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SUMMARY

1. Single, voltage-clamped nerve fibres of Rana esculenta were stimulated with
¢ P/2’ pulse patterns for measuring Na and gating currents at 13 °C.

2. Gating currents during test pulses to —122 or + 10 mV were measured after
45 msec conditioning stepsto voltages between — 122and — 18 mV. As the conditioning
voltage was made more positive than — 80 mV, the movable gating charge diminished
along a sigmoid curve, approaching a value of nearly one third of the maximum charge.
On the other hand, Na inactivation began at a more negative potential and pro-
ceeded to undetectable levels.

3. After a depolarizing prepulse, both time constant and size of the charge mov-
ment depended less steeply on the test voltage than normally. The prepulse reduced
gating currents associated with steps from —122 to test voltages > —40 mV, but
enhanced gating currents obtained with test voltages < —40 mV.

4. Increasing the duration of a depolarizing pulse (—54 to +42 mV) reduced the
fast ‘off ’ gating current at the end of the pulse and enhanced a slow component. Their
total charge corresponded approximately to that carried during the pulse. During
depolarization, Na current inactivated in a fast and a slow phase. The fast phase was
also reflected in the loss of fast charge movement (immobilization) as seen after the
pulse was interrupted at various durations.

5. The available Na current and the fast movement of gating charge diminished in
parallel during prepulses more positive than — 54 mV, and recovered in parallel upon
repolarization to levels between — 102 and — 46 mV. During prepulses between — 62
and —78 mV, however, Na inactivation occurred up to 4 times faster than charge
immobilization. Also, at —78 mV, Na current was inactivated 3 times faster than it
recovered.

6. These findings indicate that Na inactivation and charge immobilization are
linked, but proceed with high-order kinetics. The simplest scheme that accounts for
their relation is

1‘ -y
hl h2 L l/3 h4
open inactivated inactivated inactivated
mobile mobile immobilized immobilized

* Where experiments were done.
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Depending on voltage, either state by (E > —45 mV) or ky (B < —45 mV) becomes
kinetically undetectable.

7. A model of the Na channel is developed in which inactivation gains most of its
voltage dependence by a coupling to the fast charge movement (activation). The model
is shown to be quantitatively consistent with the results. In particular, the change of
kinetics observed near —45 mV can be explained as an effect of the redistribution of
charges on the inactivation process.

INTRODUCTION

The Na channels of nerve membranes open quickly upon a depolarization and also
close quickly upon a repolarization. Conducting channels close and non-conducting
channels become unavailable for opening during a longer depolarization, and they
recover after the depolarization. These kinetic events have been described successfully
in terms of two mutually independent gating processes: activation and inactivation
(Hodgkin & Huxley, 1952). Indeed, as reviewed by Meves (1978), various toxins,
venoms, chemical agents, and enzymes modify inactivation without much effect on
activation, or vice versa. On the other hand, the channels must bear an electrical
charge or dipole moment in order to achieve the steep dependence on membrane
voltage characteristic for these gating processes. Even if two separate sets of charges
or dipoles existed in each channel, some electrostatic interaction would be likely.

In recent years, a component of membrane capacity current has been investigated
that is thought to originate from rearrangements of gating charges, or dipoles, in Na
channels (for reviews see Meves, 1978; Almers, 1978; Neumcke, Nonner & Stimpfli,
1978). A depolarization of several milli-seconds reversibly reduces the size of this
gating current as has been shown in squid axons (Armstrong & Bezanilla, 1977;
Meves & Vogel, 1977) and in myelinated nerve (Nonner, Rojas & Stampfli, 1978). The
phenomenon has been called ‘immobilization’ or ‘inactivation’ of gating charge, and
has in two recent studies on squid axons been compared to the inactivation of Na
current. Armstrong & Bezanilla (1977) concluded that immobilization and Na inactiva-
tion were due to one and the same event, whereas Meves & Vogel (1977) suggested an
indirect relation between both phenomena.

The first part of this paper describes experiments on myelinated nerve in which
immobilization and Na inactivation are compared for the same nodes of Ranvier. Na
inactivation is found to reveal kinetics of high order, as already described by Chiu
(1977). Under depolarization (when Na channels are activated), immobilization
appears to reflect the closing of the channels by inactivation, whereas at rest or more
negative voltages (where Na channels are not activated), immobilization seems to
reflect another step of the inactivation mechanism. The second part of the paper
presents a quantitative model in which these findings are interpreted in terms of
an interaction between activation and inactivation. A part of the results has been
presented at a meeting of the Biophysical Society (Nonner, 1979).
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PART I: EXPERIMENTS

METHODS
Protocol

Single myelinated nerve fibres of the frog (Rana esculenta) were studied with a voltage-clamp
technique (Nonner, 1969) at 13 °C. A computer generated command pulses (‘P/2’ pattern),
recorded and averaged samples of membrane current (1-64 sweeps), and stored them on digital
magnetic tape. As a rule, first Na and then gating currents were measured in the same nerve
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Fig. 1. Schematic diagram of recording apparatus. The digital computer (DDP-516,
Honeywell-Bull) has a word length of 16 bit and a 16 k, 0-96 usec memory. It controls
the other equipment via digital lines (dashed, number in parentheses). The D/A
converter is an AN 1912 (Analogics), the transient-suppressing track-and-hold
circuit a MP259 (Analogics). The function generator produces the sum of three exponen-
tially declining and a constant voltage, all proportional to the commanded voltage.
Time constants and amplitudes can be varied by hand. Amplifiers are homemade
devices containing fast-settling operational amplifiers (HA-2525) and, for changing
gain, field-effect transistor switches (DG 201, Siliconix). The low-pass filter is a
FC-104-4 (Frequency Devices). The sample-and-hold (S/H) circuit and A/D-con-
verter are part of a MP 6912 module (Analogics).

fibre and with the same pulse programme. First, Na current was recorded in the presence of
6 nm-external tetrodotoxin (TTX); at this concentration, the toxin blocked about three
quarters of the Na channels and, thus, reduced artifacts due to a series resistance. Then, the
node was perfused with an external solution containing tetramethylammonium (TMA) ion
in place of Na* and 300 nM-TTX, and gating currents were measured (substitution of Na+ was
necessary since there was a residual ionic current (up to about 100 pA) through Na channels not
blocked by 300 nMm-TTX). Throughout, K current was eliminated by 10 mM-external tetraethyl-
ammonium (TEA) ion and by an artificial ‘axoplasm’ containing Cs* in place of K+. Between
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sweeps, the membrane voltage was held at — 98 mV. Membrane currents were calibrated from
the dimensions of the fibre as measured at the end of the experiment (Conti, Hille, Neumcke,
Nonner & Stampfli, 1976). Internodal diameters varied between 15-1 and 18-9 gm.

Stimulating and recording

Fig. 1 shows a block diagram of the apparatus. A computer generated the command voltage
through a digital-to-analogue converter (D/A) at a resolution of 13 bits. The voltage was fed
through a track-and-hold circuit (7'/H, which suppressed switching transients of the converter)
to the voltage-clamp circuit and to a function generator. The generator produced a signal that
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Fig. 2. Time diagram of a sweep. Samples are taken at 10-2 usec intervals.

could be adjusted to correspond approximately to the leak and capacity currents during a
negative pulse. This signal, 4, + ¢, was subtracted from the membrane-current signal, ¢, before
further amplification. After a first amplifier, which was set at a gain of 4 (Na current) or 40
(gating current), the difference signal was low-pass filtered and fed through a second amplifier,
the gain of which was varied in powers of 2 under control of the computer. For each pulse
pattern, the computer first recorded one sweep at the lowest gain, calculated the maximum
useful gain, and, after switching the amplifier to this gain, recorded the sweeps to be saved. The
final current signal was sampled at 10-2 usec intervals and converted into 12-bit digital samples.
The approximate subtraction of linear components of membrane current by the analogue
circuit was made exact by a digital procedure. Currents during each test sweep for the pulse
sequence to be studied were added together with the (inversed) currents from two control
sweeps. The control pulses had half the size of the test pulses, were applied from voltages between
—98 and — 122 mV, and their direction was normally opposite to that of the test pulses. Fig. 2
shows the most general sequence of pulses during a sweep. From the holding level, Ey, up to
four subsequent pulses were applied : a pulse to a ‘reference’ voltage, E (at which the baseline
of the current was recorded), a prepulse to Epp, and two test pulses to E; and E,. In many
experiments, reference and prepulse were to the same voltage (Epp = Eg), or only one test
pulse was used (E, = Ey). Control sweeps were taken with a hyperpolarizing reference pulse and
with the other pulse levels adjusted to fulfil the relation
Ey — Ej
EZTEE = —K (Ex = E, Ey, By), (1)
where single primes indicate voltages of the test sweep, and double primes those of the control
sweeps. K was normally 2 or, in a few experiments, — 2; this relation was automatically main-
tained by the computer program.
The current was sampled at 10-2 usec intervals during the last millisecond of the reference
pulse and during both test pulses; the combined length of the two test pulses could be varied
from 0 to 40 msec. The 100 base-line samples were averaged into one value to be stored. The
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other samples (up to 4000) were, for each test pulse, divided into one fixed section (the first
0-5 msec), where all samples were stored, and two sections of variable length, during which each
n, or n?, subsequent samples were averaged together. The number n was chosen by ‘the program
such that about twenty-five condensed samples resulted from each of the second and third
sections. Thus, a record of up to 4100 samples was condensed into a maximum of 201 stored
samples.

Sweeps and control sweeps were averaged in separate buffers of condensed samples. For
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Fig. 3. Error of current (middle) and charge measurement (bottom) with a nerve model.
The pulse programme of Fig. 2 was simplified by choosing E; = Ey, = Ep = Eg
= Ey = —100mV. T, and T, were 5 msec. Sixty-four triplets of sweeps were taken at
a gain of 32 in the second amplifier (Fig. 1), and averaged. The variation of noise with
time is due to the condensing of samples beginning at 0-5 msec after each change of
voltage.

measuring Na current, 1-16 triplets of sweeps and control sweeps were averaged at an interval
of 1 sec between sweeps. For gating currents, 64 triplets were taken at sweep intervals of 0-5 sec.

The recording apparatus was tested with a model circuit representing the nerve fibre and
external resistances. Fig. 3 gives an example, in which a large test pulse was used and the second
amplifier was operating at the highest gain. The traces represent the error of the net current
(middle) and net movement of charge (bottom, numerical integral of middle trace). These errors
may be compared to the gating current of 1-2 nA or a gating charge of 100-150 fC that would
be obtained from a nerve fibre. At a lower gain, the dynamic error was about equally large
(and mainly reflected a common-mode error of the (¢, + ¢c)-subtractor), whereas the static error
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diminished with the gain (and represented mainly a linearity error of the 4 /D-converter). Most
of the gating currents were measured at gains of 16 or 32 in the final amplifier.

Curve fitting procedures

When theoretical expressions were fitted to time courses of currents or charges, parameters
were found in two steps. The measured points were transformed to yield straight lines or curve
segments and analysed by linear regression. The parameters from this procedure were further
improved by repeated non-linear regression, on the original points, with the least-squares method
of Gauss. This algorithm also provided estimates of standard deviations for the parameters,
which indicated both the goodness of a fit as well as the limits that could be imposed on a
particular parameter.

Solutions

The cut ends of the nerve fibre were bathed in an ‘axoplasm ' solution containing 120 mm-CsCl.
Na current was measured with the node of Ranvier in the following external solution:
110-5 mmM-NaCl, 2 mm-CaCl,, 2 mM-N-morpholino-3-propane-sulphonic acid (MOPS)-NaOH
buffer (pH = 7-4), 10 mM-TEAC], 6 nM-TTX. During measurements of gating current, the
external solution contained 110-5 mM-TMACI, 2 mm-CaCl,, 2 mm-MOPS-TMAOH buffer
(pH = 7-4), 10 mM-TEACI, 300 nM-TTX. A change in the diffusion potential at the external
electrode that acompanied a change between these external solutions (about 3 mV) was com-
pensated by readjusting the holding potential.

Conventions

The voltage clamp was balanced to give a resting inactivation of Na channels equivalent to
h, ~ 0-7 as measured with a 60 mV depolarising pulse and with the node in ordinary Ringer
solution. The absolute membrane potential, £, was assumed to equal —70 mV at this balance
point. Outward membrane current is given as positive. Gating charges are measured in units
of fC (1018 A sec).

RESULTS

A conditioning voltage pulse alters the gating current of a node of Ranvier. Fig. 4
shows a pulse program and records taken for three conditioning voltages. The
gating current was first measured while about three quarters of the Na current was
blocked (lower traces), and, again, after Na current had been completely blocked
(upper traces, plotted at a larger scale). Increasing the conditioning voltage from
—122to — 74 or — 34 mV inactivated Na current to about 60 9, or zero. Gating current
was slightly reduced by the prepulse to —74 mV, and was strongly reduced, but not
abolished, at —34 mV. It declined more rapidly as the voltage of the prepulse in-
creased. To the extent that gating current can be distinguished from Na current in the
lower traces, it is altered in the same way as in the upper traces, where Na current is
absent.

Apparently, the prepulse changes the size of Na and gating currents in the same
direction, but to different degrees; it also modifies the time course of gating current.
Before the comparison is continued, the alterations of the gating current are investiga-
gated in more detail. For reasons given later, quantitative analysis is confined to a fast
component of gating current that predominates in Fig. 4.
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Fig. 4. Na and gating currents after different prepulses. Lower records (iy, + %), taken
with node in Ringer plus 6 nM-TTX, represent sums of gating current (positive transient)
and Na current (negative wave, reaching about one quarter of normal size because of
partial block by TTX). Upper records, taken later with node in TMA-Ringer plus
300 nM-TTX, reveal gating current alone (¢q, note larger scale). The traces refer to
prepulses of — 122, — 74, and — 34 mV (left to right). Inset shows Ey, Eg, and E]inmV;
control pulses (not shown) were from Ef = —122 mV, and with E] according to eqn.
(1), K = 2. Fibre 23/77; 13 °C; internal solution: 120 mm-CsCl.

Size of the mobile charge

The nodal gating current carries a saturable amount of charge, as if it were due to
a finite number of electrical charges or dipoles rearranging within the membrane
(Nonner ef al. 1975). The effect of the prepulse on the total amount of movable charge
was examined with the pulse programme shown in Fig. 54. After each prepulse, the
gating current was measured with a test pulse to +10mV, and, again, with a test
pulse to — 122 mV. The records were corrected for a slow component of gating current,
as described in the legend of Fig. 5, and integrated with respect to time, yielding the
transfer of charge (Fig. 54, traces). The quantities of charge moved during the first
0-3 msec of the positive and the negative test pulse were added together, and their
sum was taken as a measure for the amount of mobile charge. In Fig. 5B, the results
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from two experiments (symbols) and their mean (line) have been plotted vs. the
conditioning voltage. Increasing the voltage of the prepulse above — 80 mV reduces
the mobile charge along a sigmoid curve that is steepest near the resting potential,
—170 mV, and approaches a limit at strong depolarizations of about one third of the
charge available with the largest hyperpolarization.

580

10
A -122 [
- —
[¢) - 45
3 1 msec
= 18 ]
—98
_gsfb—=
-18
| I | - 122
0-1 msec
1 ° s 100 ¢ c
L) . [ ®
[$]
o 075} g 75} a\C o
=g 2 -
g 050 § S0 o ."!! \\‘
= o RN s -
[ ® o
0@ £ ’,»b L]
0-25 - c 25 o
L L 1 1 1 1 ) ol L—1 1 ] 1 1 J
- 120 - 80 - 40 0 - 120 - 80 - 40 0

Voltage during prepulse (mV)

Fig. 5. Effects of prepulse voltage on fast charge movement. A4, integrals of fast gating
currents during test pulses to + 10 mV (positive traces) or — 122 mV (negative traces).
Prepulses to — 122, —98, —82, —74, —66, —50, —34, — 18 mV (Eg). Control pulses
according to eqn. (1) with K = 2 (positive test pulses) or K = —2 (negative test
pulses); Ef was — 122 mV throughout. Slow gating current was corrected for by sub-
tracting mean current between 0-5 and 1 msec (positive test pulses) or 0-3 and 0-7 msec
(negative test pulses) from rest of record before numerical integration. Fibre 24/77;
13 °C. B, size of mobile charge versus voltage of prepulse. Charges calculated by adding
together the charges carried during the first 0-3 msec of each positive and negative
test pulse. From traces 4, @, and another experiment (23/77), [l ; means represented
by line. C, time constants of fast charge movement versus voltage of prepulse. Filled
symbols refer to positive, open symbols to negative test pulse. Experiments as in B;
means indicated by lines.

Time course of charge movement

The effect of the prepulse on the time course of gating current, which was already
seen in Fig. 4, was analysed by fitting integrated records as in Fig. 54 by

Q(t) = Q(0) (1 —exp[—t/7]).
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In Fig. 5C, time constants, 7, from two experiments have been plotted vs. the voltage
of the prepulse. The filled symbols refer to the positive test pulses and open symbols to
the negative. After hyperpolarization, the charge movement settles about three
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Fig. 6. Effect of a depolarizing prepulse on the voltage dependence of fast charge move-
ment. 4, pulse programme including, or not, a prepulse (Eg;) to + 10 mV, followed by
an 0-25 msec interval at — 122 mV (E[), and a test pulse (E;) to various levels (control
pulses, not shown, according to eqn. (1) with Ef = —122mV, K = 2). B, gating
currents without (continuous lines) or with the prepulse (dashed lines) at two voltages.
Charges (D) and time constants (C), from these and other records, were calculated as

for Fig. 5 and plotted vs. test voltage (Il I : without prepulse; @—-——-@: with
prepulse). Fibre 3/78; 13 °C.

times faster during the negative than during the positive test pulse, whereas, after
depolarization, the time courses are similar. Apparently, conditioning of the membrane
emphasizes different kinds of charge movements, one with strongly voltage-dependent
kinetics, which prevails after a hyperpolarization, and one with less voltage-dependent
kinetics, which prevails after a depolarization.
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This point was further examined with the pulse programme in Fig. 6 A. The voltage
of the test pulse was varied between — 102 and + 58 mV, and the gating current was
measured without and, again, with a 2 msec prepulse to + 10 mV. Time constants
were calculated as before, and plotted vs. the voltage of the test pulse (Fig. 6C).
Without the preceding depolarization (continuous line), the time constant depends,
indeed, more strongly on the test voltage than after the depolarization (dashed line).

Steady-state distribution of charge

The charges carried by the gating currents of the same experiment are shown in
Fig. 6 D as a function of the test voltage. After the depolarizing prepulse (dashed line),
the charge varied less steeply with voltage than after the hyperpolarization (con-
tinuous line), as if the voltage dependence of its steady-state distribution were reduced,
like that of the kinetics (Fig. 6C).

Alterations of the voltage and time characteristics may be expected for quite different
mechanisms of charge immobilization. Thus, depolarization may totally block charge
movements in some structures, making it possible to observe a smaller contribution
from other structures that are not blocked. On the other hand, depolarization may
modify the transitions between states of the same charged structures. An indication
for a mechanism of the second kind can be found in Fig. 6 D. The Figure shows that the
effect of the prepulse on the size of the charge changed with the voltage of the test
pulse. A reduction was found with test voltages > —40 mV. No effect, or even a
slight increase, was detected with a more negative test voltage. Fig. 6 B presents the
gating currents measured with the test pulses of —70 or — 54 mV. The early current
was larger with the depolarizing prepulse (dashed lines) than without (continuous
lines). Results as in Fig. 6 were obtained in two other experiments. They suggest that
the conditioning depolarization enables charges or dipoles to move along a different
route that does not exist in a previously hyperpolarized membrane. The observations
of Fig. 6 B, D were close to the limits of resolution and were, therefore, re-examined
with another pulse programme. This programme (Fig. 7, upper part) avoided the
interval between conditioning and measurement, during which the after-effect of the
prepulse may have been partially reversed.

Different test voltages were applied immediately after a prepulse to —122 or
+ 42 mV. The integrals of the gating current, including the slow component, are shown
in the middle of Fig. 7. The slow displacement of charge was particularly marked in
the traces recorded after the depolarizing prepulse, a phenomenon to be considered
later. The fast displacement of charge was separated by fitting a straight line between
0-5 and 1 msec (left traces) or 0-25 and 0-5 msec (right traces) and extrapolating to the
charge at zero time. In the bottom of Fig. 7, the results for the hyperpolarizing pre-
pulse, from this and another experiment, have been plotted against the test voltage
(crosses, mean as continuous line). These points indicate how much charge was moved
by stepping the voltage from — 122 mV to a more positive level. For the depolarizing
prepulse (filled symbols), the ordinate plots the charge movement on repolarization
minus the charge movement measured on repolarization to — 122 mV. These charge
vs. voltage curves confirm the observation of Fig. 6: besides an immobilizing effect
on part of the charge, a depolarizing prepulse recruits another kind of charge move-
ment, preferably observed at voltages near the resting potential.
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Fig. 7. Effect of prepulses on the voltage dependence of fast charge displacement
(second method). Top: pulse programmes for hyperpolarizing (left) and depolarizing
(right) prepulse (E3); test voltages (E;) were — 70, — 46, —22, —2, 26, 42 mV (left) or
—122, —94, —70, — 46, — 22, 2mV (right); control pulses, not shown, according to eqn.
(1) with Ef = —122mV, K = 2. Middle: integrals of ¢otal gating currents during test
pulses. Fibre 28/77; 13 °C. Bottom: charges displaced vs. voltage (for details see text),
from the same and another fibre (27/77). Symbols + (27/77) and x (28/77) refer to
hyperpolarizing prepulse (mean as continuous line), curves @—-—-@ (27/77) and
H-—-H (28/77) to depolarizing prepulse. Charges were normalized to 143 fC (27/77)
or 103-5 fC (28/77).

Slow gating current

The immobilization of gating charge, as will be described later, developed and
reversed in milliseconds. When part of the charge was immobilized during a de-
polarizing pulse, repolarization ought to produce, besides a rapid return of mobile
charge, a slow movement within milliseconds of charge returning from immobilization.
The two contributions should add up to the charge displaced during the pulse. This
balance of charges was examined with a test pulse of variable duration, yielding
different degrees of immobilization (Fig. 8). The gating current was integrated during
the pulse and the subsequent 5 msec. Continuous traces represent the forward, and
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dashed traces the reverse, movement of charge. After a short pulse, the entire charge
returned quickly; after a longer pulse, only part returned quickly, and a remainder
slowly. The growth of the slow phase approximately compensated for the loss in the
fast phase as the pulse length was increased, so charge balance was roughly obeyed.
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Fig. 8. Effect of pulse duration on the reverse charge movement. Integrals of total
gating current during test pulse (solid lines) and subsequent 5 msec (dashed lines);
superimposed traces for various pulse lengths as shown by inset (control pulses, not
shown, according to eqn. (1) with E; = —98 mV, K = 2). Fibre 6/78; 13 °C.

A slow component of gating current was regularly observed. It was outward with
positive, and inward with negative, voltage steps as expected for a displacement
current. Observations of slow inward currents made with positive voltage steps were
always traced to a nascent anodal break-down of the membrane due to the large,
negative control pulses. However, the slow gating currents revealed a larger vari-
ability than expected from control measurements on a nerve model, indicating that
resolution was limited by properties of the nerve fibre. Deviations from charge
balance as in Fig. 8 would be expected if the unblocked leakage current of several
nanoamperes, and after-effects of such currents on the current base line (Nonner et al.
1978), were not linear and reproducible within about 1 pA. In the worst case, the
error in the gating current could then be 3 times larger and contribute a charge error
of 15-24 fC during an integration period of 5-8 msec. Therefore, quantitative analysis
was confined to the fast gating current.

The next sections compare the immobilization of fast gating charge to the inactiva-
tion of ionic Na current as measured in the same nerve fibres. They also describe the
time course of charge immobilization.
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Charge ymmobilization and steady-state inactivation
Steady-state inactivation was determined from Na peak currents recorded during

a test pulse to + 10 mV, which followed a 45 msec conditioning pulse. Normalizing
with respect to the — 122 mV prepulse yielded values of %, as shown in Fig. 9 for two
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Fig. 9. Voltage dependencies of inactivation and immobilization. Values of A, from
two fibres (23/77, [J, and 24/77, O) and mean (dashed line), determined from Na peak
currents after 45 msec prepulses; normalized to — 122 mV. The continuous line, repre-
senting immobilization in the same fibres, was calculated from the mean charges in
Fig. 5B as described in text.

experiments (open symbols, mean as dashed line). Gating charges measured in the
same nodes have already been presented in Fig. 5 B. Charge immobilization saturated
at a finite level as depolarization increased, whereas Na inactivation proceeded to an
undetectable level.

A curve more similar to &, was obtained if only the variation of the mobile charge
was considered. The solid line in Fig. 9 was calculated from the mean charges in
Fig. 5 B by subtracting the minimum value, measured at — 18 mV, and normalizing
with respect to — 122 mV. This procedure would remove any background of charge
rearrangements not affected by conditioning. If charge immobilization were due to a
single, major transition between states of Na channels, the resulting curve would
reflect the fraction of unaffected channels. In this case, the result may directly be
compared to k., which is thought to represent the fraction of Na channels that have
not undergone the all-or-none step of inactivation (Conti et al. 1976; Sigworth, 1977).

The comparison between the curves in Fig. 9 shows that both quantities depend in
a very similar, but not identical, way on voltage. With the normalization used, the
deviations are in the direction expected if more channels reach the inactivated state(s)
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than reach the state(s) of reduced charge movement. The difference is largest at
moderately hyperpolarizing voltages, as the inactivation curve is quite asymmetrical
with respect to its midpoint. Similar differences were seen in two other experiments.

Kinetics of Na tnactivation and of charge immobilization
The kinetic relations between the immobilization of gating charge and the in-
activation of Na current were examined with two methods. In the first, the reduction

5nA

50 fC

L J
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Fig. 10. Decay of Na current and reduction of fast charge movement during de-
polarization. Top: Na (plus gating) current during test pulse to —6 mV (squares); its
decay was fitted by the sum of two exponential (continuous line) ; exponentials (dashed
lines) had time constants of 0-94 and 6-7 msec and amplitudes (extrapolated to begin-
ning of pulse) of —18-1 and —2-2 nA. Bottom: charge carried by fast gating current
upon repolarization to —98 mV frorh test pulses of various durations, plotted vs.
duration of pulse (records were corrected for slow current by subtracting mean current
between 0-3 and 0-6 msec, and integrated from 0 to 0-3 msec). The solid line represents
an exponential (time constant 1-33 msec) plus constant. Fibre 6/78; 13 °C. Test pulses
applied from — 98 mV, control pulses from —122mV (K = 2).

of fast charge able to return after pulses of various durations was compared to the
decay of Na current during a long depolarizing pulse (compare Fig. 8). This method was
applicable at voltages less negative than —45 mV. The second method measured,
after conditioning pulses of various lengths, how much Na current or mobile gating
charge was available during a test pulse to + 10 mV. It was used for exploring voltages
more negative than —45 mV, and, in particular, for studying both development and
reversal of inactivation at the same voltage.
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Fig. 10 (upper part) shows the time course of Na current during the first 12 msec
of a pulse to —6 mV (squares). After the rapid activation, the current decayed in a
way not described by a single exponential function. A better fit was obtained with the
sum of two exponentials (continuous line), yielding time constants of 0-94 + 0-01 and
6-7 + 0-2 msec for the fast and the slow phase (dashed lines). For comparison, the
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Fig. 11. Time constants of Na inactivation and of charge immobilization versus
voltage. Time constants of fast ([J]) and slow phase ( + ) of Na inactivation, and of charge
immobilization (@) from the same fibres; nine experiments (15/77: —46 and 2mV;
16/77: —38 mV; 17/77: —30mV; 18/77: —30 mV; 19/77: —22 and + 26 mV; 20/77:
42mV; 21/77: —14 and —6mV; 22/77: 42mV; 6/78: —6 mV). Dashed lines give
time constants of fast and slow inactivation (mean of two other experiments, 39/77:
and 40/77, where only Na current was studied). On the average, the relative standard
deviations of the time constants were: 0-04 ([]), 0-13 (+), and 0-15 (@). All experi-
ments at 13 °C. Note logarithmic ordinate.

lower part of Fig. 10 represents measurements of the fast, reverse flow of gating
charge, plotted versus the length of the pulse (symbols). This decay was described by
a single exponential with a time constant of 1-33 + 0-2 msec (line), corresponding
approximately to the smaller time constant of Na inactivation.

Measurements as in Fig. 10 were repeated with different test voltages between
—46 and +42 mV; on each node one or two voltages were explored. Time constants
from these experiments have been plotted in Fig. 11 on a semilogarithmic scale vs.
voltage. Open symbols refer to the fast, and crosses to the slow, phase of inactivation;
filled symbols represent time constants of charge immobilization. The experiments
with small depolarizations were first done with pulses too short for a reliable measure-
ment of the slow phase of inactivation. Therefore, additional measurements of inac-
tivation were made on two other nodes; their mean time constants are given by the
dashed lines. The position of the filled symbols suggests a relation between the im-
mobilization of gating charge and the fast phase of Na inactivation. Closer inspection,
however, reveals that time constants of immobilization are slightly, but systematic-
ally, larger than those of inactivation.
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Varying the depolarization changed the relative size of the fast and slow components
of Na inactivation. Extrapolated to the beginning of the pulses, the amplitude of the
slow component was about 0-2, 0-11, or 0-07 of that of the fast component when the
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Fig. 12. Development and removal of inactivation and immobilization. Experiments
with conditioning prepulses (inset); labels indicate B — Epp. 4, recovery at —86mV:
fast charge movement (top) and Na peak current (bottom) vs. recovery interval (T'pp).
B, corresponding time courses of development at —70 mV. C, time courses of re-
duction and of recovery at the same actual voltage, — 78 mV (Na current only). Contin-
uous lines represent exponential plus constant (dashed lines); time constants as in
Table 1. Fibres 30/77 (A), 32/77 (B), and 34/77 (C); 13 °C. Control pulses (not shown)
according to eqn. (1) with B = —122mV, K = 2.

membrane was depolarized to — 30, — 10, or + 10 mV. On the other hand, the ratio
between the fast and slow time constants (Fig. 11) was almost constant. It seems, thus,
unlikely that the slow component is due to a fixed fraction of Na channels that inacti-
vate more slowly than the bulk of the channels. A consistent explanation would be
that the inactivation of a Na channel is a multi-step process. This view is supported by
the experiments described in the next section.

The comparison of immobilization with inactivation was extended to more negative
potentials by the second kinetic method, using 3-pulse programmes like that in Fig. 12.
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The first pulse was chosen either to produce full Na inactivation or to remove it
completely. Then, the voltage to be studied was applied for a variable time, during
which immobilization or inactivation could develop or reverse. Finally, the available
charge or Na current was measured with a test pulse to +10 mV.

TaBLE 1. Time constants from experiments with conditioning pulses

E;i E;‘p Th Tp
Experiments (mV) (mV) (msec) (msec)
A (recovery) }
31/77 —58 —110 1-3 +0:05 17402
30/77 —102 174+ 0-05 2:5+0-2
29/77 —94 2-55 + 0-08 3-6+0-2
30/77 —86 3-36 + 0-08 43+04
31/71 394401 6-8+0-9
29/77 —178 5:8+0-3 7-1+05
34/77 —46 —178 7-54+0-8 7-2+06
35/77 6+0-5 9-5+1-4
7/78 6-9+0-5
9/78 -4 66405 6-5+1
8/78 -170 12:9+2-2
B (development)
34/77 —122 -178 2:54+0'5 *
35/77 1-8+0-3 *
7/78 4-1+0-7
9/78 —118 -4 . 3-6+06 20+8
32/11 -170 39407 16-7+1-9
8/78 6-2+0-7
33/11 —122 —62 6+0-9 16 +3-3
32/77 —54 8:7+0-4 9-44+0-7
33/71 —46 7-7+0-3 7-6+0-4

* During the 30 msec period of conditioning, the charge decayed almost linearly.
Standard deviations of the time constants were obtained from the least-squares fit with the
method of Gauss.

Fig. 12 4 shows time courses of recovery at —86 mV, following a depolarization
to — 58 mV. The available gating charges (top) and Na peak currents (bottom) have
been plotted as symbols vs. the recovery interval at —86 mV. The fit with a single
exponential function (curves) revealed similar time constants, 4-3 + 0-4 msec for the
charge and 3-36 + 0-08 msec for Na current. A similarity of recovery time constants
was found also at other voltages between —110 and —70 mV (Table 14). In all
experiments, the early values of Na peak current deviated from the exponential time
course by a delay, which was not reflected in the recovery of gating charge. This delay
became larger as the voltage during recovery was made more positive (compare upper
trace of Fig. 120).

By contrast to the similarity of recovery time courses, the time courses for develop-
ment of immobilization and inactivation near the resting potential were markedly
different. Fig. 12B shows an experiment at — 70 mV, where the fit with single ex-
ponentials (curves) revealed time constants of 3-9 4+ 0-7 msec (Na current) and 16-7 +
1-9 msec (charge). In other experiments (Table 1.B), the difference was even stronger
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at a small hyperpolarization and it became smaller as the voltage became more
positive. Further, both time courses deviated in different ways from the exponential
function. Immobilization developed with a small delay, whereas inactivation showed
indication of a fast and a slow phase. Indeed further evidence for complexities of
inactivation in this voltage range is the finding that development and removal of
Na inactivation have quite different time courses when measured at the same voltage.
Fig. 12C shows an experiment at —78 mV where the fit with single exponentials
(curves) yields different time constants, 7-5 + 0-8 msec (recovery) and 2-5 + 0-5 msec
(development) and there are the deviations from the exponential time course men-
tioned before, a delayed removal and a biphasic development of inactivation. The
difference was observed at voltages between — 78 and — 70 mV (Table 1).

Together, the relaxation experiments suggest that inactivation of nodal Na channels
is a multi-step process. The immobilization of gating charge reflects Na inactivation
in some cases, and not in others. These results will be discussed in detail later in terms
of a model with several states of inactivation some of which are also ‘immobilized’.

DISCUSSION

The results confirm previous observations that depolarization reduces the rapid
part of the gating current in the node of Ranvier (Neumcke ef al. 1976; Nonner et al.
1978), and reveal further details of the phenomenon. Thus, the reduction of transferred
charge is incomplete even with depolarizing prepulses of 45 msec duration, leaving
about one third of the maximum charge movement between voltages of —122 and
+10 mV (Fig. 5). Movements of the non-immobilized charge depend less strongly on
voltages than the normal ones, both in kinetics (Figs. 5C, 6) and in steady-state (Figs.
6, 7). These results are in qualitative agreement with observations on squid giant axons
(Armstrong & Bezanilla, 1974, 1976; Bezanilla & Armstrong, 1974, 1975; Meves &
Vogel, 1977). Further a paradoxical effect of the preceding depolarization has been
detected with test voltages near the resting potential. There, the amplitude of the
gating current, as well as the size of the charge, do not decrease, but increase, as if the
conditioning depolarization recruited a kind of charge movement not present in the
previously hyperpolarized membrane (Figs. 6, 7). Such a charge movement may reflect
a modified kind of rearrangement of the same structures that produce the normal
gating current. This point is considered again later.

The immobilization of nodal gating charge corresponds in several respects to the
inactivation of Na current, showing parallels in the steady-state dependence on
voltage (Fig. 9) and the time courses of development during a depolarization (Figs.
10, 11) and of recovery after a depolarization (Fig. 12, Table 1.4). Again, these results
compare to those on squid axons. Armstrong & Bezanilla (1977) found a close correla-
tion in all three properties. Meves & Vogel (1977) report qualitatively similar results,
but, in their experiments, inactivation developed about four times faster than im-
mobilization and only one half of the charge could beimmobilized. Thus, in both kinds
of nerve, gating current reflects properties of both Na activation and inactivation, in-
dicating that a large fraction of the measured gating current is, in fact, due to the
gating process of Na channels. From the criterion of immobilization, a minimum of
two thirds of the fast charge movement in a node may be assigned to Na channel
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gating. The fraction may be even larger, since at least part of the non-immobilized
charge moves only after a depolarization (Figs. 6, 7). This view is supported by recent
experiments on squid axons: internal N-methylstrychnine (Cahalan & Almers, 1979)
or pancuronium (Armstrong & Yeh, 1978), which block ionic current in open Na
channels, suppress also the immobilization-resistant movement of charge. From this
criterion, Cahalan & Almers estimated a lower limit of 909, for the fraction of true
gating charge.

The immobilization of gating charge has been interpreted in terms of coupled
activation and inactivation processes (Armstrong & Bezanilla, 1977). If inactivation
were otherwise a first-order process, one would expect non-exponential relaxations
only when activation is changing, for example, a short delay in the onset of inactivation
upon a step depolarization (Bezanilla & Armstrong, 1977). In the node of Ranvier,
however, deviations from the first-order kinetics are observed at later times. Thus,
Na current decays in two phases during a maintained depolarization (Figs. 10, 11), it
recovers after a delay (Fig. 124, C), and at the same actual voltage, it inactivates
more rapidly than it recovers (Fig. 12C, Table 1). These results are in line with a study
by Chiu (1977), performed at low temperature (4-5 °C), and suggest that inactivation
per se is a high-order process (Hille, 1976). If this is true, which part of the process is
reflected by the immobilization of gating charge?

The simplest high-order scheme that may describe the results is the inactivation
scheme of Chiu (1977), which provides one more closed state of inactivation than the
original scheme of Hodgkin & Huxley (1952):

f: 1
hl (fast) h2 (slow) h
(open) (closed) (closed)

Both transitions depend on voltage. In state &,, the channel may pass Na ions pro-
vided it becomes activated; in states h, and k4, the ionic pathway is closed, regardless
of activation. We now examine whether immobilization of gating charge could be
attributed to one of the transitions in this model.

Consider the relaxations observed with a step depolarization (Fig. 10). Na current
and gating charge decline with similar time courses. Close inspection reveals that the
time course of immobilization can be described by a single exponential, whereas two
exponentials are required for describing the time course of Na inactivation. On the
other hand, time constants of immobilization are found to be slightly larger than those
of the fast inactivation (Fig. 11). This would be expected if a small slow component
were also present in immobilization and would affect the fits with a single exponential.
In any case, the properly rescaled time courses of Na inactivation would superimpose
the decays of gating charge quite well. Thus, charge immobilization and Na inactiva-
tion seem to reflect the same event, and, in Chiu’s scheme, the open-closed transition
(hy = hy) must be postulated to restrict the movement of gating charge as well as to
inactivate the channel.

This assignment, however, does not hold under other experimental conditions. Near
the resting potential, Na inactivation develops significantly faster than charge im-
mobilization (Fig. 12 B, Table 1), and it proceeds in two phases, while immobilization
starts with a delay. Further, although recovery time courses are similar at later times,
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A States of inactivation mechanism

E<-45mV E>—45mV
Open
h mobile hy
A
1 Closed
h, mobile
Closed '
immobilized hy
4
Closed
hs immobilized hs

B States of Na channel

mh~=—=—=-- ~ mh, <---=--- >~ msh,
mhy~—=-=-=-=-=-- - mhy ~—=-=--—— -~ msh,
Inactivation
\ 1 co-ordinate
mshy ===~ =w= Mh; <=—-= myh,
mshy, <~=———-- ~ muhy ~——-= myh, '

<«—————— Activation co-ordinate ————»

Fig. 13. 4, states of inactivation mechanism. Left graph : experiments with conditioning
pulses; right graph: experiments with maintained depolarizations. B, states of Na
channel. Dashed arrows: fast transitions of activation; filled arrows: slower transitions
of inactivation (vertical) or of both activation and inactivation (diagonal). Only state
my h, is conducting. C, free energies, AG, and valencies, Z, of equilibrium and trans-
ition ( A ) states. The free energies (ordinate) are given for the resting potential, — 70 mV.
Equilibrium levels of inactivation: O, open; @, closed, mobile; W, closed, immobil-
ized. Dashed and continuous lines as in B. Note interrupted energy scale.

they reveal a delay of inactivation, but not of immobilization (Fig. 124, C). In the
steady state, inactivation is stronger than immobilization, particularly at hyper-
polarizing voltages (Fig. 9). These observations are compatible with Chiu’s scheme
only if charge immobilization is ascribed to the second transition, k, — A, in contra-
diction to the conclusion reached in the previous paragraph.

In order to avoid the conflict, one could consider to extend the scheme by a direct
transition A, < h,. This transition could account for parallel time courses as in Fig. 10
if it were preferred upon depolarization. To the same extent, however, the system would
approach first-order kinetics, and no longer predict a slow phase of Na inactivation.
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Fig. 13C. For legend see opposite.

Apparently, immobilization and inactivation reflect a process of higher-than-second
order that, under different experimental conditions, becomes similar to one or the
other of the second-order processes discussed. Fig. 13 4 represents the second-order
schemes after a relabelling and rearranging of states. The right side refers to experi-
ments with step depolarizations (Fig. 10): a first, fast transition blocks Na current and
immobilizes gating charge; it is followed by a slow transition not directly reflected in
Na or gating current. The left side refers to experiments with conditioning pulses
(Figs. 9, 12): a first, fast transition blocks Na current; a second, slow transition
immobilizes gating charge. The schemes are now recognized as particular cases of a
third-order scheme with states &, through %,, where either k, (left side) or &, (right side)
are virtually unoccupied states. Thus, a third-order scheme may be able to describe
the kinetics of inactivation and of the related immobilizing effect on the gating charge.

Inactivation may block gating charges in various ways. (1) It raises the energy
barrier for the displacement of charges. In this case, inactivation would derive no
voltage dependence from the coupling to the fast charge movement, and separate
charges or dipoles have to exist for controlling inactivation. (2) It excludes gating
charges from certain equilibrium states, e.g. if an inactivation subunit occupied
positions that could otherwise be occupied by gating particles. Then inactivation
could derive its voltage dependence, or part of it, from the coupling to the fast charge
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movements. (3) It combines (1) and (2). In this case, rate constants of inactivation
would generally depend on the configuration of gating charge and vice versa.

Case (1) appears extreme and rather unlikely. Case (2) would account for a block of
charge movement, but would not predict that a new kind of charge movement appears

" after depolarization (Figs. 6, 7). The general case (3) would be consistent with the last
observation and also could explain two other, possibly related observations. The
first is the particular voltage dependence of inactivation rates that has been found in
nerve and muscle fibres (see, for example, Campbell & Hille, 1976, their Fig. 7, for a
comparison between results obtained by describing inactivation as a first-order
process, and Chandler & Meves, 1970, for an analysis in terms of a second-order
process). These rates vary steeply with small depolarizations, but less steeply, or not
at all, with large depolarizations. The steep change may reflect a redistribution of
gating charges that is associated with a change in the inactivation rate. The second
observation is that, in the node of Ranvier, the kinetics of charge immobilization and
inactivation are closely similar positive to —45 mV, but dissimilar at more negative
potentials (compare Fig. 13.4). The transition between these two kinds of behaviour
occurs at a voltage where the distribution curve of the charges, and changss in the
activation process, are steep.

The fast movement of gating charge is thought to be involved in the activation of
Na channels, though a state diagram of this process has not yet been designed (cf. the
reviews of Meves, 1978; Almers, 1978; Neumcke et al. 1978). States of the gating
charge will in the following be tentatively referred to as m,, m,, and so on, as if they
were equivalent to states of activation.

The above considerations may now be summarized in a state diagram as in Fig. 13 B.
Here, the linear sequence of inactivation states has been split into as many sequences
as there are states of activation. For simplicity, activation states have been assumed
to form linear sequences as well. In inactivation levels &, or k, (where charge is not
immobilized), activation can undergo unrestricted transitions between m, and ms,
thereby stepping through m, and other intermediate states (not shown). In the in-
activation levels % or &,, activation may rapidly change between m; and some state
mg, but can reach m, only by a simultaneous, slow transition of inactivation into level
hy (diagonal arrows). Further, rate constants of inactivation may be different for the
various states of activation and vice versa.

The second part of this paper gives a quantitative analysis and further discussion of
such a model.

PART II: A MODEL FOR Na INACTIVATION

This section explores, as an example of models with interacting activation and
inactivation processes, the model defined by the state diagram of Fig. 13 B.

MATHEMATICAL FORMULATION OF THE MODEL

The model is formulated in terms of absolute rate theory. Rate constants are defined
as simple exponential functions of voltage.
Each channel state, m; hy, is assigned a difference in free energy, AGi, relative to
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state m, h,. Free energies are measured in units of £7' (24-7 meV at 13 °C) and split
into a ‘chemical’ and an ‘electrical’ term:

AG = AWI-ZiT, 2)

where U is the reduced voltage U = eE/kT (kT /e = 247 mV at 13 °C), and Z} is an
effective valency describing the effect of the membrane voltage on the configuration
changes of the channel: transforming the channel from state m,k, into state m;h,
decreases its potential energy in the electrical field of the membrane as much as that
of a particle with Z} positive elementary charges moved from a location of electrical
potential £ to another location of potential zero. Thus, Z! describes any molecular
mechanism of charge rearrangement.

Transitions between states m, k; and m, h, are assumed to happen via a ‘transition’
state with the free-energy difference

AGE = AW —ZRLU. (3)

Absolute rate theory (Glasstone, Laidler & Eyring, 1941) yields for the rate coefficients
of transition from state m; h; to state m, h,

Ki = C(kT /h)exp (— [AGH — AGY)), (4)

where (kT /h) = 5-96 x 10112 gsec1 at 13 °C. The ‘ transmission coefficient’ C is assumed
to be one.

The scheme of Fig. 13 B describes fast and slow reactions with rates differing by one
or two orders of magnitude. Since only the slow relaxations, namely those related to
inactivation, will be compared to experiment, the analysis is simplified by assuming
that a thermodynamic equilibrium between rapidly exchanging states (horizontal
transitions) is maintained during the slower (vertical or diagonal) transitions. The
probability of a channel state m, A, is then represented by

P} = P,x Bj, (5)
where P, represents the probability that a channel is in the inactivation level 4;, and
Bj = exp[—AG}]/ (Xexp[— AGj)) (6)

gives the conditional probability that the channel is in activation state m, provided
that the inactivation level is k. (For justification of this approach confer to Colquhoun
& Hawkes, 1977.)

The transitions between inactivation levels are described by four linear differential
equations

P1= —D1P1+D2P2’ (7)
}:)2=D1P1"(D2+D3+D7)P2+D4P3+D8P4’ (8)
Py = D,P,— (D, + D) P+ D, P, (©
P, =D, P,+ Dy P;—(Dg+ D) F,, (10)
where
D, = B} Ki}+ B} K§3 + B} K33, (11)
D, = B} K}} + B} K3} + B} K}, (12)
D, = B} K} + B} K3, (13)

D, = B} K3} + B3 K3}, (14)
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D, = B K3, (15)
Dg = B{ K33, (16)
D, = By K}, (17)
Dy = B K3} (18)

As an additional restriction, probabilities must be normalized:
P+F+Py+ Py =1. (19)
The solutions are of the form (Colquhoun & Hawkes, 1977)

3
B = 'Pl,0°+j§l-Pl,jexp[—t/Tj]’ (20)

where P, ,, is the steady-state probability of inactivation level A, and P, ; represents
amplitudes of three exponential terms in 7; that contribute to the time course of
relaxation. From these solutions, the kinetics of three quantities may be derived:

(1) the inactivation variable k, which is identical to P,:
b = hoo+hyexp (—t/7)) +hyexp (—t/75) + hyexp (—t/75) (21)

(2) an immobilization variable b representing the probability that the full charge
movement is available in a channel, which is the sum of P, and F,:

b = beo+b; €xp (—t/7)) +byexp (—¢/75) +byexp (—t/75) (22)

(8) the gating charge ¢ displaced with respect to state m, &, (in units of elementary
charges per channel):

4 = Qoo+, €Xp (—1/7;) + g, 0XPp (—t/T5) + g5, €xp (—£/73). (23)

The last coefficients are calculated from
9o = jz-Pj,oo(ZB}Z}) (24)
7 =SB (T BZ) (25)

Step changes of voltage produce continuous relaxations in A and b, but a step trans-
ition and a subsequent continuous relaxation in g (the step transition occurs because
changes between activation states have been treated as if they were infinitely fast).

This completes the quantitative formulation of the model. For given free energies
AW and valencies Z, the quantities &, b, and ¢ may be calculated with standard
numerical methods. An algorithm suitable for minicomputers will be described else-
where (F. Conti, B. Neumcke, W. Nonner & R. Stampfli, in preparation). In the
following, the quantities k, b, and ¢ are referred to in the form of eqns. (21)-(23). The
largest time constant is labelled 7,, the smallest 75.

RECONSTRUCTION OF THE EXPERIMENTAL CURVES

This section describes the procedure of finding parameters and compares experi-
mental and theoretical results.
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The model was represented in a computer program that received values of the
parameters and calculated steady-state variables, amplitudes and time constants of
relaxations, or time courses of relaxations. The results were plotted versus voltage
or time on a display screen, together with the experimental points for comparison.
Simple or compound rate coefficients, K or D, were listed for a few voltages. Further,
the program displayed an extended free-energy diagram of the model as in Fig. 13C.
Each equilibrium or transition state was assigned an ordinate corresponding to its
free energy, AG, and an abscissa corresponding to its valency, Z, relative to state
m, by, which is at the origin. A very useful feature of such a free-energy diagram is
that one can readily visualize the effect of voltage changes by inspection. Fig. 13C

TABLE 2. Parameters of the inactivation model

A (equilibrium states)

AW? —3-94 zZ: 2
AW? —6-49 z 4
AW} —1-30 Z} 0-7
AW? —524 zz 2-7
AW3 —-17-79 Z3 47
AWS -9:35 Z3 47
AW} —8-02 z} 37
AW —5-30 z 2.7
AW? —-13-15 Z: 54
AW —11-82 z4 44
AWS -9-10 VA4 34
B (transition states)

AWY 24 zy 0
AWE 20 zz 2
AWE 15-5 V/+1 43
AW 22-7 z3 1-45
AWE 13 z3 47
AWE 19 zZs 2-15
AWE 14-2 z% 54

The changes of Gibbs free energy, AW, are given with respect to state m, h; and are in units
of kT (24-7 meV at 13 °C). .

was drawn for the resting potential. Depolarization would reduce the free energies
(ordinate) in proportion to valency (abscissa), a transformation equivalent to dis-
torting the rectangular co-ordinates to form a parallelogram by lowering the right
hand side of the diagram while keeping the left-hand side fixed. Such graphs were used
for orientation and illustrate the concept of the fitting procedure used.

The model provided thirty-six free parameters: the coordinates of eleven equilibrium
and of seven transition states (Fig. 13 C'). Microscopic reversibility was ensured for any
choice of these parameters. Steady-state or kinetic properties of the model were
separately adjusted by varying the coordinates of equilibrium or of transition states.
Sixteen parameters were eliminated by assigning certain states fixed positions relative
to others. The remaining parameters were found by trial and error. Agreement with
the experiment was judged by eye, and new parameters were entered to the computer
by hand. The following section gives details of the procedure. The final parameters
are summarized in Table 2.
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Equilibrium states

The diagram of Fig. 13C shows four pathways (dashed lines) along which equilibria
between rapidly exchanging states of activation (or charge arrangement) are main-
tained. Such states were given fixed relative positions, e.g.

AWE = AWY+ AW, —kTIn2, Z%=Zi+Z,,
AWS = AWL+2AW,, Z% = ZL+27,.

This is equivalent to the simplifying assumption that activation is due to the displace-
ment, from a resting to a permissive position, of two equal and independent gating
subunits, the displacement of a subunit being governed by AW, and Z,,. With the
values of AW, and Z, chosen for the inactivation levels #, and k,, — 3-24 kT and 2,
steady-state activation was one half near —29 mV and its steepest change was e-fold
per 6-:2 mV. Immobilization of the activating subunits (as occurring at inactivation
levels h; and 4,) was represented by lowering the values of AW,, and Z, to — 2-03 kT’
and 1. Then, the fast charge movement was reduced to one half, and the steepness of
the charge distribution curve was reduced to one half with the midpoint shifted
towards —50 mV.

With these relations, absolute co-ordinates had to be found only for three of the
equilibrium states, e.g. m, hy, mghs, my hy. State my by was assigned the same valency
as state m h, because there was no reason to give step mg hy—mg ks a voltage depend-
ence. Since some voltage sensitivity of the step mghy-m4h, was required to account
for the voltage dependence of the longer time constant of inactivation (Fig. 11),
state mgh, was attributed a larger valency than state mghy. The co-ordinates of state
m, hy and the ordinate of state m, b, were adjusted to predict the observed steady-state
curves of Fig. 9, while state m, h; was assigned a preliminary ordinate, intermediate to
states mg b, and mg h,. The final ordinate of state m, b3 was found from relaxations, as
described below. In Fig. 14 4, the steady-state measurements have been replotted,
together with the theoretical curves. The difference between steady-state inactivation
and immobilization is mainly interpreted as the occupancy of state m, h,, as may be
recognized from Fig. 13C.

Transition states

Valencies of transition states were restricted to range between the valencies of the
associated equilibrium states. Rate constants of the transitions m,k-—m,h, and
myh,—myh, were assumed to be identical, as if activation and inactivation were
mutually independent in these states.

Inactivation was postulated to vary, dependent on voltage, along one of two main
pathways (Fig. 134). Upon a depolarization (activating more than half of the
channels), the way mgh;—mg hy—my hy—mgy by had to be preferred; mgh,—mghy had to
become the fastest, mjhy—m4h, the slowest transition. Therefore, transition states
were chosen such that the largest time constant of relaxation, 7,, was mainly sensitive
to AG3} and reproduced the larger time constant of Na inactivation (Fig. 11), whereas
the intermediate time constant, 7,, was mainly determined by AG%3 and reflected the
smaller time constant of Na inactivation. The ratio between the amplitudes of both
relaxations was adjusted by varying AW3.
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At rest or at more negative voltages, the pathway m, kh,—m, hy—(mgh;) mgh, had
to prevail. AGL3 and AGL; were chosen to yield similar time constants 7, and 7,; these
were adjusted to the observed recovery time constants of inactivation (Table 14).

-108

-10-6

- 120 - 80 - 40 0
Voltage (mV)

1

Time constant (msec)

01—
L1 1 | 1 1 | | L
- 120 - 80 - 40 0 40

Voltage (mV)

Fig. 14. 4, steady-state inactivation (@) and immobilization () from experiment (Fig.
9) and theory (lines) vs. voltage. The experimental points of inactivation were rescaled
by the factor 0-896 corresponding to theoretical b, at E = — 122 mV. B, time constants
from experiment (symbols) and theory (lines) vs. voltage. Symbols: @, fast and, A,
slow time constants measured from inactivation (mean values from Fig. 11); |, mean
recovery time constants of inactivation from Table 14.

AW1} was chosen to maintain sufficiently large time constants 7, at intermediate
voltages where both pathways of inactivation were used. Z1} was assumed to be zero;
thus the transition m,; h—m, h, did not become rate limiting within the explored
range of hyperpolarization. The three theoretical time constants are represented in
Fig. 14 B, together with comparable time constants from the experiments. These
curves reveal a complex dependence on voltage, though all individual rate constants
are simple exponentials in voltage.

Theoretical time courses of inactivation and immobilization are shown in Fig. 15.
The curves correspond to the experimental time courses of Fig. 12(4-C) and Fig.
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10 (D). The agreement between theory and experiment appears good if one considers
that no attempt was made to reconstruct the individual experiments: all curves are
calculated with the parameters of Table 2. In particular, the model predicts the
deviations from the exponential time course discussed in Part I. In Fig. 15D, immo-
bilization reveals a larger slow phase than inactivation. It would become more

A
. B
1._
Tor F
— 56> —86mV © —118>—-70mV
or 04—
— —
h —
L
I —
0-8L o9l
L | | 1 | { | L 1 1 1 1 | |
0 10 20 30 0 10 20 30 ©

— 46—~ —78 mV -

—98—->—-6mV _|
— 122> -78 mV L

>
] I
w / 0
-
T
|
>

—
L

1= 0-8 0-6

or
-
o
N
o
WL
o
or
H
[o)
-
N

Time (msec)

Fig. 15. Theoretical time courses of inactivation and immobilization. A-C correspond
to experimental time courses of Fig. 12, D to the ones of Fig. 10. Inactivation (and
immobilization in D) plotted at reversed scales facilitating comparison to experiment.
All curves calculated from parameters in Table 2.

similar to inactivation if the occupancy of state mgh, were reduced by raising its free
energy. This would imply that the distributions of gating charges are different at
inactivation levels &, and A,. This point could be examined by studying gating currents
after short depolarizing prepulses.

Fig. 16 shows a theoretical simulation of the charge movements in Fig. 8. The model
predicts some slow movement of charge during the pulse as well as a growing slow
component in the return of charge after the pulse. Apparently, these components
would be well contained in the observed slow gating current. In Fig. 16, more than one
half of the fast charge movement seems to be blocked by long pulses although the
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model islaid out such that only half of the mobile charge can be blocked. The difference
is due to the different distribution curves assigned to normal charges (inactivation
levels hy, h,) or partially immobilized charges (s, k), and is the result of two effects.
(1) As channels reach inactivation levels k, or h, during the depolarization, some of

5
(—6mV)
r
T i
c 1
S |'ll ] | 1
5 l=ll | :
23 1 |
& th
|
S 2L. T
> n
©
£ th
@ th
w !
J\ (98 mV)
ol
I
2 msec

Fig. 16. Theoretical movements of charge. Simulation of the experiment in Fig. 8.
Curves represent time course of variable g of theory during and after the depolarizing
pulse (rather than net movement of charge from pulse and control pulse). Arrows mark
steady-state displacements of charge at — 98 and — 6 mV. The ordinate gives elemen-
tary charges/channel. The fast movements of charge (dashed lines) appear as instant-
aneous, according to simplified treatment of theory.

their gating charges return already from m, to m, or m, (compensating part of the slow
gating current associated with transitions between inactivation levels). (2) Repolariza-
tion to — 98 mV does not return all of the partly immobilized charges from mg to ms;’
the remainder returns slowly as state mgh, (mg k) is depleted by recovery from immo-
bilization. Such measurements are, thus, able to give ambiguous results on the degree
of true immobilization.

DISCUSSION OF THE MODEL

A model of Na inactivation has been analysed in which the inactivation process per
se is of third order and is thermodynamically coupled to the rapid movement of gating
charge. In particular, the numerical calculations have shown that inactivation can
derive most of its voltage dependence from a fast process that has steady-state
characteristics similar to those of activation. This invalidates an argument by Meves
(1978) and is in agreement with the idea of Armstrong & Bezanilla (1977). On the
other hand, some voltage sensitivity had to be given to inactivation itself in order to
predict the small voltage dependence of time constants at large depolarizations. This
property, however, could be species dependent.

All of the residual charge movement, resistant to immobilization, was attributed
to Na channels in order to make the model consistent with other, not directly related,



602 W. NONNER

observations: removing the states myh, (mgh;) and m bk, (myh;) and introducing a
direct path, m,h, (m4hs) > m, hy, would give by far too much voltage dependence,
and eliminating that direct path would give too little voltage dependence, to the
larger time constant of inactivation at the resting potential and more negative poten-
tials. In the model analysed, all of the immobilization-resistent charge movement had
to be attributed to the fast transitions between mg, m,, and m,. Other models, with the
diagonal transitions (Fig. 13) shifted in parallel to the right, would give a higher degree
of immobilization, but a less steep change of kinetic behaviour around —45 mV. The
other extreme model in which the fast gating charge of Na channels can be totally
immobilized (with the diagonal transitions from m,h, and m, k) would be inconsis-
tent with the measurements. In summary, an incomplete immobilization appears to
be an essential property of this kind of model, but some part of the observed immo-
bilization-resistant charge might still be attributable to processes not related to
gating in Na channels.

Besides immobilization, a further interaction between gating charge and inactiva-
tion had to be postulated : the rate constants of the transition k< h, had to be larger
at mg than at m, (about 7-5 fold at E = 0). Thus, the model became functionally similar
to a sequential activation — inactivation scheme when the membrane was depolarized.
This implies that a relatively large fraction of Na channels conduct before they become
inactivated. On the other hand, the Na channels of this model do not become con-
ducting again when they recover: recovery follows mainly the path mgh, — mgh, —
my hy — m, hy. This shows how Na channels could be used efficiently and still recover
quickly.
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concerning the manuscript. Financial support was provided by the Deutsche Forschungs-
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