintained current induced by Anemonia toxin (see also Fig. 8B).
This model consists of two consecutive reactions:

R+T .e , RT - , R*T, (B)

where a toxin molecule (T) binds to a receptor (R) to form a first complex (RT), which
is then transformed into R*T. According to this model, the first reaction occurs within
5 s after the addition of the toxin and induces changes in inactivation rate constants.
The second reaction corresponds to the transformation of channels according to
scheme (A). In the presence of a saturation concentration of toxin, all channels are
modified (RT) but, because of the reversibility of the second reaction, only a fraction
of channels is transformed into late channels. From a molecular point of view, this
can be explained if one assumes that, in the presence of toxin, the emergence of late
channels is, in some ways, controlled by the environment of channels and only about
300 of channels have an environment favourable to their transformation into the
late form. This interpretation is supported by the observation that a-scorpion toxins
do not induce maintained current in neuroblastoma cells (Gonoi, Hille & Catterall,
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1984; Bazan & Bernard, 1984) whose membrane lipid properties are assumed to be
different from those of non-malignant cells (De Laat, Van Der Saag & Shinitzky,
1977).
The reduction of total current (Fig. 8) induced by AaH II can be due to a loss of

a fraction of channels (Schmidtmayer, 1985) and/or a smaller unitary conductance
of late or slow channels than for fast channels (Conti, Hille, Neumcke, Nonner &
Stiimpfli, 1976).

Kinetics and voltage dependence of the maintained current
The observation that the turning 'on' of the maintained current can be described

by a single exponential (Fig. 4) suggests that the opening of late channels follows a
single two-state transition between closed and open configurations. In other words,
the opening of late channels is controlled by only one activation gate.

According to the physical interpretation of the Hodgkin-Huxley model (Hodgkin
& Huxley, 1952), the peak conductance-voltage curve can be described by the
Boltzman equation (Keynes & Rojas, 1974):

9Na = gNa ( +exp [(V- V)/k]) (1)

where YNa is the Na conductance, 9Na is the maximum Na conductance, V is the
membrane potential, V is the potential at which gating charges are equally
distributed between closed and open configurations, k is the steepness factor including
the effective valency of gates and a is the number of activation gates per channel.
Following the above considerations, the exponent a would equal 1 for the maintained
conductance whereas it equals 2 or 3 for the peak conductance (Frankenhaeuser,
1960; Dodge, 1963; Neumcke, Nonner & Stimpfli, 1976).
The results presented in Fig. 2 support this hypothesis. In Fig. 2, the curves were

calculated from eqn. (1) with a equal to 3 and 1 for peak and maintained
conductances, respectively. The value of k was identical (7 5 mV) for both curves and
V was 4-5 mV more positive for maintained than for peak conductance. Although,
if one considers both charge movement and conductance, eqn. (1) is inadequate to
describe the voltage dependence of normal channels (see Neumcke et al. 1976), the
present results show that it can be used to describe the effects ofAaH II ifone assumes
that the toxin immobilizes, in an open configuration, two out of three gates per
channel transformed into the late form. This would result in a decrease in maximum
charge movement and is in agreement with results obtained with Leiurus scorpion
venom (Nonner, 1979) and Anemonia toxin (Neumcke, Schwarz & StAmpfli, 1985).
Assuming a single energy barrier located between two possible sites that the gating

particles can occupy, the time constant-voltage relationships shown in Fig. 5 can be
described by the equation:

'r=2TV (2)

(Adrian, 1978; Horowicz & Schneider, 1981; Dubois & Schneider, 1982, 1985) where
V, V and k are the same parameters as in eqn. (1), TV is the value of r at V and '

is the fraction of the total field between sites that appears between the barrier and
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the resting site. The data points in Fig. 5 are well fitted by eqn. (2) with values of V
and k very similar to those calculated from the conductance-voltage curve. The value
of y used (017) was significantly smaller than the values found in the same
preparation for normal charge movement (0 50-069) or batrachotoxin-modified Na
current and charge movement (0-77) (Dubois & Schneider, 1982,1985). This indicates
that AaH II would displace the potential barrier seen by the gating particles of late
channels.
A remaining unexplained point is that, at the same voltage, rTff of the maintained

current is larger than rTn (Figs. 5 and 6). In the node of Ranvier, differences between
Ton and Toff have been reported for normal charge movement (Dubois & Schneider,
1982). However, in this case, in contrast with the present observation Toff was smaller
than Ton. For the AaH II-induced maintained current, the difference between Ton and
Toff can be due either to time- and voltage-dependent changes in apparent rate
constants for channel transition between closed and open states (Dubois & Schneider,
1982) or accumulation-depletion ofNa ions near the membrane (Dubois & Coulombe,
1984). For 'off' relaxation analyses, the membrane was pre-depolarized to potentials
at which the maintained current was relatively small and thus should not induce
noticeable changes in Na concentrations near the membrane. In contrast, for 'on'
relaxation analyses, the membrane was pre-depolarized to potentials giving rise to
relatively large inward maintained currents which should induce a depletion of Na
ions into the nodal gap. Consequently, the external Na concentration could
differentially change during 'on' and 'off' maintained current relaxations and could
differentially alter the apparent 'on' and 'off' time constants. Experiments in which
Na depletion is reduced would help to define more precisely the origin of the difference
between 'on' and 'off' time constants.

Interaction between internal ions and AaH II
The results presented in Figs. 10, 11 and 12 show that the toxin can be removed

from its binding site by large depolarizations giving rise to outward currents.
However, it is clear from Figs. 11 and 12 that the displacement of the toxin from its
binding site is not directly dependent on the outward current but is instead dependent
on the driving force and maximum conductance. One interpretation of these results
is to assume that the occupancy by internal cations of a site located within the
channel decreases the affinity of the channel for the toxin. This occupancy would
depend on voltage and accessibility of the site. Assuming that the increase in
maximum conductance in high Na solution is, at least partly, due to an increase in
the mean open time of channels (see Swenson & Armstrong, 1981), the results suggest
that the binding of internal cations to the channel site would occur only when the
activation gate is open and that these internal cations would be knocked off their
binding sites by in-going ions. This conclusion is very similar to that drawn for the
blocking of the K channels by internal cations (Armstrong & Hille, 1972; Hille
& Schwartz, 1978).
Although this hypothesis should be confirmed by further experiments, it can help

to explain discrepancies in voltage dependence of a-scorpion toxin binding reported
by Catterall (1979) on one hand and by Mozhayeva et al. (1980) on the other hand.
Mozhayeva et al. analysed the voltage dependence of toxin binding under voltage-
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clamp conditions and found a relation between toxin affinity and inactivation of Na
channels. Under these experimental conditions, since the membrane was held at
various negative voltages, the driving force for permeant ions was always negative
and the change in apparent toxin affinity must reflect a pure voltage dependence of
the toxin binding or a direct effect of electric field on the positively charged toxin
molecules (Woodhull, 1973; Mozhayeva et al. 1980). On the contrary, Catterall (1979)
depolarized the membrane by replacing Na by K ions in the external solution and
found a relation between toxin binding and activation of Na channels. Under these
experimental conditions, the change in toxin affinity could, at least in part, be due
to the change in driving force and activation of Na channels.
A remaining point is to explain why the effects of the toxin on the maintained

current were reversible whereas the effects of the toxin on the inactivation time
constants of the peak current were irreversible when the membrane was stimulated
by moderate depolarizations, but were reversible when the membrane was stimulated
by large depolarizations (Figs. 9 and 10). A hypothetical explanation is that the two
types of effects of the toxin are dependent not only on toxin binding but also on other
factors. The appearance of the maintained current could be dependent on the
environment of the channel (see above) and the change in inactivation time constants
could be dependent on membrane voltage (cf. Meves et al. 1984) according to the
scheme:

Voltage

Internal cations
C*R+T C*RT

Environment t

CR+T C'CRT (C)
Voltage l

C**R+T + C**RT

where R represents the toxin receptor associated with the channel (C). The affinity
ofthe receptor for the toxin is decreased by membrane depolarization and interaction
of internal cations with a channel site. The appearance of late channels (C*RT),
corresponding to the maintained current, is dependent on the environment of
channels, and the increase in inactivation time constants (C**RT) is dependent on
voltage. On the basis of this hypothesis, the results can be explained if one assumes
that during wash-out of the toxin, the transition C* - C is reversible whereas the
transition C** C can only be reversed by depolarizations. Moreover, in the
absence of toxin, the transitions C C* and C C** could occur either after
incorporation within the membrane of various inactivation gate modifiers (see
Schmidtmayer, 1985) or in normal conditions (Dubois & Bergman, 1975; Meves
et al. 1984).

If scheme (C) can explain the effects of AaH II on the Na current of frog node of
Ranvier, it raises questions which need further experiments to be answered. For
instance, the apparent dissociation constant calculated from the appearance of the
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maintained current (see Results) should not correspond to the effective dissociation
constant of the toxin binding. Moreover, scheme (C) could be inadequate to describe
the effects of different inactivation gate modifiers on a given preparation on one hand,
and the effects of a given inactivation gate modifier on various preparations on the
other hand (see Wang & Strichartz, 1985). Separate alterations of the different
transitions in scheme (C) associated with biochemical and electrophysiological studies
could help to define its validity more precisely.

We thank F. Couraud and H. Rochat for a generous gift of AaH I. This work was supported
by grants from the Ministkre de la Recherche et de la Technologie (85C 1134) and from the Institut
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