BEur Biophys J (1991) 20:165-176

European
Biophysics Journal

© Springer-Verlag 1991
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Abstract. Using a very low noise voltage clamp technique
it has been possible to record from the squid giant axon
a slow component of gating current () during the inacti-
vation phase of the macroscopic sodium current (Iy,)
which was hitherto buried in the baseline noise. In order
to examine whether this slow I, contains gating charge
that originates from transitions between the open (O) and
the inactivated (I) states, which would indicate a true
voltage dependence of inactivation, or whether other
transitions contribute charge to slow I, a new model
independent analysis termed isochronic plot analysis has
been developed. From a direct correlation of I, and the
time derivative of the sodium conductance dgy,/dt the
condition when only O-I transitions occur is detected.
Then the ratio of the two signals is constant and a straight
line appears in an isochronic plot of I, vs. dgy,/dt. Its
slope does not depend on voltage or time and corre-
sponds to the quantal gating charge of the O-I transition
(g,) divided by the single channel ionic conductance (y).
This condition was found at voltages above — 10 mV up
to + 40 mV and a figure of 1.21 ¢~ was obtained for g, at
temperatures of 5 and 15 °C. At lower voltages additional
charge from other transitions, e.g. closed to open, is dis-
placed during macroscopic inactivation. This means that
conventional Eyring rate analysis of the inactivation time
constant 7, is only valid above — 10 mV and here the
figure for g, was confirmed also from this analysis. It is
further shown that most of the present controversies sur-
rounding the voltage dependence of inactivation can be
clarified. The validity of the isochronic plot analysis has
been confirmed using simulated gating and ionic currents.

Abbreviations: I, — gating current; Iy, - sodium ionic current; gy, —

macroscopic sodium conductance; y — single channel conductance;
C, O, I —closed, open, inactivated state occupancy of channels; g,
— quantal charge displaced in a single O-I transition of Na channel;
e~ —equivalent electron charge; » — index referring to inactivation
process; S, — limiting slope in isochronic plot, see Eq. (3); é — frac-
tional distance, see Fig. 4 and (4, 5); TMA — tetramethylammonium;
TTX - tetrodotoxin; Tris — tris(hydroxymethyl)aminomethane;
HEPES — N-2-hydroxyethylpiperazine-N'-2-cthanesulfonic acid
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Introduction

The initial time course of the action potential in nerve or
muscle is determined mainly by the voltage dependent
activation or opening of the membrane sodium channels
(Hodgkin and Huxley 1952; Hille 1984). A further inher-
ent property of this channel is its subsequent inactivation
which leads to an additional closed state and ensures the
termination of the action potential. Both processes occur
faster at higher membrane potentials. The voltage depen-
dence of such gating processes is thought to originate
from the displacement of electrically charged amino-acids
within the channel protein, thereby providing a link be-
tween membrane voltage and conformational change
(Armstrong 1981). These charge displacements, although
consisting of small quanta per conformational transition,
build up to a measurable macroscopic gating current
when the average frequency of these transitions is suffi-
ciently large (Armstrong and Bezanilla 1977; Keynes and
Rojas 1976). This is illustrated in Fig. 1 which shows
schematically the different signals generated by Na chan-
nels when voltage clamped to depolarizing potentials (V).
These are the macroscopic sodium current (I,) which has
been shown to be the sum of the microscopic currents (iy,)
from many stochastically operating single channels (Sig-
worth and Neher 1980). In addition there is the macro-
scopic gating current (I), but here the corresponding
quantal events from single channel gating currents (i)
have so far been too small for direct recording. They are
assumed to be short current shots (Conti and Stiihmer
1989) with a fixed charge quantum for a specific transition
of the order of one electronic equivalent charge (e”) in
contrast to the single channel ionic currents where several
thousand ions per millisecond pass the membrane. The
size of such i, quanta is conventionally estimated indirect-
ly by the Eyring rate analysis (Rojas and Keynes 1975;
Bezanilla 1985). In contrast to the activation process, con-
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siderable uncertainty surrounds the very existence of the
voltage dependence of the microscopic inactivation and
the size of its quantal charge g, (shaded in Fig. 1), as
discussed with the aid of Fig. 1 below. It is this issue which
is specifically addressed in this paper and quantitatively
clarified using new methodical approaches.

In the first successful formal description of the macro-
scopic sodium current of the squid giant axon by Hodgkin
and Huxley (1952), inactivation was assumed to be an
independent gating mechanism, parallel to activation.
From the analysis of the voltage dependence of the
macroscopic inactivation time constant t,, and from the
so-called steady state inactivation parameter (h) they
deduced a value for g, for the transition from the open (O)
to the inactivated (I) states of about 3 ¢™. For many years
the general belief was that channels would pass relatively
rapidly through several closed states (C) to the open state
and then during the decline of the macroscopic Iy, only
the slower inactivation transitions O-I would occur, clos-
ing the channels as depicted in Fig. 1B. This picture
seemed to have been changed completely by recordings
from single channel Na currents from mammalian neu-
rons (Aldrich et al. 1983; Aldrich and Stevens 1987). At
potentials below — 20 mV it was observed that activation
transitions (C-O) occurred quite often during the late
phase of macroscopic inactivation and also reopenings
were observed (Vandenberg and Horn 1984) before finally
reaching the absorbing I-state as depicted in Fig. 1A
(C-O-C-O-I). The mean open time of these events was
found to be voltage independent in contrast to the macro-
scopic 7, over the voltage range of — 60 to —30mV
(Aldrich and Stevens 1987). This led to the view that the
macroscopic 1, gains most of its voltage dependence indi-
rectly via the activation rate, ie. channels would open
earlier at higher voltages leading to earlier inactivation
transitions and shorter 7,’s even with nearly voltage inde-
pendent O-I transitions. The quantal inactivation charge
g, was estimated to be as little as 0.3e~ (Aldrich and
Stevens 1987). This trend of attributing the voltage depen-
dence of the apparent 7, to the C-O transition was taken
further and g, was even assumed to be zero also at higher
voltages (e.g. Gonoi and Hille 1987; Catterall 1988). Dif-
ferent views, however, came from other single channel
studies (Vandenberg and Horn 1984) where recordings at
higher potentials seemed to indicate a change of the be-
haviour as shown in Fig. 1 A to the one in Fig. 1B and g,
was found to be larger than 0.3 ¢ ™. (It has to be noted that
single channel currents are more difficult to record at
higher potentials since the kinetics become faster, and
closer to the sodium reversal potential the amplitude be-
comes smaller). From squid axon experiments a value of
0.6 ¢~ for g, was estimated in order to explain that the
macroscopic peak conductance at higher voltages be-
comes constant, which would be difficult to explain unless
both C-O and O-I transitions were voltage dependent
(Stimers et al. 1985).

Thus it appears that from applying rate analysis to
ionic currents alone, very divergent conclusions about the
magnitude of g, or the voltage dependence of inactivation
respectively can be drawn, and are still accepted (see Dis-
cussion). In the present paper we exploit once more the
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Fig. 1. Schematic representation of signals generated by Na chan-
nels when voltage-clamped to two different voltage steps (V) illus-
trating for —30mV (A) and +20 mV (B) two hypothetical cases
with respect to the processes during the inactivation phase (see text).
Main emphasis is given to the transitions between the open (O), the
inactivated (I) and the last closed state (C) while preceding closed
states are not regarded relevant in this context. Sequential state
diagrams at the top define the nomenclature used here for the rate
constants between states and the quantal displacement (gating)
charges per single transition g. or g, respectively. The quantal i,
from C-O or O-I transitions would coincide with the opening or
closing time respectively as seen in the single channel ionic current
in,» While C-C transitions would only show up in the i, but not the
ixg trace. Note that single channels might undergo forward but also
backward transitions. The macroscopic gating current [ 4» however,
from a large number of channels is only in one direction and appears
as a smooth signal like the macroscopic ionic current I,. Polarity
of gating current is upward for transitions from left to right in state
diagram. The putative O-1 gating current is shaded in the single
channel traces i, and the macroscopic I, and other gating charge is
unshaded

macroscopic gating current I, that has been measured for
over 15 years in squid. I has a relatively large amplitude
during the fast activation phase but during the later time
course of macroscopic inactivation the signal disap-
peared in the baseline noise in squid (e.g. Armstrong and
Bezanilla 1977); some slow I, components were reported
in crayfish by Swenson (1983) and from the node of Ran-
vier by Meves and Pohl (1990). Recently we have devel-
oped a technique to obtain very low noise recordings of
gating current from the squid giant axon (Bekkers et al.
1986 b; Forster and Greeff 1990) and have now succeeded
in detecting a slow component also during the inactiva-
tion phase. This allows the direct analysis of gating cur-
rent for the estimation of the inactivation gating charge.
To do this, a new analytical approach is presented here
which can enable one to investigate whether this slow and
small component of I, consists of only g, contributions as
shown in Fig. 1B or is contaminated by g, quanta from
C-O transitions as shown in Fig. 1A or might even con-
sist of only g, quanta, as discussed above, if g, were zero.
Using this technique, which involves interpretation of an



isochronic plot of the amplitudes of gating current versus
the time derivative of the ionic conductance, strong evi-
dence for the voltage dependence of the actual inactiva-
tion transition is found and an estimate for g, of about
1.2 " is obtained. The isochronic plot analysis also indi-
cates the voltage range and time interval during the inac-
tivation phase, over which the decay of the ionic current
is determined by the O-I transition alone. It becomes
evident that 7, is controlled by the O-I transition only
above about — 10 mV and during the later phase of inac-
tivation and otherwise depends on C-O transitions as
well. Much of the above mentioned controversy, there-
fore, seems to result from using rate analysis in a limited
voltage region and extrapolating the conclusions beyond
this range. Clarifying the voltage dependence of inactiva-
tion appears relevant also to separate it from the activa-
tion process such that the latter may be analysed better in
the future. An accurate estimation of g,, i.. a single gating
transition will also be valuable when testing hypotheses
about this process in molecular mechanical terms. Short
accounts of our results have been presented in abstract
form (Forster and Greeff 1989; Greeff and Forster 1990).

Theory: Isochronic plot analysis

The method of the isochronic analysis differs from con-
ventional approaches using rate analysis in that it does
not attempt to fit exponentials to time-varying data. In-
stead, the relation between the amplitudes of sodium ion-
ic current and of gating current is investigated and time is
eliminated. The principle of the method is developed in a
semi-analytical way based on Fig. 1. This approach seems
justified, because before knowing the exact nature of the
sodium channel gating process, a full analytical treatment
is not possible and would also unneccessarily complicate
the understanding of the principle. A further consolida-
tion and justification of the method will be given in the
Discussion by means of a full simulation and analysis of
some commonly used models.

Suppose first that late in the inactivation phase, all
channels have left the closed state(s) and, as shown in
Fig. 1B after the vertical marker, only O-I transitions
occur. Then the following relations are readily derived,
where N, () denotes the number of channels in the open
state which varies with time, and dN, (t)/dt = N, (¢). The
gating current I (t) would then be given by the product of
the rate of open channels disappearing into the inactivat-
ed state N, (2) and the charge quantum g, that is contrib-
uted by each O-I transition,

~(C-0)-q.
—other transitions C-C, C-I } (1)
—other contaminations

Ig(t) = —~No(t) - g, +

and the terms in brackets of (1) are for the present pur-
poses neglected.

On the other hand the macroscopic sodium conduc-
tance gy, (¢) (equal to Iy, /(V, — Vx,), Vi, being the Na-re-
versal potential) is always equal to the product of the
number of open channels N, (t) and the constant single
channel conductance y. Differentiating this relationship
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gives:

—gna () = — No(t) 7. 2

Comparison of (1) and (2) shows that the two experi-
mentaly obtainable quantities I,(f) and — gy, (t)’ vary
over time such that their ratio is always constant under
the above assumption of only O-I transitions occurring.
Dividing (1) by (2) gives:

—L,(0/gna (O = a/y =5, ' 3)

where the ratio S, is a constant and independent of time
and voltage. Alternatively, an isochronic plot of I (t)
against — gy, (t) should yield a straight line with a limit-
ing slope §;, as shown below. At earlier times I is larger
owing to transitions other than O-I (terms in brackets of
(1)) and — gy, (t) is smaller owing to opening channels,
and so the isochronic ratio is larger than S,.

Turning to the case shown in Fig. 1 A it shall now be
investigated whether there might be other conditions
which produce a straight line but with an I, containing
contaminating terms as indicated in brackets in (1).
Here C-O transitions occur late during the macroscopic
Inactivation phase and the macroscopic slow I is a mix-
ture of g, and ¢, quanta. This might occur at lower
voltages where the forward and backward rate constants
o, and . of the C-O transition are such that a channel
may open again before it finally inactivates according to
the inactivation rate constant o,. Theoretical consider-
ations show (see Discussion) that it may well happen that
the (C-O) - ¢, amplitude during macroscopic inactivation
has the same time course as the (O-I) - g, amplitude (i.e.
same Eigenvalues). The ratio of (3) would then also yield
a constant, i.e. an isochronic straight line but with a slope
that is larger than the limiting slope S,. The important
point here is that at higher voltages a, grows while f,
becomes smaller such that the open state is reached more
quickly and the channels will more likely undergo an O-1
transition instead of returning to the C-state. Hence the g,
contribution in I, will decrease relative to the g, contribu-
tion and the ratio —1I,(t)/gy, (t) will asymptote to the
limiting slope S,.

Note that similar considerations can be applied for
other contaminating gating currents from ¢.g. C-C or C-1
transitions and that any specific state diagram for the
gating process can be examined and compared with the
experimental data as shown in the Discussion.

In summary, the procedure to detect O-I gating cur-
rents is as follows:

1) Search in the isochronic plot of I, (z) against — gy, (z)’
for a straight line during the late phase of macroscopic
inactivation (expect possibly straight lines with larger
slopes at lower voltages).

2) Find the voltage range where these straight lines have
the same voltage independent limiting slope S;, which
then corresponds to ¢,/y.

Material and methods

The resolution of any putative inactivation gating current
necessitates a high recording signal-to-noise ratio. Qur
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recordings were made using an improved version of a
cylindrical axon voltage clamp from 5 mm lengths of the
cylindrical membrane of a squid axon (Loligo forbesii)
with diameters ranging between 800 and 1000 pm. Based
on our previous estimate of the sodium channel density as
180 per um? (Bekkers et al. 1986 a) one then records gat-
ing current from about 2.5-10° channels providing a
large signal. About a 10-fold reduction of the system noise
was achicved by a balanced improvement of the major
noise sources (Bekkers et al. 1986b; detailed description
Forster and Greeff 1990). Since the inactivation gating
current is expected to be a relatively slow process (time
constants around 1 to several ms) special care was also
taken to reduce slow baseline fluctuations. We also found
it essential to perfuse the axon with a solution that re-
places potassium ions by TMA ™ (tetramethylammonium)
for at least 30 to 60 min in order to block any ionic leak
current through the potassium channels almost perfectly.
As discussed later, this protocol should also eliminate
potassium gating current.

Experimental chamber and voltage clamp

Freshly dissected axons were cannulated and perfused by
a dialysis tube (Bullock and Schauf 1978) and placed in a
temperature and solution controlled chamber. Salient
features of the low noise clamp are: /) From a 5 mm length
of axon in the central pool the membrane current was
measured using a low noise Op-amp (LT 1028, Linear
Technology) configured as virtual ground current-to-
voltage converter; ii) the central pool was partly separat-
ed using perspex partitions from the 6.5 mm long guard
pools on either side held at ground potential; this de-
creased the current-noise generating shunt conductance
from the I/V converter to ground from about 0.1 S to
0.01 S; iif) a special piggy back triple electrode measured
the internal voltage in the center of chamber via a KCl
filled 60 um glass capillary DC-coupled to an Ag-AgCl
wire, and in parallel via a 25 pm Pt wire that extended
from an insulating glass capillary by about 2 mm provid-
ing by additional Pt-coating a large surface, low resis-
tance voltage sensor which was AC-coupled to the AgCl
electrode in order to block slowly changing polarization
potentials. 7v) The differential amplifier of the clamp was
of discrete design using at the input low noise FETs
(a chip made of dual 50 parallel FETs type 2SK146,
Toshiba) and gave an equivalent input voltage noise den-
sity of 2.5 nV/Hz!/2. The overall signal to noise improve-
ment was 8 to 10 fold compared to our previous design.

I, recordings were performed after allowing for
enough perfusion time to ensure that stable Na reversal
potential (E,.,) was defined by internal and external
[Na*]. Filter frequency of usually 10 kHz (6-pole Bessel)
was identical to J, recording as also the leak and capacity
transient subtracting pulses from — 80 mV to — 130 mV
alternating with the forward pulses from a holding poten-
tial of — 80 mV up to + 60 mV in steps of 10 mV. The
low [Na],,, and at least 70% series resistance (R,)-com-
pensation minimised errors due to R;. Recordings of gat-
ing current with little averaging for subtraction of 1, in Iy,
records followed after TTX block.

The high resolution 1, recordings were sometimes done
on the same axons as for Iy, but often on fresh axons in
order to obtain optimal recordings. The following opti-
mizations for slow 7, were used: The back-reference pulse
for capacity transient and leak subtraction was chosen
between — 80 mV to — 130 mV since this was found to
cause very little droop of baseline in contrast to the usual
— 150/ —180 mV and we checked that it did not intro-
duce any gating current during the inactivation time win-
dow. 50 Hz contaminations that were still visible after the
usual precautions at this signal scale were eliminated by
use of 50 Hz locked sampling, and after each pulse a trace
at holding potential containing the contamination was
sampled and subtracted. Usually 64 averages were taken
at 2 temperatures of 5 or 15 °C. Currents were measured
per membrane area as obtained from the axon diameter.
The correlation of 7, and Iy, taken at different axons was
further corrected if necessary by comparing the initial I,
amplitude in the Iy, record and I, proper.

Solutions: In mM external: 103 NaCl, 413 Tris-Cl,
55 CaCl,, 11 MgCl,; for I, all Na replaced by Tris and
1 uM tetrodotoxin (TTX) added; internal: 20 NaF, 330
tetramethylammonium (TMA™) fluoride, 400 sucrose,
10 Hepes; for I, 350 TMA, 0 Na; pH 7.2 at 5°C. The
voltage pulses to and the current signal from the voltage
clamp were sampled by an analog/digital interface (CED-
502, Cambridge FElectronic Design) interfaced to a
LSI 11/73 (Digital Equipment) computer. Programs for
the experimental protocols and the analysis were written
in DAOS-6.0, and for some part of the analysis in the
equivalent PC-AT version, DAOS-7.1 (Mycon Technolo-
gy, Melbourne, Australia).

Results
Gating current during macroscopic inactivation of Iy,

Figure 2 A, C shows sodium ionic currents I, and high
resolution gating currents I, as recorded under identical
conditions using 10 kHz filter bandwidth and a transient
subtraction pulse between — 80 and — 130 mV at 5°C.
From a series of pulse potentials from — 60 to +60 mV
in steps of 10 mV and a holding potential of — 80 mV the
recordings for pulses to 0 mV and + 30 mV are shown. In
the scaled-up trace of I, one can see a signal that roughly
parallels the inactivation of I g, but has only an amplitude
well under 1 pA/cm? compared to about 30 pA/cm? for
the peak activation gating current (note that the peak of
the gating current is rounded and smaller in comparison
to high bandwidth recordings due to the filter action; it
has been verified that the slow I, is not affected). The
pulse for the gating current lasted throughout the entire
sampling period of 40 ms in order to check for any droop
in the baseline which is absent in this experiment.

At first we used conventional kinetic analysis and fit-
ted multiple exponentials to the data. But this turned out
to be difficult with respect to quantifying the slow gating
current and no convincing correlation between I, and the
inactivation phase could be obtained (Keynes et al. 1990).
This might be partly due to the observation that the fit-
ting procedure is extremely sensitive to even slight fluctu-
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Fig. 2A—-D. Gating current [, and ionic current Iy, of sodium chan-
nels recorded from a voltage clamped squid giant axon at two test
potentials ¥, of 0 and +30 mV and illustration of the isochronic
plot analysis at 5°C. A V,=0mV; I_is shown on 2 scales showing
the peak during activation and the small gating current during
inactivation of Iy, which is displayed on the same time scale (Iy,
pulse lasting only 15 ms). I, was recorded during 40 ms in order to
obtain the baseline level after the end of sodium inactivation (not
shown); the small constant level of leak current found in this record
is indicated by the thin horizontal line and subtracted in further
analysis. B Data from A; I baseline adjusted to 0 and on larger scale
(uA/cm?2=pC/s - cm?); ionic current converted to conductance

ations in the baseline. Also the unknown overlap of acti-
vation and inactivation might cause difficulties in sepa-
rating kinetic entities within an arbitrarily chosen time
window. Therefore we adopted the strategy of applying
the isochronic analysis to the late phase of inactivation
where a putative O-I gating current would be less con-
taminated.

Application of isochronic analysis
to the experimental data

Figure 2 B shows the same recordings as in Fig. 2A for a
testpulse to 0 mV and addition the time derivative of
Iy, () as needed for our analysis. It can be seen that I (?)
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Ina = Ina(V,— Vo) (Vi =48 mV) shown negative as its time deriva-
tive —dgy,/dt given in S(iemens)/s - cm?). C Same as A but for
V,= +30 mV showing faster kinetics. Note the constant baseline in
I, after the end of inactivation; not all sodium channels inactivate
due to incomplete inactivation (Chandler and Meves 1970b) espe-
cially in TMA™ and at higher V,; the dgy,/dt signal will, however,
only arise from inactivating channels. D Isochronic plot of signals
in B, i.c. I, vs. —dgy,/dt during the decay of inactivation. The large
arrow marks for ¥,=0mV the time given by vertical line in B.
Straight line, indicated by small arrows is fitted by eye and has a
slope of 0.247 uC/S. Expts. K140 and K170

and — gy, (1) indeed appear to decline in equal propor-
tion for times later than that marked by the vertical line.
This is more easily seen in the isochronic representation
in Fig. 2D where the two signals after the marked time
clearly follow a straight line. Before that time the ratio
— I, ()/gn, (1) is larger. Figure 2C shows the time course
of both signals at V, = + 30 mV. It is clearly seen that the
inactivation proceeds much faster than at V, = 0 mV but
in the isochronic representation in Fig. 2D a straight line
with the same slope as at ¥, = 0 is obtained. According to
the above theory this means that this slope is the limiting
slope S, =gq,/y and that at these voltages and, as also
shown down to — 10 mV, an appreciable part of the later
inactivation phase is given by the O-I transition alone,
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corresponding to the hypothesis in Fig. 1B. Otherwise
one would expect a change of the slope at the different
voltages.

A systematic isochronic analysis over a wide voltage
range from — 20 to + 40 mV is shown in Fig. 3 for the
two temperatures of 5 and 15°C. Only at — 20 mV and
below (not shown) is there a suggestion of a linear seg-
ment in the small and noisy signals with a stecper slope of
about 0.4 to 0.6 uC/S and higher consistent with the be-
haviour discussed above for lower voltages. Above
+ 40 mV close to the reversal potential the sodium cur-
rents with the sodium concentrations used become small
and gy, (t) becomes contaminated by noise and is there-
fore not shown. Otherwise at both temperatures with dif-
ferent kinetics, one finds for voltages above — 10 mV sat-
isfactory superpositions of straight lines with slopes of
0.247 uC/S at 5°C and 0.180 uC/S at 15 °C. The different
slopes S; at the two temperatures give a Q,, of 0.180/0.247
equal to 1/1.37. This would be expected according to
our theory which gives g, = S;-y from (3). The single
channel conductance y has a Q,, of 1.3 resulting from ion
diffusion in water and this figure has been confirmed ex-
perimentally for single sodium channels by Nagy et al.
(1983). Thus taking the temperature dependencies of S,
and y together implies that g, is temperature independent.
This is consistent with the idea that only the rate con-
stants associated with conformational changes have a
temperature dependence but not the quantal charge dis-
placed since the size of the intramolecular conformational
displacement per gating transition should be independent
of rate, voltage and temperature. It is the advantage of the
isochronic analysis that it eliminated time and measures
gating charge per conductance change. At this state of the
analysis the observed superimposing slopes indicate, at
both temperatures, the constraints with respect to voltage
and time where inactivation is controlled by the same
gating charge quantum related to the O-I transition. This
conclusion can be drawn even before knowing the size of
q,, which is quantified below.

Estimation of quantal charge

For the calculation of g, an accurate value of y under the
same experimental conditions is needed. It should be
noted that y depends more or less on several experimental
conditions: i) temperature; i) internal and external
sodium concentrations; iif) the concentration of external
divalent cations such as Ca®* and Mg™ * that are high in
seawater and may reduce y by factors of up to 8 according
to single channel studies from the cut-open squid axon by
Bezanilla (Yamamoto et al. 1984; Bezanilla 1987). (This
probably accounts for most of the difference of y ob-
served in mammalian sodium channels compared to
those in marine animals). Under the present conditions y
would be too small for single channel recording but we
have measured it using non-stationary fluctuation analy-
sis, in an earlier extensive series of experiments (Bekkers
et al. 1986 a) on the same preparation including the iden-
tical conditions used in the present study except that Cs™
perfusion was used. In the course of changing from Cs™*
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10 | 0 10 #2030
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Fig. 3. Isochronic plots of I, vs. —dgy,/dt for test pulses from
—20mV to +40 mV in steps of 10 mV asindicated at A for 5°C and
B for 15°C. Traces obtained as in Fig. 1. The constant baseline level
measured at the far end of the pulse was subtracted from I, traces
at 5°C; at 15°C the baseline showed a slight linear droop and a
sloping baseline fitted after the end of inactivation was subtracted
(this procedure changed the slope S, by less than 4%). A simple
3-point digital filter was applied to all signals to reduce the peaki-
ness of high frequency noise. The common slope indicated by the eye
fitted straight line S, (ends marked by arrows) is 0.247 pC/S at 5°C
and 0.180 uC/S at 15°C. Expts. K170, K5N, K140

to TMA™* perfusion we have also determined that the
conductance of the sodium channels in TMA ™ is 71% of
that in.Cs™ and have confirmed using instantaneous cur-
rent-voltage steps that y is voltage independent in Cs*
and TMA™ up to the reversal potential. This has been
tacitly assumed above but would otherwise of course lead
to voltage dependent slopes, S,.

Table 1 gives the estimates for g, at both temperatures
from the data of 4 experiments which each covered the
complete voltage range and were minimally affected by
leak or baseline droop. Each figure for §; represents the
mean of one V, family of superimposing slopes (— 20 mV
to +40 mV, steps of 10 mV). The variation at different
test potentials within a ¥, family was about + 5%. It can



Table 1. S, as obtained from 4 experiments (* from Fig. 2). y is
obtained from rechecking all our earlier fluctuation experiments
(Bekkers et al. 1986a) and found for the exact conditions of the
present experiments at 5°C as 0.83 (£0.06) pS (n=4) which was
further confirmed by extrapolation from experiments comparing
different Na concentrations. From this estimate the value of y at
15°C was obtained using the Q,, of 1.3 for ion diffusion (also
verified in single channel experiments (Nagy et al. 1983)). From (3)
gr=S,-7/(1.6 - 107*°C/e")

S (nC/S) y(pS) q(e)
5°C 0.247* 0.83 1.28
5°C 0.220 0.83 1.14
15°C 0.180* 1.08 1.22
15°C 0.179 1.08 1.21
Mean+SD (n=4) 1.21(£0.06)

be seen that the estimates for g, from the different exper-
iments are rather close to the mean of 1.21 + 0.06 e~ (SD,
n = 4) at both temperatures. One should allow a + 10%
tolerance for the absolute value resulting from the effects
of small baseline artifacts that cannot be treated in detail
here.

Comparison with Eyring rate analysis

Having now learned from the isochronic analysis the con-
ditions under which the macroscopic inactivation time
constant is determined by only the O-I transition, the
traditional estimation of g, may now be reexamined. Ac-
cording to the Eyring rate theory (Rojas and Keynes
1975; Bezanilla 1985) the rate constants « (forward) and
f (backward) and the apparent time constant t in the
macroscopic signal of a transition with a charge displace-
ment ¢ depend on voltage V' as follows:

a=oayexplgV 6/kT] 4)
B=PBoexp[—qV (1—06)/kT] (5)
T =1/(a+p) (6)

k is Boltzmann’s constant, 7' absolute temperature and
oy, Po are the rates at 0 mV. Note, as detailed under
Fig. 4, that « and § depend not on the full size of ¢ but on
the fraction é or (1 — J) respectively. This corresponds to
the fractional distance between one of the stable states or
energy wells to the position of the energy barrier peak
when ¢ moves along the electric field. The ¢ thus deter-
mined corresponds to an effective charge which would be
transferred across the whole field or the entire membrane
respectively, The physical charge might be larger but then
transferred only across a corresponding fraction of the
field (see Discussion). Two critical points have to be con-
sidered when assessing the result of a rate analysis. Firstly
is has to be ensured that the apparent time constants are
controlled by the rate constants of one conformational
transition only, otherwise the estimation of ¢ from the
measured z/V relation will be in error (see simulation in
Discussion). Secondly it should be noted that it is unclear
in many investigations whether the resulting ¢ of a rate
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Fig. 4. Eyring rate analysis of sodium current inactivation. The
insert shows the free energy profile associated with the Eyring rate
equations (4, 5) for the experimentally found rate constants (below)
and their voltage dependence. An energy barrier separates the two
wells at open (O) and inactivated state (I). Abscissa gives charge
movement along electric field according to fractional distance d to
barrier maximum from either energy well. The main figure shows the
logarithmic plot of inactivation time constant 7, and recovery time
constant 1, of Iy, against voltage at 5°C. 7, obtained from logplots
of I,’s of experiment in Fig. 2 A at indicated V,’s, confirmed also by
fitting single exponentials to the decline during inactivation after the
steepest gradient in I,. The straight line fitted by eye through the
7, points at ¥V, = —10to +40 mV gives 1/, (V,) and according to (4)
its slope of 46 mV per e-fold decline gives g, ' 6 = 0.52 electronic
charges. t,.. was obtained using standard double pulse protocols
(Armstrong and Bezanilla 1977; Greeff et al. 1982) measuring recov-
ery from inactivation at indicated V.. (Expt. 121N). The straight
line fitted by eye to points to the left where 7. should approximate
1/B, has a steepness of 36 mV per e-fold change corresponding to
g, (1—8)=0.67 electronic charges. Taking «, and §, from these
fitted lines, the theoretical T =1/(a;, + f,) of the inactivation gate on
its own (unaffected by e.g. activation, see text) was calculated and
plotted as dashed line. The vertical thin lines a and s indicate the
V,-range of the single channel analysis by Aldrich and Stevens (1987)
(see Discussion), and the lines i and p the range where the isochronic
plot analysis shows a constant limiting slope corresponding to
q,=121e7; between lines e and i the isochronic slope is larger
suggesting the contamination by error terms due to other transi-
tions

analysis is taken as the full g or the fraction ¢ -6 or
q - (1 — ) respectively. A full analysis should determine
the transitions in both directions in order to obtain o and
B separately and from this both fractions of ¢. Often the
simplifying assumption of a symmetrical energy barrier
with d = 0.5 is made and only one direction analysed.
Experimentally the kinetics of the inactivation gate are
measured in the forward direction (O —I; see Fig. 4)
from the inactivation time constant t, at different
voltages. For the backward direction the time constant of
recovery from the inactivated state t,., as obtained with
a double pulse protocol (Armstrong and Bezanilla 1977,
Greeff et al. 1982) may be used under the assumption that
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Fig. 5A-D. Simulation of isochronic analysis using a 3-state
scheme (C-O-T), see discussion in text. A The curves for jonic con-
ductance gy, (t) and I () (not shown) were computed for voltages V,
—40 to +120mV in steps of 20 mV; the quantal charges were
gc=2e” for C-O and ¢q,=05e" for O-L; the rate constants at
0mV in ms~! were a,=1500 and §,=60, o, =600 and 8, =0.4 and
for other voltages computed from (4,5) assuming 6=05. B
Isochronic representation of the I (f) traces as a function of
—dgy, (t)/dt given here as —dN, (¢)/dt assuming single channel con-
ductance y = 1. C 1,, of macroscopic gy, (t) as obtained from second
Eigenvalue (which is equivalent to 1/7,) continuously plotted on log

at some potentials the return from the I-state dominates
1,,,. Although not proved here, there is good evidence for
this to be so, as illustrated in a commonly used scheme
(Armstrong and Bezanilla 1977; Stimers et al. 1985) that
is shown here:

¢
h==—D
ah/ Bn,, Bcah// Bn jﬂlrlm
(=——=0

Be

«----Qg----+

It depicts a loop, where channels activate rapidly into
the O-state and from there slowly inactivate into I,.
Upon repolarisation a fast transition I, — I, avoids the
O-state and the slow recovery is determined by the I, —» C
transition which is slower than the C-C transitions. This
is further supported by our recent findings on gating
currents in the inactivated states (Bekkers et al. 1990).
Both the O-1, and the C-1, transitions have the same rate
constants based on the assumption that they reflect one
and the same gate, which acts in parallel to the C-O or
1,-1, transition. If the 7’s depended only on the inactiva-

ln[Th]
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scale against V,. Note how In (z,) asymptotes to a straight line above
+10 mV with an e-fold decline per 96 mV, which gives g,=0.5¢"
according to (4) and assuming 6 =0.5. D Comparison of g estima-
tion from final slope of isochronic straight line seen in B with estima-
tion using rate analysis. Due to the scaling of gy,(y=1) the
isochronic slope gives the quantal charge directly according to (3).
It is clearly seen in the isochronic plot at which voltages the limiting
slope is approached and the estimated g corresponds to g,. From
rate analysis of In(z,) vs. V, the quantal charge is calculated as
2 kT - d(In[z,])/dV, (factor 2 from & =0.5) as derived from (4) and (6)
and interpreting the 7,’s to be given by only the O-I transition

tion gate they should lie on a bell shaped curve (4-6)
which approaches straight lines on a log plot of 7 vs. ¥,
on either side (dashed line in Fig. 4) where 7 is either
7, = 1/a, for a, > B, or 1, = 1/p, for a, < B,. Figure 4
shows 7, and 7, vs. ¥, from our data at 5°C.

In contrast to earlier investigations it has now been
deduced from the isochronic plot analysis that 7, is con-
trolled predominantly by the O-I transition only above
— 10 mV up to the examined voltage of + 40 mV. Here 1,
should equal 1/a, and a straight line may legitimately be
fitted through those points, the slope of which according
to (4) gives the valency g, =0.52¢". 7, is fitted at
voltages below — 100 mV assuming that here the in-
activation gate is the rate limiting transition. The neces-
sity for this assumption demonstrates the above men-
tioned uncertainty when using rate analysis and shall
be discussed further below. Similarly, from the fitted
slope to t,,, we obtain g,(1 — 8) = 0.67e” and therefore
g, = 1.19¢” and § = 0.44. Note that this estimation uses
a completely different method and the good agreement
with the figure for g, = 1.21e” as obtained from the
isochronic plot analysis, mutually corroborates the two



methods. The isochronic plot method however, is more
direct because g, is obtained simply by dividing gating
charge by the number of inactivating channels, whereas in
the 7/V plot one can only “a posteriori” state whether the
7’s in a given voltage range should follow the theory. For
example, it is observed that in the midregion the 7’s are
much larger than the theoretical value of 1/(x + ) which
is indicated by the dashed line in Fig. 4. In this voltage
region the apparent 7, is most likely controlled by both
the inactivation and activation gates and their related
charges. This is also apparent from the steeper slope of the
isochronic curves for V, below — 10 mV (see above). Ear-
lier estimations of g, (see introductory paragraphs and
Discussion) have often been carried out using rate analy-
sis at voltages between 0 and — 100 mV. Here the 1’s
depend strongly on voltage and larger estimates for g,
were obtained.

Discussion
Simulation of isochronic analysis using 3-state model

The aim of this study was not to arrive at a complete
mode] of the sodium channel that includes activation and
inactivation transitions and their coupling mode, but
rather to investigate the voltage dependence of the open to
inactivated (O-I) transition only (i.e. the size of the quan-
tal charge g,). However, a commonly used 3-state model
(C-O-]) shall be simulated here in order to demonstrate
that the isochronic plot analysis can detect g, correctly.
Different sets of rate constants and quantal charges for
g, (C-O) and g, (O-I) may be chosen to generate curves for
ionic conductance and gating current at different poten-
tials. These signals are then analysed by the isochronic
plot method in order to check whether the correct value
for g, can be recovered.

Figure 5 shows an example with g,=2e¢~ and
q, = 0.5e and rate constants chosen to produce typical
conductance curves (Fig. 5A). From the same simulation
gating currents arc obtained as resulting from ¢, and g,
producing transitions which in the simulation can be sep-
arated but of course not in the experiment. The total
gating current I, (¢) is then plotted vs. the time derivative
of the conductance gy, (t) which equals dN,/dt when the
single channel conductance is taken as unity in the simu-
lation. In this isochronic plot (Fig. 5B) it can be seen that
at low potentials at —40 and — 20 mV isochronic
straight lines appear but with slopes that decrease with
growing V, and approach the limiting slope from above
only for V,> + 20 mV. In the simulated data it can be
seen that the steeper slopes below 0 mV are caused by g,
plus g, gating current while in the limiting slope S, the g,
contribution is negligibly small. It may be relevant to note
that this behaviour is not readily scen from analytical
expressions where the formal equations contain both
components. The limiting slope gives 0.5 e~ for g, which
confirms the validity of the isochronic plot method.

Figure 5C demonstrates that the macroscopic T,
shows the behaviour predicted by the Eyring rate theory
(4-6) only above + 10 mV. Here the log 7, vs. V, curve
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is a straight line with the correct slope whereas below
+20mV the 7’s are too large. Note that the voltage
where the change occurs (+ 10 mV) depends on the rate
constants chosen for the simulation and must not neces-
sarily coincide with the experimental data. Figure 5D
compares the g values obtained from the isochronic plot
analysis with those from the rate analysis. It is clear that
the isochronic plot procedure detects the condition where
only O-I transitions occur and hence g, may be obtained
also from the rate analysis. However, if one were given
only the ionic currents and their 7,’s, it may be difficult to
decide whether in a chosen voltage region the observed
process is controlled by only the inactivation transition.
Hence, the rate analysis might result in erroneous esti-
mates of g,, if say, only in the limited region — 40 to
—20mV a few data points for 7, were available and
would be connected by a straight line which would not
deviate much from the slightly bent curve in Fig. 5C. A g,
of about 2e~ would then be wrongly estimated. In con-
trast the isochronic straight lines show marked differ-
ences at these potentials (Fig. 5B).

It was of further interest to simulate the case of g, =0
because it is often discussed whether the macroscopic
inactivation gets all its voltage dependence from the C-O
transition (e.g. Gonoi and Hille 1987; Catterall 1988).
Then the isochronic straight lines were found to approach
very clearly the limiting slope S, = 0, i.e. the ¢, = 0 condi-
tion would be detected in the experimental data. We have
also simulated an extended scheme that allows direct
voltage dependent transitions C-I, ie. bypassing the
O-state, and again g, was obtained correctly. Further-
more it is evident that a parallel activation-inactivation
scheme of the Hodgkin and Huxley type (Hodgkin and
Huxley 1952) will allow the detection of the true g,. Then
the faster activation will terminate independently and
earlier than inactivation which thereafter will alone pro-
duce gating current. In summary the isochronic analysis
appears robust in detecting g, if embedded in various
models, and it would appear that also from the experi-
mental data, where the underlying sodium channel gating
mechanism is not known, the results are not subject to a
misinterpretation.

Possible sources of gating current contamination

Both ionic leakage currents through potassium channels
and potassium gating current would have time constants
similar to sodium inactivation and might contaminate
the slow gating currents. It is known that the potassium
channels lose their conductance in the absence of K and
Cs™ ions (Chandler and Meves 1970a; Almers and Arm-
strong 1980; Gilly and Armstrong 1980). This was also the
case in our experiments where K* was replaced by
TMA™ and only very small leak currents of unknown
origin remained (Fig. 2). As noted in the Results we esti-
mate at the present state of analysis the error to be less
than 20%. Potassium gating currents have been recorded
in squid, and in the most recent studies (Spires and Be-
genisich 1989; Augustine and Bezanilla 1990) all pub-
lished recordings were done with Cs™ in the bath or per-
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fusate, probably in order to preserve the function of the
K-channels. No explicit mention was made whether these
gating currents would disappear without the preserving
Cs* as suggested in the earlier studies by Almers and
Armstrong (1980) and by Gilly and Armstrong (1980), but
not in another study by White and Bezanilla (1985). For
the following reasons, however, we regard the potassium
gating current to have become negligibly small under our
experimental conditions: i) the very good agreement of
the slow gating current with the sodium conductance
time over a very large voltage and temperature range
would not be expected for potassium gating current. i)
likewise the agreement of the estimate for g, as obtained
by two essentially different methods (isochronic plot
method and rate analysis); iii) the size of the potassium
gating current has been observed to decrease in about
10 min at 20 °C after withdrawal of the preserving Cs™
from about 500 to less than 50 electron charges/cm? (per-
sonal communication by Dr. T. Begenisich, 1990). In our
experiments we waited 30 to 60 min at 5°C and then
obtained stable gating charges of about 220 electron
charges/cm? (g, of 1.2¢~ times 180 channels/cm?, the
density as obtained earlier by Bekkers et al. 1986 a) which
was assumed to be only negligibly contaminated by
potassium gating current. We have also assessed the effect
of contaminating residual ionic leakage through sodium
channels and have found that this would not result in the
common limiting slope behaviour seen here.

Controversies concerning the voltage dependence
of inactivation

Papers referred to most often in this context are the single
channel studies on neuroblastoma cells by Aldrich, Corey
and Stevens (1983) and Aldrich and Stevens (1987). They
could measure separately the mean channel open time T
and the macroscopic 1, in the potential range of — 70 to
—20 mV and found a constant T; in the narrow potential
range of — 60 to — 30 mV, but a strongly voltage depen-
dent z,. Since T, (V,) = 1/(s, + B.), .. depends on the rate
constants of the transitions leaving the O-state either ot
C or to I respectively, one would expect a bell shaped
curve for T, vs. V, showing straight lines in a log-plot
much like the dashed line in our Fig. 4. From the
isochronic analysis it was concluded that below — 10 mV
7, depends on both the C-O and the O-I transitions and
only above that voltage &, dominates over f8,, and only
then T, should coincide with 7,, both being equal to 1/u,.
Thus it appears very likely that the constant Ty’s found by
these authors were measured at the top of the bell shaped
curve where little variation is to be expected in contrast to
7, (compare our Fig. 4 with their Fig. 5 (Aldrich and
Stevens 1987)). Although limited by the single channel
technique to lower test voltages, these authors found an
estimate for the O-1 gating charge of about 0.3 to 0.46
electrical charges (their Fig. 10). This figure interpreted as
g, 9, as it is also termed more clearly by Stevens (1987),
is close to our 0.52e".

A more recent study on single cardiac sodium channels
by Yue et al. (1989) (their Fig. 2) covers a larger voltage

range up to + 20 mV and confirms clearly the bell shaped
dependence of T vs. V,, i.e. a flat region between — 40 to
—10mV and a change above — 10 mV showing a true
voltage dependence of the O-I transition. These find-
ings have also been corroborated by two other groups
(Berman et al. 1989; Scanley et al. 1990). Other evidence
for the existence of a voltage dependent O-1 step has
recently been reported from experiments using optical
retardation methods in squid (Landowne 1990). We be-
lieve that our gating current analysis gives the most direct
and accurate figure for the total g, and shows up the
importance of knowing the behaviour at different voltage
ranges. The single channel studies mentioned above are
the next most direct measurement, and appear to match
our findings. The least direct method, that of interpreting
only macroscopic sodium currents, might easily produce
wrong estimates for g, if it is not ensured that only O-1
transitions are dominating. The classical analysis by
Hodgkin and Huxley (1952) attributed about 3e™ to the
h-gate from measurements in the range of about — 100 to
0 mV (h-curve) where we think C-O and O-1 transitions
are interacting. A recent whole-cell sodium current analy-
sis at GH3 cells (Cota and Armstrong 1989) reports zero
voltage dependence for O-I. However, the conditions of
these experiments are rather different from ours, i.e. high
internal sodium and reversed currents and using papain
to destroy inactivation. The same cells in another exten-
sive study by Vandenberg and Horn (1984) show practi-
cally the same voltage dependence of 7, as we find. From
their Fig. 2, a plot of In (z,) vs. V,,, one can estimate a value
for q,- 0 of about 0.5 to 0.8 ¢~ in the voltage region above
0 mV. These authors also state that 7, approaches 1/x, in
this voltage range (1/f; in their terminology on p. 556),
but is larger at lower voltages. A separate study of this
group (Horn et al. 1984) supports further the inherent
voltage dependence of the O-I transition by measuring
open times of single sodium channels in GH, cells before
and after removal of inactivation. The kinetic analysis of
macroscopic sodium currents in squid (Keynes et al.
1990) was taken further by Keynes (1991) and it is also
shown that the valency of the inactivation gating charge
depends on the voltage range chosen and agrees with g,
as reported here and elsewhere (Greeff and Forster 1990).

In summary, the majority of experimental findings
from ionic current rate analysis, even from different
preparations, are in good agreement with our data, if the
interpretation takes into account the constraints with re-
spect to voltage that we find in the present study. Con-
cerning the size of g, it has certainly come down from 3 e~
(Hodgkin and Huxley 1952) but it would not seem justi-
fied to regard it as negligibly small for two reasons. First,
since rate analysis predicts only the fraction g,-J as
0.52¢e7, q,itself is around 1 to 1.2 e~ and when related to
putative conformational changes involving charge move-
ments as shown below this would be significant. Second,
in comparison with the total activation gating charge of
around 4 to 6 ¢~ per channel (Armstrong 1981) this pro-
cess comprises several transitional steps and each may be
of similar size or even smaller than g,.



Molecular structure-function correlation

One of the main aims of estimating the quantal charge of
a single gating transition is to relate it to predictions from
molecular mechanical hypotheses that have now been de-
veloped (Kosower 1985; Guy and Seetharamulu 1986;
Guy 1988) following the clucidation of the primary se-
quence of the sodium channel (Noda et al. 1984, 1986; and
Salkoff et al. 1987a,b). We have tentatively performed
such a correlation (Forster and Greeff 1989) assuming the
helical screw mechanism for the S, segments (see e.g. Guy
1988; Catterall 1988). These segments are assumed to
form transmembrane a-helices and carry different amounts
of positively charged residues in the four domains A, B, C
and D, namely 5, 5, 6 and 8, and are very homologous in
different species such as electric eel, rat and drosophila
(Salkoff 1987 b). They are regarded as the voltage sensor
regions in the protein which would undergo a helical
screw turn of 60° and 4.5 A displacement along the elec-
trical field. From preliminary calculations assuming that
the electric field would drop across a transmembrane
length of 31.5 A we find that a single transition of 4.5 A
would produce quantal displacement charges of 0.75,
0.75, 0.85 and 1.14 electron charges for the S, helices in
the 4 domains above, respectively (Forster and Greeff
1989). Experimental evidence from site directed mutagen-
esis experiments (Stithmer et al. 1989) suggests that S, ,
is involved in activation. The quantum of inactivation
gating charge of 1.21e~ obtained in the present study
would best mach with S, ;, (1.14e7) as the voltage sen-
sor for inactivation. Also involved in the inactivation
mechanism seems to be a cytoplasmic portion or loop of
the protein since inactivation can be eliminated by vari-
ous drugs or enzymes acting from the inside (see reviews
Hille 1984; Catterall 1988; Guy 1988). Evidence from
mutagenesis experiments shows that the cytoplasmic
loop between domains C and D is involved in inactiva-
tion (Stihmer et al. 1989). Previously, this finding has
been used to lend support to the hypothesis of voltage
independent inactivation which would be caused by a
“ball and chain” hanging into the cytoplasm where it
would not sense the transmembrane electric field (Arm-
strong and Bezanilla 1977; Armstrong 1981). Experimen-
tal evidence for such a cytoplasmic part of a channel
protein which actuates the inactivation process has re-
cently been found for the potassium channel encoded by
the Drosophila shaker gene (Hoshi et al. 1990). However,
in our opinion it would be premature to suggest as the
authors do that the sodium channel inactivation is
voltage independent for the following reasons: 7) species
and channel difference; i) structural difference in that the
shaker potassium channel is assumed to consist of four
monomers but the sodium channel of one larger
monomer comprising four subunits; i) as discussed
above the findings by Aldrich et al. (1987) for sodium
channel inactivation match our results quite well when
taken literally. In our view the ball and chain hypothesis
would be well compatible with voltage dependent inacti-
vation if one assumes some form of mechanical coupling
between such a cytoplasmic loop and the g, generating
voltage sensor that we postulate for inactivation. Indeed
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there is evidence for a structural connection between the
internal side of the putative inactivation gate and the
external side since a-scorpion toxin modifies inactivation
from a receptor located at the outside of the channel
(Tejedor and Catterall 1988). However, this suggestion
needs further gating current studies in conjunction with
molecular mechanical studies and, if possible, experi-
ments with appropriately mutated sodium channels.

Conclusions

The isochronic analysis method introduced here repre-
sents a fresh approach to the interpretation and quantifi-
cation of voltage dependent membrane processes. Its ap-
plication requires only that accurate measurements of
both ionic and gating currents be made from the same
preparation under the same experimental conditions. In
the present case the method was been applied to the study
of the inactivation process for the squid Na channel,
providing clear evidence for voltage dependence and a
direct measure of the quantal charge involved. The find-
ings corroborate those from the conventional Eyring-
Boltzmann rate analysis and, most importantly, the
method directly reveals the conditions under which rate
analysis is valid, thus clearing up the controversy sur-
rounding the very existence of voltage dependence for the
inactivation step. An important consequence of this
study is that it has shown a way for gating currents to be
reinstated once more as part of the armament essential
for the elucidation of the voltage dependent channel
structure-function relations. And it would appear that
gating current data used in conjunction with the new
structural data from molecular biological studies will sig-
nificantly accelerate the decipherment of the gating pro-
cess in ion channels.
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