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ABSTRACT Sodium channel activation, measured as the fraction of channels open to peak conductance for different test
potentials (F[V]), shows two statistically different slopes from holding potentials more positive than —90 mV. A high valence
of 4-6¢ is indicated at test potentials within 35 mV of the apparent threshold potential (circa —65 mV at —85 mV holding
potential). However, for test potentials positive to —30 mV, the F{V) curve shows a 2e valence. The F(V) curve for crayfish
axon sodium channels at these ‘‘depolarized’’ holding potentials thus closely resembles classic data obtained from other
preparations at holding potentials between —80 and —60 mV. In contrast, at holding potentials more negative than — 100
mV, the high slope essentially disappears and the F{ V) curve follows a single Boltzmann distribution with a valence of ~2¢ at
all potentials. Neither the slope of this simple distribution nor its midpoint (—20 mV) was significantly affected by removal of
fast inactivation with pronase. The change in F(V) slope, when holding potential is increased from —85 to — 120 mV, does
not appear to be caused by the contribution of a second channel type. The simple voltage dependence of sodum current
found at V,, — 120 mV can be used to discriminate between models of sodium channel activation, and rules out models with

three particles of equal valence.

INTRODUCTION

Hodgkin and Huxley (1952a) noted that normalized peak
sodium conductance (gy,), when plotted on a logarithmic
scale, approached an asymptotic slope of 4 mV per e-fold
change for small (<20 mV) depolarizations from holding
potential (V, —60 mV). Presuming that peak sodium
conductance was controlled by redistribution of mem-
brane charges according to a modified Boltzmann equa-
tion (see Hodgkin and Huxley, 19525), this limiting slope
was interpreted to indicate that at least six electron
charges (6e) are involved in activation of the sodium
channel. That estimate was reassessed by Keynes and
Rojas (1976) who found the limiting slope to be 6.5 + 0.1
mV per e-fold change in sodium conductance from ¥V,
—60to — 100 mV, suggesting a revised valence of ~4e for
the sodium channels in squid axons. Stimers et al. (1985)
repeated this work using pronased axons (to avoid possi-
ble effects of fast inactivation on peak gy,) and compensat-
ing for the nonlinearity of sodium channel conductance at
negative potentials. They found a 7 mV per e-fold change,
further confirming that ~4 charges must cross the mem-
brane field to open each sodium channel. Holding poten-
tial was —70 mV in that study.
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Almers (1978) has shown that additional information
may be obtained from measurements of the voltage
sensitivity of sodium channels. If the logarithm of the
ratio

IgNa
(gNam" - gNa)

is plotted against membrane potential, data points gener-
ated by a simple two-state Boltzmann system should lie
along a single line. Replotting data from Hodgkin and
Huxley (1952a), Almers demonstrated that their data did
not conform to such a two-state model. Two separate
slopes were apparent, suggesting a more complex multi-
state activation mechanism.

By contrast, the gating current data presented by
Keynes and Rojas (1976) from a holding potential of
—100 mV in squid axons, as well as the gating current
data obtained from crayfish giant axons at strongly
negative holding potentials (— 140 mV) by Rayner and
Starkus (1989), shows only a single slope of <2e when
plotted in a similar manner. In addition, Conti and
Stiihmer (1989) reported a 1.8e valence for sodium gating
current in rat brain II sodium channels expressed in
Xenopus oocytes. These studies contrast with the more
complex data seen at less negative holding potentials
(Bezanilla and Armstrong, 1975; Armstrong, 1981; Stim-
ers et al., 1985; Keynes, 1986). However the additional
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(0.5-0.7¢) slope characteristic of gating charge distribu-
tions seen under these conditions apparently results from
immobilization of gating charge at holding potential
(Rayner and Starkus, 1989). Thus, once the complicating
effects of holding potential are more fully understood, the
voltage sensitivity of the gating charges indicates a simple
two-state Boltzmann process with an effective valence of
~2e.

In view of the apparent conflict between the two-state
system indicated by gating current measurements and the
multistate system suggested by the ionic current data, it
seemed appropriate to reinvestigate the voltage sensitivity
of the sodium channel from sodium current measure-
ments. We confirm that a >4e limiting slope appears in
experiments where less negative holding potentials are
used. However, from holding potentials more negative
than — 100 mV, sodium channel voltage sensitivity is well
represented by a single two-state Boltzmann distribution
with an effective valence of ~2e. That data is not
compatible with models which assume multiple particles
with identical valences.

This data has been presented in preliminary form
(Ruben et al., 1989; Rayner and Ruben, 1990).

METHODS

Medial giant axons from the crayfish, Procambarus clarkii, were
internally perfused and voltage clamped using methods adapted to
crayfish axons by Shrager (1974) and further described by Starkus and
Shrager (1978). Series resistance was compensated at 10 Q-cm? and
corrections were made for an electrode junction potential of 8-10 mV.
Temperature was maintained at 6°C throughout. Our methods for data
recording and for subtraction of linear capacity and leakage currents
using the P/n control pulse protocols have been presented in detail by
Rayner and Starkus (1989). We describe here only those additional
methods required for the present study.

Measurement of peak /,,

The principal errors involved in measurement of peak sodium current
arise from inadequate series resistance compensation, or from the
procedures used for subtraction of nonlinear leak and gating currents.
Our solutions (see below) were chosen to keep peak Iy, to ~1.5-2
mA/cm’ so as to minimize series resistance errors. With signal

averaging of multiple pulses (up to 32 averages), the minimum current
that could be accurately measured was ~1 uA/cm? Values beyond this
range are represented by the dark gray band in Fig. 9. Time-to-peak and
other measures of kinetic stability were carefully noted; we have
compared records obtained at differing internal and external sodium
concentrations and find no evidence indicative of inadequate compensa-
tion within this data set.

In recent studies nonlinear leak and gating currents have generally
been removed by subtraction of equivalent records obtained in the
presence of Tetrodotoxin. Because our experimental protocols required
extended periods of data recording (usually 3-5 h) and subsequent
current rundown (usually 20%; experiments with more than 50%
rundown were not used for analysis) we were not able to use that
method. Nonlinear leak has been minimized by appropriate internal
perfusates (see below) and was measured at intervals by recording Iy, at
the end of a 200-ms pulse to test potential. The sum of steady state Iy,
and nonlinear leak was <10 uA/cm?, even at 2040 mV (<1% of total
current). As pointed out by Stimers et al. (1985) the residual gating
current will be negligible at peak I, in pronase-treated axons. Possible
errors introduced by failure to subtract gating current from peak I,
measurements in nonpronased axons are small under the experimental
conditions used here: typically no more than 1% of peak I, at 20 mV
and ~3% of peak I, at a test potential of —~55 mV.

Solutions

Solutions (see Table 1) were adjusted to maintain peak inward sodium
current at no more than ~1.5 mA/cm? (while minimizing both linear
and nonlinear leakage currents) by mixing “high-Na” and “Na-free”
solutions in appropriate proportions. Adjusted sodium concentrations
are listed in figure legends as external/internal (in millimolar). Pronase
used in this study was from Streptomyces griseus type VI or XIV
(Sigma Chemical Corp., St. Louis, MO), activity: 6 proteolytic units/
mg, or from Calbiochem-Behring Corp., activity: 77 proteolytic units/
mg.

Computer simulations

Simulations were carried out using a Sun 3/60 computer (Sun Microsys-
tems, El Segundo, CA). Our modeling program employs simple Euler
integration to solve the array of simultaneous equations representing the
allowed transitions within each particular model formulation. Cumula-
tive errors were <0.001% at the end of each model run. All voltage steps
were presumed to be instantaneous. Holding potential was set to —120
mV for each simulation and calculated initial state occupancies were
used for each model run. Models were simulated in “pronased” form
(i.e., without fast inactivation). For each model all transitions were
specified in accordance with Eyring rate theory (Glasstone et al., 1941;
Woodbury, 1971; Stimers et al., 1985) such that the rate constants X,

TABLE 1 Experimental solutions
Condition Na* Cat** Mg** Cs* Cl- F- TMA Glutamate Hepes pH
200 Na Internal 200 0 0 30 0 60 0 170 1 7.35
0 Na Internal 0 0 0 230 0 60 0 170 1 7.35
210 Na External 210 13.5 2.6 0 242.2 0 0 0 2 7.55
0 Na External 0 13.5 2.6 0 242.2 0 210 0 2 7.55

Osmolarity: 430-440 mOsm.
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and K, are:

K., = (kT/h) exp (—w, — ez’ dV/kT)
Ky, = (kT/h) exp [—wy + ez’ (1 — d)V/kT],

where w is the height of the energy barrier (in kT units) as seen from
well a or b, respectively, e is the electronic charge, 2’ is the effective
valence of the a,b transition, d is the fraction of the distance between
wells @ and b at which the barrier peak occurs, V is the membrane
potential, k is the Boltzmann constant, T is the absolute temperature,
and A is the Planck constant. In the single model in which electrostatic
coupling was introduced, this was presumed to occur only in the
depolarization-favored position and to involve repulsion between two (of
three) gating particles. The rate constants K,,, leading out of the states
in which both of these particles are in their depolarization-favored
positions were modified as:

Ky = (KT/h) exp [—w, + ez’ (1 — d)V/kT] exp W,

where W, is the interaction energy between particles M1 and M2.
Parameters for all models (see Table 2) were generated de novo except
for the Hodgkin-Huxley model for which we used their empirical
equations (Hodgkin and Huxley, 1952b) for calculating m? (thus
presuming that inactivation had been removed using pronase). Ratio-
nale for selection of the models shown here is presented in Discussion.

Models requiring independent (or electrostatically coupled) move-
ment of three separate particles were necessarily formulated as 8-state
“cubes” similar to the 8-state models of Bezanilla et al. (1982) and
Rayner and Starkus (1989). Three allosterically coupled particles can
be simulated by a linear 4-state sequence; however a three particle
model in which only two particles are allosterically coupled requires a
6-state “ladder” (see Alicata et al., 1990).

RESULTS

Traditional methods for calculating the fraction of open
channels have assumed linearity of the instantaneous

TABLE 2 Computer simulations

I(V) curve. Thus Hodgkin and Huxley (19524) and
Oxford (1981) used gy,, calculated from

INapeak
(V — Eng)’

to measure the fraction of open channels. However,
Stimers et al. (1985) noted nonlinearity in their instanta-
neous I(V) curve due, in part, to the effects of calcium.
Because we find similar nonlinearities in our data (see
Figs.2 A and 3 A), we conclude that the analytical
procedure of Stimers et al. (1985) is more appropriate for
our experimental conditions. We here describe that method
in more detail.

Our experimental protocols were carefully designed to
avoid artifacts induced by axon rundown. Voltage steps to
test potential (for peak Iy, measurements) were alter-
nated with double pulse patterns for tail current measure-
ment at that same test potential (see Fig. 1, pulse
pattern). Each tail current measurement required a
prepulse (in most experiments +20-40 mV) before the
repolarizing step to test potential, hence the prepulse peak
Iy, provided a pulse-by-pulse control which could be used
for assessing any possible rundown during the experi-
ment. Fig. 1 shows a typical record collected by the
tail-current protocol. Inactivation between the time of
peak current at the prepulse potential and the start of the
repolarizing voltage step (~40 us) was corrected by
scaling the linear portion of the instantaneous I(V) curve
to overlie the linear region of the peak I(V) curve (at
potentials >+ 10 mV). Thus, the dotted line at a’ shows
the value to which the peak tail current was scaled to
account for inactivation during the depolarizing pre-

Total Independent
Model name Particle w, Wy W, z d valence states

3 equal particles M1 20.0 23.0 0 1.8 0.8

M2 20.5 235 0 1.8 0.2 5.4 8
No coupling (3p) M3 21.7 24.7 0 1.8 0.2
3 different particles M1 20.0 226 0 1.0 0.25

M2 19.8 24.2 0 2.2 0.45 4.0 8
No coupling (a) M3 21.8 23.2 0 0.8 0.65
Electrostatic coupling M1l 18.0 20.6 1.0 1.0 0.5

M2 19.8 25.2 1.0 22 045 4.0 8
MI1-M2 (b) M3 21.8 23.2 0 0.8 0.65
Allosteric coupling M1 18.0 20.6 0 1.0 0.5

M2 19.8 24.2 0 2.2 0.45 4.0 6
M1-M2 (¢) M3 21.8 23.2 0 0.8 0.65
Allosteric coupling M1 20.6 224 0 0.8 0.7

M2 21.3 23.6 0 1.8 03 3.0 4
M1-M2-M3 (d) M3 18.9 19.3 0 04 0.2
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FIGURE1 Sodium peak and tail currents are recorded to generate
I(V)peas and I(V),,; curves (see Figs. 2 4 and 3 A). Tail current (trace
a) is evoked by repolarization to —40 mV after a 400-us depolarizing
step to +40 mV (pulse pattern a). Peak sodium current (trace b) is
evoked by a step to —40 mV (pulse pattern b). Fraction of total open
channels at +40 mV, which open at —40 mV (i.e., F[-40]), is
calculated as b'/a’ where ¥ is the amplitude of peak Iy, and a’ is the
amplitude of tail current after correction for fast inactivation during the
depolarizing prepulse (see text). Data from axon 881117 (210//0 Na).

pulse. The fraction of open channels (F) was determined
at each test potential (¥) by dividing the peak Iy, (e.g., &’
in Fig. 1) by the scaled peak tail current (e.g., 4’ in
Fig. 1).

Two statistically different slopes are
apparent in (V) data when V, is less
negative than —90 mV

Fig. 2 shows the results from the application of the above
protocol when holding potential was —85 mV. The
instantaneous I(V) curve (boxes in Fig. 2 4) was scaled
to overlie the peak I(V) curve (circles in Fig. 2 A), and
the ratio is shown as a F(V') curve in Fig. 2 B. When the
data are linearized according to the logit method intro-
duced by Keynes and Rojas (1974) the resulting distribu-
tion shows two distinct regions of differing slope. The
slope in the range of test potential between —30 and —60
mV suggests an effective activation valence of ~5e,
whereas the slope in the range from +30 to —30 mV
suggests a valence of ~2e (Fig. 2 C). For the total of four
axons in this series, the mean valence for the low slope
region was 2.0e + 0.1 SD whereas the higher slope seen at
the more negative potentials was 4.3e + 0.9 SD. These
slopes are significantly different by one-way analysis of
variance: F(1,6) = 26.83, p = 0.002. Thus a high
limiting slope (>4e¢) can be demonstrated in crayfish
axons from holding potentials similar to those used in
previous studies on squid axons.

From strongly negative holding
potentials, peak sodium
conductance measurements
conform to a single Boltzmann
distribution with a slope of ~2¢ein
both nonpronased and pronased
axons

As noted in the Introduction, Rayner and Starkus (1989,
Fig. 10) have shown that holding potential can be an
important determinant of steady-state gating charge
distributions. We therefore explored the possibility that
the holding potentials (—60 mV, Hodgkin and Huxley,
1952a, b; —80 mV, Oxford, 1981; —70 mV, Stimers et
al., 1985) used in previous studies of sodium channel
voltage sensitivity may have affected the form of F(V)
curve, just as these holding potentials also affect the shape
of the Q(¥) curves (Rayner and Starkus, 1989).

Fig. 3 A shows the curve for peak I(V) (triangles) and
the instantaneous I(V) curve (crosses) for a typical
experiment in a nonpronased axon from -—120 mV
holding potential. The ratio of these curves gives the
fraction of open channels as a function of voltage, the
F(V) curve, shown in Fig. 3 B. Figure 3 C shows the
composite data from eight experiments conducted from a
holding potential of — 120 mV. The data points have been
linearized by the logit transformation and indicate a
mean slope of 2.1 + 0.2 (SD).

Neither the symmetrical shape of the F(V) curve (see
Fig. 4 A) nor the slope of the transformed data (see
Fig. 4 B) is significantly altered when inactivation is
removed with pronase. In this series of experiments the
holding potential was —100 mV and ~90% of fast
inactivation was removed by pronase action. Data was
analyzed exactly as in the nonpronased axonms, using
coincident tail currents as a measure of the instantaneous
I(V) relationship. Effective valence in pronased axons
(2.29¢ + 0.19 SD, n = 4) was not significantly different
from that seen in the nonpronased axons from the same
data set or from the experiments described above, suggest-
ing that fast inactivation did not appreciably contribute to
the effective valence measured in these experiments.

Data from single axons confirm the
effect of change in holding potential
on slope of A V) curves at
near-threshold test potentials

In this section we examine the effects of holding potential
on ionic and gating currents from a series of axons whose
longevity permitted complete data collection at two hold-
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FIGURE2 Channel activation as a function of voltage from a “depolarized” holding potential. (4) Peak currents (circles) measured during
depolarization from holding potential (—85 mV) to test potential (V,,, —60 to +35 mV) (see left pulse pattern) are divided by tail currents (boxes)
evoked at the same test potential (now V,,;) after a 400-us step from V, to +40 mV (see right pulse pattern). The F(V') distribution from this data is
shown in B (triangles). (C) The F(¥V') distribution is linearized by the logit transformation show two linear regions with different slopes. Lines were fit
by eye to the data in B and C. Peak and tail currents from axon 881117 (210//0).

ing potentials (—85 and — 120 mV). Differences in F(V')
curves due to these changes in holding potential can also
be demonstrated in these single axons. The slopes of
logit-transformed F(V) curves always fell within the
ranges described above.

When holding potential was —85 mV, the maximum
peak Iy, at positive test potentials was reduced to ~55% of
the current seen from a holding potential of —120 mV
(see Fig. 5, right panels). However, where F(V') curves
are normalized (using coincidently measured tail currents
as described above), these curves are parallel at all test
potentials more positive than —30 mV. Thus the midpoint
of the F(V) curve is —19 mV from a holding potential of
—85 mV (see Fig. 2) as compared with —21 mV from ¥y
—120 mV (see Fig. 3). For comparison, mid-points were
—21, —28, and —11 mV for the F(V) curves obtained
from —120 mV, —100, and —85 mV holding potentials in
Figs. 3 B, 4 A, and 2 B, respectively.

The relative suppression of peak Iy, from more depolar-
ized holding potentials can also be seen by comparing
data traces taken at different test potentials. Fig. 5 shows
data traces recorded-at test potentials of —60, —40, — 20,
and 0 mV from two holding potentials (—85 and —120
mYV). The currents are shown both with the same vertical
axis (top row) and with amplified vertical axes (bottom
row) to emphasize the changing ratio between the peak
currents evoked from the two holding potentials. Thus the

ratio

INapelk( - 85)

INapuk( “1200

changes with test potential from 0.04 at —60 mV to 0.19
at —40 mV and to 0.28 at —20 and 0 mV. The filled
circles in Fig. 6 represent the ionic current data from
Fig. 5, and show that this ratio increases linearly between
—60 and —30 mV, but remains constant at ~0.30 for
more positive test potentials. Thus the relative suppres-
sion seen in the current traces exactly corresponds to the
region of high limiting slope seen in Fig. 2 C.

Near threshold, ionic current is
suppressed relative to gating
current by shift of V,,

We next compare these changes in Iy, with coincident
changes in gating current (/) by integrating the gating
currents visible in these traces over the 100-us time period
before onset of detectable inward sodium current. By
contrast with the Iy, data the ratio of the gating charge

QON(—SS)
QON(— 120)

(see Fig. 6, open circles) does not change with test
potential (X = 0.30 + 0.05 SD shown by dashed line in
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FIGURE3 Channel activation as a function of voltage from a more hyperpolarized holding potential. (4) Peak currents (triangles) measured during
depolarization from holding potential (— 120 mV) to test potential (¥, —80 to +35 mV) (see left pulse pattern) are divided by tail currents (crosses)
evoked at the same potential (now V,,,) after a 400-us step from ¥, to +40 mV (see right pulse pattern). Peak and tail currents from axon 881104b.
This produces the distribution (B) showing the fraction of open channels as a function of test voltage (circles). F(V) data points from axon 881026.
(C) F(V) distributions from 8 axons and fitted line from B are linearized by logit transformation. Average slope of the distribution suggests an average
valence of ~2e (statistics given in text). The slight increase in slope at the positive end of the distribution is an error induced by an insufficiently positive
normalization potential (+40 mV). Lines were fit to data in B and C by eye. Data from axons 881025 (105//10), 881026 (105//0), 881103 (75//5),
881031, 881104, 881104b (all 50//0), 881107b (100//0), 881117 (210//0), 900108 (52.5//0).

Fig. 6). The gating charge ratio is also constant when  affect the 2e slope of the Qon(V) relationship. Further-
charge is fully integrated (to 2 ms). The constant gating  more, the Iy, ratio parallels the gating charge ratio at test
charge ratio is fully consistent with the interpretation of  potentials positive to —30 mV, where F(V) curves of
Rayner and Starkus (1989) indicating that V; does not  Fig. 2 and 3 are also parallel.

A - B
1.0 E 150 A
. g test
0.8 -
> 100
s o
3 &
Fu]
H 0.6 ¥ M -100
L
~ q sod
¢ 8
D 0.4+ H
8 N 30
0 i
—_ _ o
5 0.2 o o a1l
Pt . c
5 =100
0 T T T T = -50 T T T T
-60 -40 -20 0 20 40 k) -60 -40 -20 0 20 40
Viest (MV) Viest (V)

FIGURE4 Removal of fast inactivation with Pronase does not change the fraction of open channel (F[V]) distribution. F (V') curves were produced as
in Fig. 3 (see pulse pattern insert). Neither the normalized data (4 ) nor the effective valence given by the average slope of linearized data points (B)
are affected by the addition of pronase to remove fast inactivation. Lines were fit by eye to the data. Control data are shown with open symbols, Pronase
data with solid symbols and crosses. Data is from axons 830321 (squares, 50//0 Na), 830324 (triangles 50/ /0 Na), 830616 (circles, 50/ /0 Na), and
830602 (crosses, 100/ /0 Na).
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FIGURES Relative suppression of sodium current from a depolarized holding potential is greater at test potentials negative to —40 mV. Top panels
show unscaled gating and sodium current records evoked at ¥V, from holding potentials of —120 and —85 mV. Bottom panels show ionic currents
amplified to emphasize the ratio between currents evoked from the different holding potentials; these records have had gating currents blanked for

clarity. Data from axon 890727 (30//20).

Ivs sUppression at near threshold
potentials occurs without changes in
activation or deactivation kinetics

Apparent suppression of ionic current could be caused by
recruitment (at ¥, —120 mV) and inactivation (at V;
—85 mV) of a distinct subpopulation of channels with
different voltage dependence and different activation
kinetics. These additional channels would sum with
“normal” channels to increase sodium currents at these
negative test potentials. This recruitment might well
reduce the slope of the F(V) curve at negative test
potentials. By contrast, Fig. 7 shows that peak currents
have essentially identical activation kinetics when evoked
from ¥}, —120 and —85 mV. Smaller currents from —85
mV have been scaled to overlie the larger currents from
—120 mV. In each panel, activation kinetics seem almost
identical across a range of test potentials where difference
in peak current magnitudes is pronounced.

On the other hand, a class of “threshold” channels with
“normal” activation kinetics has been reported by Gilly
and Armstrong (1984). These authors noted that a slow
tail current component saturates at —40 mV test poten-
tial (V,), and hence proposed that distinct channel popula-
tions give rise to each component of the tail current.
“Threshold” channels appear to be selectively recruited at
the most negative test potentials. We have therefore
explored possible contributions of “threshold” channels to
our results. Fig. 8 shows a family of tail currents evoked

by steps to different return (V) potentials after a 400-us
depolarizing step to 30 mV. The return step was initiated
immediately after peak Iy, to minimize effects of fast
inactivation on tail current kinetics. Although multiple
kinetics are readily visible in the tail currents, the
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FIGURE 6 Ratio of sodium current from two holding potentials is not
constant at all test potentials. Integrated gating currents (open circles)
and peak sodium currents (closed circles) are plotted as the ratio of
these values from —85 and —120 mV holding potentials. Relative
suppression of peak sodium current from “depolarized” holding poten-
tials is greater at test potentials more negative than —30 mV. There is no
equivalent suppression in the gating currents due to changes in holding
potential (mean ratio = 0.30 + 0.05 SD shown by the dashed line).
Data from axon 890727 (30//20).
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FIGURE7

Relative suppression of sodium current is not associated with changes in activation kinetics. Currents from —120 mV holding potential

have been scaled down to overlie the currents from —85 mV holding potential. Test potentials were —55, — 50, and —45 mV in the a, b, and ¢ panels,

respectively. Data from axon 890727 (30//20).

intercept of the slow component changes with return
potential. If the two kinetic components were generated
by different channel populations, then the proportion of
these populations should be determined only by the prior
test potential and should be independent of the final
return potential. This condition is clearly not met by the
tail currents shown in Fig. 8 4 and this observation seems
incompatible with the “threshold” channel interpretation
of tail current kinetics presented by Gilly and Armstrong
(1984).

Furthermore, tail current kinetics are independent of
holding potential. Selective recruitment of additional
channels at hyperpolarized holding potentials should
increase the slow component intercept in the tail current
kinetics from ¥V, —120 mV. By contrast, Fig. 8 B shows

that tail current records from ¥}, —120 and —85 mV scale
to coincide with each other at the same return potential
(—100 mV). This also seems incompatible with any
“threshold” channel interpretation of our data.

DISCUSSION

The principal results of this study are: (@) when depolar-
ized holding potentials (—90 to —80 mV) are used, F(V)
curves indicate a high limiting slope valence (as much as
4.5¢) between threshold (—60 mV) and —30 mV. How-
ever, a lower slope of ~2e is visible for test potentials
>—30 mV (Fig. 2 C). (b) Only the lower 2e valence is
seen when channel voltage dependence is assessed using
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FIGURES8 Tail current intercepts are affected by changes in return potential but not holding potential. (4) Tail currents were evoked at return
potentials (V) of —70, —80, —100, —120, and — 140 mV after 400 us steps from V,, = — 120 mV to a test potential (¥,) of +30 mV. The intercept of
the slow component of tail current decreases with more negative return voltage. (B) Tail currents were evoked at return potential of —100 mV after
400 us steps from ¥, = —120 mV and ¥, = —85 mV to ¥, = +30 mV. Current record from ¥, = —85 mV was scaled so that the maximum tail
current amplitude coincided with that from ¥, = —120 mV (scale factor = 1.73). Data from axon 881107b (52.5//0).
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F(V) curves obtained from holding potentials negative to
—100 mV (Fig. 3 C). This effective valence estimate was
not significantly changed by prior removal of fast inactiva-
tion with pronase (Fig. 4 B). (¢) lonic current is selec-
tively suppressed for small depolarizations from more
depolarized holding potentials (Fig. 5, lower panel, and
Fig. 6) without an equivalent suppression of gating cur-
rent (Fig. 6).

Our F(V) curves from holding potentials positive to
—90 mV are fully consistent with previous data from
other axons at similar holding potentials. First, the data of
Hodgkin and Huxley (1952a) from a holding potential of
~—60 mV shows a limiting slope of 6e at test potentials
more negative than —35 mV. However, when this data
was replotted by Almers (1978, Fig. 18 a), a second and
lesser slope is shown which can be well fitted by a 2e slope
for all test potentials positive to —35 mV. This 2e slope
crosses the midpoint of the total distribution of ~—20 mV
(cf. our Figs. 2 Cand 3 C).

Second, Keynes and Rojas (1976, Table 3) obtained a
mean of 6.5 mV per e-fold change in gy, in the steepest
region of the gy, (V) curve, suggesting an effective valence
of 3.7e for the conditions of their study. Holding poten-
tials were between —60 and 70 mV for the data
reported in their table.

Third, Oxford (1981, Figs. 4 and 5) working from a
holding potential of —80 mV, found a limiting slope of 5.3
mV per e-fold change in

8Na
(gNa,m — gna)

This suggests an effective valence of ~4.5e. However the
data for test potentials positive to —35 mV is again quite
linear, suggesting a mean slope of ~2.8. The midpoint for
the total distribution was ~—25 mV. He obtained quanti-
tatively similar data in pronased axons.

Fourth, Stimers et al. (1985, Fig. 4) shows F(V') plots
for both pronased and nonpronased axons as well as a plot
of log F(V) from eight pronase-treated axons. Holding
potential was —70 mV in that study. Their results
indicate an e-fold change in 7 mV suggesting a minimum
activation valence of 4e for test potentials negative to —35
mV. However, the slope of the F(V') relationship is clearly
less steep at test potentials positive to —35 mV. We
estimate an effective valence of ~2e from their data at test
potentials positive to —30 mV, while the midpoint of the
distribution appears to be ~—10 mV for both the pro-
nased and nonpronased axons shown in their Figs. 4, 4
and B. Finally, Gonoi and Hille (1987) have pointed out
that removal of fast inactivation has no significant effect
on the voltage dependence or kinetics of macroscopic
sodium channel inactivation in axonal preparations.

In these studies both the midpoints of the total F(V)
distributions and the effective valences indicated for the
low and high slope regions of the F(¥') curve are close to
the values we have obtained in crayfish axons at similar
(“depolarized’) holding potentials. However, no signifi-
cant high slope region appears in our data, for either
pronased or nonpronased axons, when a strongly negative
holding potential is used (Fig. 3 C). This result is con-
firmed by comparison of different holding potentials
within a single axon as well as from data examined by a
different analytical method (see Figs. 5 and 6). Neverthe-
less we notice a slight tendency for our F(¥) curves to
increase in slope at test potentials more negative than
—70 mV (see Fig. 3 C). This may indicate that a higher
“limiting slope™” could be resolved at ¥, —120 mV by
further studies concentrating on test potentials between
—70 and —80 mV. We point out, however, that the
difficulty of resolving any high slope region from ¥V, —120
mV seems quite contrary to expectations based on the
ease with which the high slope can be resolved in the
smaller sodium currents obtained with ¥, —85 mV.

Possible mechanisms which might produce the results
we have recorded fall into three general classes: (a)
methodological errors might distort the results from ¥,
—120 mV, (b) holding potential might determine the
number of particles required to open a sodium channel,
(c) additional channel types might be recruited at very
negative holding potentials, (d) normal channels could be
selectively suppressed at more positive holding potentials.
These mechanisms are considered below.

Methodological distortion of the F(V)

curve

Peak tail currents in crayfish axons saturate at negative
return potentials but increase when extracellular calcium
is reduced, indicating a voltage sensitive blockade of
inward sodium currents by calcium ions similar to that
seen by Yamamoto et al. (1984) in neuroblastoma cells,
Stimers et al. (1985) in squid axons, and Sheets et al.
(1988) in cardiac myocytes. Although our experiments
could have been done at reduced [Ca**], this would have
introduced a lateral shift in Iy, voltage sensitivity (Fran-
kenhauser and Hodgkin, 1957; Hahin and Campbell,
1983) amplifying the quantitative differences between the
crayfish and squid preparations. In any case, a potential-
dependent calcium block would be expected to equally
affect tail current amplitude and peak Iy, amplitude at
any test potential. Similarly, calcium block is unlikely to
be affected by holding potential.

Incomplete series resistance (R;) compensation could
distort the F(V) curves. No R, error was detected as
kinetic shifts in Iy, recorded from different holding
potentials (Fig. 7). Furthermore R, error would be great-
est at test potentials between —20 and +20 mV where
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sodium currents are largest. These voltages are outside
the range in which Iy, suppression was relieved by more
negative holding potentials. In addition, the midpoints of
the F(V) curves are well matched from —120 and —85
mV holding potentials (Figs. 2 and 3), whereas R, errors
should be expected to shift the midpoints. Large tail
currents (see Figs. 2 4 and 3 A) would be more sensitive
to R, errors than the smaller peak currents. However,
such errors would be expected to be greatest in the voltage
region where tail currents reach a plateau, hence the
effect of even a 5 mV R, shift would not introduce
significant error in our data. Furthermore, we have shown
(see Fig. 5) that relative suppression of Iy, can be seen in
the raw data (without complex data analysis).

Holding potential affects the number of

particles required to open a sodium

channel

Apparent changes in channel activation valence might
reflect changes in the number of gating particles required
to open each sodium channel. Thus one 2e particle might
be sufficient to open a sodium channel from ¥, —120 mV
whereas allosteric changes within the channel molecule
might require three such gating particles for channel
opening from ¥, —85 mV. This is perhaps the most
simple explanation of the results shown in Figs. 2 and 3.
However, if channel gating were controlled by the move-
ment of a single 2e particle at ¥, —120 mV and multiple
particles are more depolarized holding potentials, then a
change would be expected for monoexponential activation
kinetics at ¥, —120 mV to multiexponential kinetics at V},
—85 mV. However, our data (Figs. 7 and 8) show no
evidence of such changes in activation kinetics.

Recruitment of an additional channel

population

Differential effects of holding potential on the slope of the
F(V) curve could arise from differential sensitivity to ¥V},
of two (or more) subpopulations of sodium channels. In
addition to the “normal” axonal sodium channels, several
sub-types have been described. Gilly and Armstrong
(1984) reported “threshold” channels in squid giant
axons, which show a steeper F(V') curve, a more negative
midpoint for this curve, as well as slower closing kinetics.
Additionally, Matteson and Armstrong (1982) have noted
the presence of “sleepy” channels, again in squid axons.
These channels are slow to activate, very slow to inacti-
vate, and thus are responsible for maintained “steady
state” sodium currents which decay principally with the
kinetics of slow inactivation. If either of these channel
types were selectively recruited at ¥, —120 mV, they
might obscure the high limiting slope of “normal” chan-
nels seen from —85 mV. The contribution of “sleepy”

channels should be evident from kinetic shifts of Iy,. No
such shifts were detected in a comparison of activation
kinetics from different ¥}, (Fig. 7). In addition, recruit-
ment of “threshold” channels should result in two kinetic
components in tail current records, the slower of which
would saturate at test potentials more positive than —40
mV (Gilly and Armstrong, 1984). We find multiple
kinetic components in crayfish tail currents (Figs. 1 and
8), and the slower component saturates with test poten-
tials more positive than —40 mV (not shown). However
the intercept of the slow components changes with dif-
ferent return potentials (Fig. 8 4). This observation is
inconsistent with deactivation of two channel populations;
both populations would be expected to contribute to the
tail current in constant proportions across the range of
return potentials. Furthermore, we find that there is no
difference in tail current kinetics when assessed from
different holding potentials (Fig. 8 B). This observation is
also incompatible with the selective recruitment of
“threshold™ channels at ¥, —120 mV. If “threshold”
channels were recruited from —120 mV but became
inactivated at —85 mV holding potential, then single
component tail current kinetics would be expected for the
more depolarized holding potential. By contrast, we
observed multiple component tail currents from both
holding potentials. Finally, the constant gating charge
ratio

Qon(-ss)
Qone-120

seen in Fig. 6 also argues against selective incorporation
of an additional channel population.

An alternative explanation for multiple tail current
kinetics may be that “normal” channels can close via
multiple kinetic pathways. More channels close via the
faster pathway when return potential is more negative; as
return potential becomes less negative, an increasing
proportion of channels close by way of the slow pathway.

Thus we find no evidence from our macroscopic mea-
surements indicating recruitment of a separate, addi-
tional channel population at strongly negative holding
potentials. Nevertheless, unequivocal distinction between
heterogeneous channel populations and changing proper-
ties of a homogeneous population requires single channel
experiments that can accurately differentiate between
channel subtypes.

Holding potential-dependent changes in

channel excitability

The high slope region of the F(¥) curve, assessed from
—85 mV holding potential (Fig. 2 C), occurs over the
same range of test potentials as the relative suppression of
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peak Iy, seen in Fig. 6. Having dispensed with possible
methodological errors and recruitment of additional chan-
nel types, we conclude that the relative suppression of
peak Iy, is causally related to the high slope of F(V)
curves measured from “depolarized” holding potentials.
One factor which might relate these phenomena could be
slow inactivation of sodium current. A high slope region
of the F(V) curve is seen from —85 mV holding potential
where slow inactivation is more than 50% (see Heggeness
and Starkus, 1986). By contrast, no such high slope region
is measured when the F(V) curve is assessed from —120
mV holding potential where slow inactivation is com-
pletely removed (Heggeness and Starkus, 1986). There-
fore, channel valence estimates obtained from the high
slope region of F(¥) curves measured from depolarized
holding potentials may be distorted by interaction with
slow inactivation. Subsequent studies will test quantita-
tive predictions on the nature of voltage-dependent inter-
actions between slow inactivation and activation.

Implications for models of sodium
channel activation

Although the mechanism which generates the high slope
in F(V) curves assessed from “depolarized” holding
potentials remains largely speculative, we conclude that
our data from ¥, —120 mV are a valid representation of
the behavior of a single, uniform channel population. We
next consider the implications of this conclusion for
sodium channel modeling.

The present results impose additional constraints on
models of sodium channel activation. Conti and Stiihmer
(1989) studied Xenopus oocytes injected with rat brain I1
sodium channel mRNA. They observed gating currents
with a valence of ~2e (see also Rayner and Starkus, 1989)
and results were obtained by macroscopic fluctuation
analysis indicating the presence of three gating particles.
Two interpretations of Conti and Stiihmer’s results were
proposed: (a) three 2e particles control sodium channel
activation, or (b) only one particle has a valence of 2e,
whereas the other particles range from ~2e to valences
too small to be discernible by their measurement tech-
niques. We have therefore explored a series of formula-
tions of three particle models with equal and unequal
particle valences. We find that our data from ¥, —120
mV can distinguish between these two possibilities. Simu-
lated F(V') curves from one class of models that theorize
independent and parallel movement of three equal-
valence particles (cf. Hodgkin and Huxley, 1952; Conti
and Stiihmer, 1989) do not fit our experimental observa-
tions. On the other hand, another class of models with
different particle valences (cf. Conti and Stithmer, 1989;

Alicata et al., 1990) can be demonstrated to fit our data.
Fig. 9 shows the results of these model simulations.
Simulated F(V) curves have been logit-transformed and
plotted against the range of our experimental data from
—120 mV holding potential (shown by the light gray
“cloud,” see Fig. 3). In Fig. 9, two curves deviate dramat-
ically from the background of data; these are derived
from the Hodgkin-Huxley model (HH) and Conti and
Stithmer’s model assuming three identical particles (3P).
By contrast, good fits to our experimental data were
obtained from all models with unequal particle valence.
These models are supported by the data of Stiihmer et al.
(1989) who showed that site-directed mutagenesis of the
S4 region in domain I had a profound effect on sodium
channel activation, whereas mutagenesis of the S4 region
of domain II had a much lesser effect. These results
suggest unequal contribution to channel activation from
the different S4 regions of the sodium channel molecule.
The unequal valence models shown in Fig. 9 were
chosen to explore different levels of coupling between
three charged particles: (@) no coupling between any of
the three particles, (b) electrostatic coupling between two
of three particles, (c¢) allosteric coupling between two of
three particles, and (d) allosteric coupling between all
three particles (see Table 2 for model parameters).
Although all examples of this model class fit the present
data, Alicata et al. (1990) have shown that fully-coupled
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FIGURE9 Comparison between model-generated and experimental
F(V) curves. Two models with three particles of equal valence do not fit
the range of data values (shown by the light gray area, see Fig 3): a
Hodgkin and Huxley model (HH), and a 1.8e model (3p). Four models
with three particles of unequal valence show close fits to the range of
data values: (@) no coupling between particles, (b) allosteric coupling
between two of three particles, (¢) electrostatic coupling between two of
three particles, and (d) coupling between all three particles. These
simulated F(V) curves are compared to a linearized 2e Boltzmann
distribution (2e). The darker gray area represents the range over which
peak Iy, is too small for accurate evaluation (see Methods). Holding
potential was — 120 mV for all model runs.
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models (such as 4 in Fig. 9) are not compatible with their
observation that D,0 does not effect secondary activation
or Iggn kinetics. Thus the degree of coupling between
particles may be of considerable importance when evalu-
ated against other parameters of sodium channel behav-
ior.

CONCLUSIONS

The two-state 2e @(V) curve has been linked by Conti
and Stiihmer (1989) to the multi-state F(V) curve of
other investigators by suggesting a system of independent
particles with the same valence or with different valences.
We now report that, from ¥} —120 mV, the F(V) curve
also approximates a two-state, 2e Boltzmann distribution.
We show, by simulating our data, that we can distinguish
between Conti and Stiihmer’s alternative hypotheses.
Three particle systems with equal valence do not fit our
data from ¥V}, — 120 mV. However, multi-state systems of
three particles with unequal valences can approximate
simple Boltzmann distributions. We therefore conclude
that such a system probably controls sodium channel
activation in crayfish giant axons. In view of the signifi-
cant constraints which our results place on models of the
sodium channel, it seems appropriate that channel va-
lence should also be assessed from hyperpolarized holding
potentials in other preparations.
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