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ABSTRACT  An electrical-chemical gating model is pro-
posed that describes basic observations on asymmetric dis-
placement currents and transient Na* conductivity changes in
squid giant axons. A previously developed single-parameter
analysis of primary voltage clamp data yields normal mode re-
laxation times that agree well with the time constants of
asymmetric capacitative currents, suggesting these currents as
gating currents associated with charge displacement in a sub-
unit of a complex gating system. The physical-chemical ap-
proach correlates tﬁe opening of Na* channels with charge-
charge interactions amongst displaceable membrane charges
or dipoles and conformational cﬁanges in gating macromole-
cules. The model covers the close correspondence between the
voltage dependence of the peak value of the Na* conductance
change and that of the square of the total displaced charge for
small depolarizing voltage steps. The quadratic charge rela-
tionship also describes the two-mode relaxation of asymmetric
displacement currents; the transiently inhibited return transition
of two-thirds of the displaced charge after a prolonged depo-
larization is interpreted to reflect a dissipative chemical gating
process.

Impulse transmission in nerves and skeletal muscle fibers is
founded on transient permeability changes in excitable mem-
branes, dominantly for Na* and K*. The molecular gating
processes responsible for the permeability changes depend on
membrane voltage, suggesting the involvement of charged or
dipolar structures in the regulation of the ionic pathways.
Considerable effort has been expended to analyze capacitative
components of membrane current so as to isolate displacement
currents attributable to gating processes (1, 2).

The kinetics of ionic permeability changes in squid axon
membranes were first described by Hodgkin and Huxley (H-H)
(8). When the voltage-clamped membrane is suddenly depo-
larized, i.e., when the normally more negative potential of the
cell interior is raised to a more positive value, there is first a brief
capacity current. This is normally followed by an inward cur-
rent carried dominantly by Na*, which peaks rapidly but then
diminishes more slowly, plus an outward K* current, which
rises slowly (msec time range) to a steady-state value. The
specific effects of pharmacological agents such as tetrodotoxin,
which blocks the Na* current but leaves K* current unaffected
(4), suggest that Na* and K* cross the membrane at different
and discrete sites.

In the classical H-H formulation, the transient increase in
the membrane’s Na* conductance, gna(t,V), is expressed in
terms of two independent variables, m and k, as a function of
time, ¢, and voltage, V, at which the current or conductance
relaxation is measured. Alternatively, the transient opening of
Na* channels can be described in terms of a single linear sec-
ond-order variable (see, e.g., refs. 3, 5, and 6). The single pa-
rameter must then represent the “open” configuration of a
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gating subunit or an elementary “opening” process in a complex
gating system (6). A general analysis of voltage-clamp data
shows that gn,(t,V) is proportional to a cubic function of this
single parameter for squid and Myzxicola giant axons (6).

Displacement currents that correlate well with the opening
of Na* channels have been reported for voltage-clamped squid
(1, 2) and Myxicola (7) giant axons and for nodes of Ranvier in
myelinated fibers (8). These capacitative currents reflect the
displacement of membrane components that respond asym-
metrically with respect to depolarizing compared to hyper-
polarizing voltage steps, and are detectable after the much
larger ionic currents have been eliminated and the linearly
voltage-dependent capacitative current has been subtracted
out by averaging techniques. This asymmetric displacement
current, I(t,V), measured as the response to a depolarizing
voltage step at voltage V, appears to be associated with the
opening transitions of Na* channels (1, 2).

The H-H model of independent m and h variables,
suggesting that independent processes are responsible for the
rise and fall, respectively, of gna(t,V) during application of a
depolarizing pulse, does not appear to be an adequate repre-
sentation of more recent voltage-clamp data, incuding the
observation that preceding depolarizing pulses appear to “in-
activate” the same gating processes that are involved in opening
Nat channels. Therefore, a formal description in which
gNa(t,V) is a function of only a single variable may lead to a
better characterization of the molecular events underlying Na+
permeability changes. As justified previously (6), such a single
membrane variable, p(¢,V), has to be the solution of at least a
second-order differential equation,

p(t) = By exp (—t/71) — Baexp (—t/73),

where the dependence of the relaxation amplitudes, 8) and So,
and the normal-mode time constants, 7; and 72, on membrane
voltage is implicit. Since gn,(t,V) is considered as a functional
of p(t,V), 71 describes the reactions gating the “opening” phase
of the permeability change. 1t is consistently found that r; <
T, the corresponding time constant of the H-H two-parameter
model. For the data (10) on Myxicola axons, the approximate
relationship between 71 and 7,, is given by 7,, ~ 1.3 7 over
a wide voltage range (6).

In Fig. 1, the 7,, values of H-H (3), assuming a resting po-
tential of —60 mV, are represented along with the 7, values
derived from the original voltage-clamp data of ref. 3 by a
normal-mode analysis using Eq. 1. In addition, Fig. 1 contains
the relaxation time constant, 7, of the fast component of the
two-phase displacement current, I, measured in squid giant
axons (11). For large values of V, where the resolution of I, into
its two distinct components is most accurate, (V) is closer to
71(V) of the single-parameter model than to 7, (V) of the H-H
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FIG. 1. Valuesof 7, (®) reproduced from table 2 of ref. 3, taking
the resting potential as =60 mV, 7, (O) from figure 6 of ref. 11, and
71 (®) from the normal-mode analysis reported in ref. 6. The solid
curve is fit by eye to the r; values.

model. Conversely, the time constant 7, of the faster asym-
metric displacemerit current may be identified with the nor-
mal-mode relaxation time constant 71, representing the struc-
tural transitions of the gating subunits from a closed, R, to an
open, R’, conformation. It is thus justifiable to associate this
component of the measured displacement current with an in-
trinsic gating reaction R —> R’ and to identify the accompa-
nying asymmetric charge movement as the “gating cur-
rent.”

Suggestion of a quadratic charge dependence

In this study, the notion of macromolecular conformational
changes, originally proposed by Nachmansohn for the chemical
control of rapid ion flows across excitable membranes (12, 13),
is extended in a model in which charge interactions are coupled
to structural changes leading to the open conformation of a Na*
channel; these interactions are proposed to be amongst the
charges, or dipoles, contributing to the asymmetric capacitance
of the axon membrane.

Fig. 2 illustrates the voltage dependence of the peak value,
ENaltmax V), of gna(t,V) in squid giant axon membranes. Since
the gna(tmax V) values should be correlated with the total gating
charge, Q4(,V), displaced during identical pulses, where

Ou=V) = [T 1V, 2

these values are also introduced in Fig. 2 for comparison.
The relationship between Qg(,V) and the peak value,

ENaltmax, V), is more complicated than a simple power law

would allow (11). The data in Fig. 2 suggest, however, that at
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] FIG. 2. Peak values of gn, (@) during various clamp voltages from
figure 9 of ref. 14, compared with Qy(=,V) (0) and [Qe(=,W)]2 ()
from figure 10 of ref. 15.
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low voltages the (approximately exponential) dependence of
gNaltmax,V) on membrare voltage is essentially identical to that
of [Qg(, V)] thus,

gNa(tmaXaV) K[Og(w>v)]2' [3]

Such a quadratic dependence is also indicated when
gNaltmax,V) is compared with the data of Bezanilla and
Armstrong (11) for the total charge displaced in the rapid
component of I, (figure 6 of ref. 11). At large values of V,
ENaltmai,V) is an approximately linear function of Q,(x,V);
this suggests that if I,(t,V) is indeed a reflection of the molec-
ular processes underlying the transient changes in gna(¢,V), then
different elementary steps may dominate the opening of Na*
channels at small and large depolarizations. For the voltage
range where gna(tmax V) «[Qgl(®, V)%, electrostatic interactions
are indicated amongst flexible charged groups of the gating
system or other mobile charges, while gxa(tmax, V) Qg{,V)
is predicted if the rise in gn,(t,V) is caused by the interaction
of charged or dipolar structures with the transmembrane
electric field. The comparison in Fig. 2 suggests that the mea-
sured polarizations may have contributions from both mecha-
nisms, with charge-charge interactions dominating at small
depolarizations.

Kinetic analysis

An extensive comparison of the asymmetric displacement
current, I,(,V), and Na* current, In,(¢,V), has been given (15).
Ina(t,V) was expressed in terms of H-H parameters, and a
single time constant, 7, was judged to describe the relaxation
of the total time course of I,(t,V); Keynes and Rojas (15) found
that 7 & 7, for the entire voltage range, =140 <V < +50 mV.
Although, in the light of recent experimental evidence
suggesting a coupling between activation and inactivation, such
a direct identification of I,(t,V) with the hypothetical “m-
particle” current of the H-H model is questionable (5, 9), one
may investigate the observation that gna(tmax, V)< [Qg(, V) ]2
from a kinetic standpoint.

The time course of gn,(t,V) shows a rising and a falling phase,
while a rising phase for I,(t,V) has not been clearly resolved:
the finding of Keynes and Rojas (15), that 7 ~ 1, suggests that
I,(t,V) is associated with the rising phase of gn,(¢,V). If, asin
the H-H model, the processes responsible for the rising and
falling phase of gna(t,V), respectively, are assumed to be
decoupled and independent, one may define a quantity,
gna(t, V), in terms of the H-H time constant 7p,:

gna(t.V) = gl =, V) [1 = exp (=t /7). (4]
gna(t,V) rises from an initial value of zero to a “steady-state”

value gy,(®,V), concurrent with the rise of Q¢(t,V) from zero
to Q4(»,V), and thus provides at least a formal basis for com-
parison of gna(t,V) with Q4(t,V). Of course, this comparison
is only meaningful if g,(t,V) satisfactorily reflects that part
of the reaction sequence which leads to the opening of Na*
channels. The corresponding expression for the buildup of total

asymmetric charge is Eq. 5:

Qg(t,V) = Qgl,V) [1 = exp (—/7)]. (5]
Obviously, if 7= 7,,, a comparison of Eqs. 4 and 5 rules out a
direct proportionality between gy,(t,V) and [Qg(t,V)]2. With
7= Tm, [L = exp (—t/7,,)]® will always have a value less than
[1 — exp (—2/7)P consequently, the relative rise of gy, (t,V) will
be slower than that of [Q,(t,V)]2. However, interesting con-
clusions follow if g, (t,V) is postulated to be proportional to the
square of some fraction Q(t,V) of Q,(t,V). For the following
arguments, it is useful to define a time-dependent parameter,
A(t,V) such that

gltY) _ [ Q4ltV) = \(LV) ]2

gNa(OO,V) Qg(w,v) - )\(co,V) |

(6]
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with Q(1,V) = Q,(t,V) — A(t,V). This defines A(¢,V) as the
“residual” fraction of Q,4(t,V), i.e., that fraction not involved
ir;] the suggested quadratic dependence of g,(t,V) on displaced
charge.

Defining normalized quantities p(t, V) and ¢(t,V) from
p(t3 V) = Qg(tyv)/og(m)v)
q(t.V) = gni(t.V)/gnal V), 7]

and also rewriting \(t,V) in terms of a normalized parameter
s(t,V), where

s(t,V) = Mt,V)/Qg(=,V), (8]
Eq. 6 can be transformed into
q(t.V) = {[p(t,V) = st, V)I/[1 = s(=,V)]I% (9]
Solving for s(2,V) yields two roots:
s(t,V) = p(t,V) £ [q(t, VII/2[1 = s(,V)]. [10]

The more negative root satisfies the required condition that
5(t,V) = s(»,V) ast — =, and yields the time dependence of
s(t,V) in terms of 7 and ,,,. However, s(«,V) is an unknown
parameter, so that the absolute value of s(¢,V) cannot be de-
termined from Eq. 10.

This difficulty can be overcome by recognizing that for ¢ >
7, one may put s(t,V) = s(;V). Defining a new variable, s v,
from the expression

q(t.V) = {lp(t,V) = s,v]/(1 = s, v), (11]

one may calculate values of s, v at all times, with s; v corre-
sponding to s(,V) at times large enough that s(¢,V) can be
assumed to have reached a steady state. The exact solution for
Stv is

p(t,V) = q@V) gt V)2 [p(t.V) ~ 1]

1—q(t,V)
The more negative root predicts s; v ~ 1 for times on the order
of 7, which would imply that all of Q,(«,V) is residual; this root
must be disregarded. Substituting p(t,V) and g(t,V) from Eq.
7 into the more positive value of Eq. 12, and setting 7 = 7, one
obtains the following approximate expression for s, v at ¢ >
T

[12)

Stv =

sy~ 1 — 281 —exp (—t/7)] +exp(—t/7)}7  [13]

si,v will approach the value 1/3 asymptotically as ¢ grows large
relative to 7. Thus, the hypothesis that gna(®, V) [Qg(, V)2,
along with the condition 7 = 7,,, has led to the prediction of a
slower component in Qg(t,V), saturating at one-third of
Qg ( *, V)

The above kinetic analysis suggests that the time constant 7
is only an approximate characterization, i.e., the asymmetry
current described by 7 actually encompasses two kinetically
distinguishable components, with the faster of these components
associated with charge-charge interactions. However, if the
opening and closing of Na* channels is accomplished via cou-
pled reactions, then the experimentally resolvable kinetics
would reflect only the normal modes of the overall reaction
sequence. As a result of such coupling, the above analysis using
the model parameter 7,,, cannot be expected to reproduce the
asymmetry current time constants even though the predictions
of the model are in qualitative agreement with experimental
results. First, the fraction of predicted residual charge is in
accordance with the fraction of Q,(,V) not influenced by
depolarizations lasting several milliseconds, after which the
immediate return transition of two-thirds of Q,(=,V) appears
inhibited (9). In turn, this finding indicates that the events that
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are responsible for the closure phase, or “inactivation,” of
Ina(t,V) during a maintained depolarization, have a dramatic
eftect on only two-thirds of the total asymmetric capacitative
charge displaced during the opening phase of the Na* per-
meability change. It may therefore be argued that the re-
maining one-third of Q,(,V), which is apparently not affected
by inactivation processes, may have initially not been involved
in charge-charge interactions accompanying the opening of
Na* channels; one-third of Q,(,V) would thus be residual.
Second, the predicted slower kinetics of this residual charge is
confirmed by the experimental findings of Bezanilla and
Armstrong (9). They resolved the time course of I,(t,V) into two
kinetically distinct components and reported that the slower
component does not correlate well with the opening of Na*
channels.

It must be emphasized that because the relationship
ENaltmax, V) «[Qg{,V)]> does not hold over the entire voltage
range, the present findings may be only fortuitous. However,
the experimental results are reproduced by the model and
suggest that at least some of the events associated with Na*
channel gating may be intimately connected with electrostatic
interactions between membrane components, the displacement
of which is directly reflected in the measured asymmetry
currents.

Another note of caution that must be attached to these
arguments concerns the values of the experimental time con-
stants 7 and 74, reported for clamp voltages more negative than
—30 mV. These values were reported for repolarization ex-
periments (15) and hence may not be representative of normal
activation processes occurring during depolarization (11). The
present analysis can therefore apply only to r,, and 7 values
determined at larger depolarizations. The fact that the qua-
dratic relationship between the peak value, gna(tmas, V), and
Qg(«,V) does not hold at high voltages may then indicate that
the “charge displacing” structures undergo further displace-
ments during large depolarizations, but that these transitions
have little influence on the opening phase of In,(t,V).

It would have been preferable to have based the above
analysis on the normal mode time constant 71. Unfortunately,
in the extensive comparison of Na*t and asymmetry current
time constants given in ref. 15, the “inactivation” time constants
7, of the H-H model are not provided, so the overall gy, curves
cannot be reproduced and a normal mode analysis could not
be performed.

In summary, a proportionality is evident between g, (tmax V)
and the square of the total displaced charge, Qg(,V), for small
depolarizations. gna(tmax V) is regarded as a direct measure of
the degree of activation, or the number of channels open,
during a depolarizing pulse. On the other hand, the relationship
ENaltmax V) «[Qg(, V)] does not hold for large depolariza-
tions, nor is it compatible with the experimentally observable
similarity of time constants, i.e, 7 = 7,,.

On the basis of arguments in ref. 11 (see above) and the
scatter of 7 values reported in figure 6 and 13 of ref. 15,
the relation 7 = 7, may be representative of gating only for
large depolarizations, say V > —30 mV. In this voltage range,
the hypothetical condition between two hypothetical quantities,
grnalt, V)< [Q(t, V)12, has been shown to imply that Q(=,V) =
(2/3)Q4(»,V) and, furthermore, that the overall displaced
charge Q,(t,V) must consist of two kinetically distinct com-
ponents; the slower of these components would not reflect
charge-charge interactions.

Cubic dependence from first principles

For squid and Myxicola giant axons gn,(t,V) can be adequately
described as a functional of a single variable, p(t,V). After
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determination of the two normal-mode time constants of p(t,V)
(see Eq. 1) from the time course of gna(t,V), the functional
relationship between gx,(t,V) and the fraction, f't,V), of
“open’” subunits can be derived. The opening and closing of
Na* channels requires at least a three-state overall-unidirec-
tional reaction cycle; solving the corresponding rate equation
for f/(1,V) (see equations 6-9 of ref. 6) and comparing the
general form of f'(,V) with that of p(t,V) (Eq. 1) dictates that
p(t.V) = f(1,V) = f'(=,V), where f' (»,V) is the steady-state
fraction of open channels at the clamp voltage V. For both squid
and Myricola axons,

gnaltV)<[f(8.V) = f(= V)P (14]

Thus, the general analysis in terms of one membrane variable,
p(t,V), suggests that the overall gna(t,V) curve can be repre-
sented by a cubic dependence on some elementary process.

If the quadratic charge dependence for small depolarizations,
Eq. 3, reflects a simple coulombic force relationship between
two charged groups on a macromolecule, the distance between
the charged but flexible groups would be dictated by the bal-
ance of coulombic and structural-mechanical forces. If two
groups, 1 and 2, carry net charges of z;e and zge, respectively
(e being the electronic charge and z the charge number, inc-
lusively the sign), and assuming structural deformations to be
small enough to be in the linear (Hooke’s law) range, then the
charge separation, 7, will be determined by the equilibrium
condition

(z129€%)/ (er®) = b(r — 10) = 0; (15]

¢ is the effective dielectric constant of the medium, b is the
“elastic” constant, and ¢ is the separation of the groups in the
absence of coulombic interactions. Eq. 15 dicates that when r
= 7, either 2 or zs, or both, have to equal zero; consequently,
when r = rg, at least one of the two groups would have to be
neutralized, e.g., by a “screening charge.” Eq. 15 may be re-
written as

212902 = ebr?(r — ro); [16]
with r =7+ ér, Eq. 16 is transformed into
21292 = eb(rg + 5r)20r. [17]

In accordance with the previous assumption of small defor-
mations, or <« o, and Eq. 17 predicts z,z9¢2 « dr.

In the single-parametric representation, the temporal char-
acteristics of gna(t,V) are described by (f/(t,V) — f/(,V))3 (see
above). The present arguments imply that the primary effect
of membrane depolarization is the inducement of an electro-
statically unfavorable environment on flexible, similarly
charged structures on a gating subunit; the opening of a subunit
would then be induced by the unfavorable electrostatic inter-
action. Kinetic data show that gn,(t,V) must be a reflection of
three such events, and hence that gn,(t,V) «(r — r)%. Accord-
ingly, the quantity f'(,V) — f/(<,V) must be a direct reflection
of the induced elastic deformation, and the membrane variable
p(t,V) represents a structural change induced by the separation
of two interacting charges belonging to a gating subunit.

As already noted, during depolarizing steps to voltages above
—30 mV, the dependence of gny(tmax, V) appears linear, rather
than quadratic, on Q4(,V) (see Fig. 2). One explanation of this
finding is that gna(tmay, V) is influenced principally by the
initial displacement of the structures responsible for Q4(=,V),
with subsequent displacements not having a significant effect.
The comparison of ga(tmax, V) with normalized Qg(,V) can
only be justified if Q,(«,V) reflects the same processes in all
voltage ranges, If, for example, Q,4(=,V) reflects the reorien-
tation of interacting flexible charged groups, then Fig, 2 would
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suggest that these charged groups, or mobile charges, can be
displaced in excess of the displacement needed to open Na*
channels.

Within the framework of the molecular model suggested
here, the predicted residual charge of one-third of Qg(,V) may
reflect the displacement of the “screening” charge, or charged
group, implied by Eq. 17. Since such a screening charge would
not partake in the indicated charge-charge interactions, it would
appear as “residual” in the analysis of the previous section.
Alternatively, the residual charge may represent the late
movement of the interacting charges themselves, as described
in the preceding paragraph. Finally, there may be intermediate
reactions between the processes represented by the left- and
right-hand sides of Eq. 17. If r — ro in Eq. 17 is a direct indi-
cation of the fraction of gating subunits in the “open” config-
uration, then intermediate reactions are suggested by the dif-
ferential effects of hyperpolarization (15) and the presence of
heavy water (2H20) (16) on sodium compared to asymmetry
currents. Hyperpolarization appears to induce a delay in the
rise of Ina(t,V) and heavy water slows the overall kinetics of
Ina(t,V); yet, in both cases, asymmetry currents appear to be
unaffected.

Chemical gating scheme

The electrical, and some biochemical, properties of excitable
membranes have been explored intensively, yet the molecular
mechanisms underlying the dynamic permeability changes
remain unknown. The theoretical approach here is presented
asa working hypothesis, since it can, within the framework of
certain assumptions, predict and reconcile disparate experi-
mental results, as well as account physically for the inherently
cubic dependence of gx,(t,V) on an elementary process oc-
curring at the lowest organizational level. A more detailed
molecular interpretation of the observed electrical properties
would require chemical information on specific permeabil-
ity-regulating structures. Existing physical-chemical ap-
proaches suggest that control of the rapid transient permeability
change should be interpreted in terms of dissipative chemical
models. The large heat changes accompanying the action po-
tential can be realized if gating of ionic channels involves the
dissipation of free energy due to “some substance being used
up”’ during gating. It has been suggested (12, 13) that the acti-
vator-receptor concept, now widely accepted for synaptic
control reactions, plays a key role in the regulation of all rapid
ionic permeability changes. (A recent review of physical-
chemical gating concepts is given in ref. 17.)

The opening and closing of Na* channels, when expressed
in terms of a single membrane parameter, requires a cyclic
reaction scheme including dissipation (6). In line with the tra-
ditional interpretation of voltage-clamp data (see, e.g,, ref. 11),
the reaction scheme of Fig. 3 may be proposed. In this scheme,
channel permeability would be controlled by a basic excitation
unit composed of three subunits, with only the Rg configuration
of the gating system representing the “open” configuration. The
opening of a channel would be represented by the sequential
transition along the pathway

Rs > RoR” — RR; — R,

whereas the closure phase (inactivation) would be modelled by
the practically irreversibly occurring reaction Rg — Rj. Upon
repolarization of the membrane before appreciable inactivation
has occurred, the return transition to Rg proceeds reversibly
from RoR’, RRy, and Rg. Once the gating system is in the “pool”
of inactivated conformations Ry, however, the return to Rs

proceeds almost exclusively along the reaction path R;—
Rs.
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[closed) Ry = R,R" = RR;

N

(inactivated closed) Ry == R; (open)

F1G. 3. Proposed chemical cycle for Na* channel gating.

Provided that the reaction steps from Rg to Ry (along the
curved arrow in Fig. 3) occur on time scales of the same order
of magnitude, the failure to resolve a definite rising phase for
the asymmetry current would indicate that the first reaction
step, Rg — RgR’, is already associated with some charge dis-
placement. In this gating scheme, the variable p(t,V) would
represent the intrinsic transition R — R’; consequently, the
charge-charge interactions must be such as to shift the reac-
tion

Ky
R=—R’
kb
to the right when the membrane is depolarized, i.e., such that
ki(V) > ky(V).

According to arguments following the kinetic model pre-
sented above, charge-charge interactions are predicted to be
mainly amongst structures contributing to the “fast” component
of the squid axon asymmetry current. Furthermore, the pro-
portionality between gn,(fmax V) and the square of the total
displaced charge is evident only in a voltage range considerably
more negative than the voltage range wherein 74(V), the time
constant characterizing the fast component of the asymmetry
current, has a maximum, namely, =15 <V <0 mV (figures 5
and 6 of ref. 11), again suggesting that charge-charge interac-
tions are mainly associated with the fast asymmetry current.
Thus, the principal effect of the altered electrostatic interactions
between displaceable charges must be such as to destabilize the
R conformation relative to R’ (by reducing k). The forward

transition, R & R’, may also be sensitive to membrane volt-
age, accounting for the approximately linear relationship
ENaltmar, V)= Qg(w,V) at more positive voltages. One possibility
is that k¢(V) reflects the stability of a certain configuration of
the same charges or dipoles responsible for the quadratic charge
dependence exhibited at more negative voltages (small depo-
larizations).

The effects of a prolonged (5-10 msec) depolarization on
asymmetry currents suggest that at least a part of the reaction
sequence responsible for the observed charge displacement
involves a slowed return transition. After termination of a long
depolarizing pulse by repolarizing the membrane to =70 mV,
only 1/3 of the charge displaced asymmetrically during de-
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polarization returns with measurable kinetics (9). Although the
remaining 2/3 of the charge returns with very slow kinetics
when the repolarization voltage is lowered to values more
negative than —70 mV (18), the apparent slowing of charge
movement can be interpreted so as to suggest the involvement
of (consumptive) dissipation in rapid Na* channel gating.

In summary, it appears that a single-parameter model can
be consistently combined with first principles of electrostatic
interactions in conformationally flexible gating molecules to
describe basic observations on ionic and capacitative currents
in excitable membranes. The measured charge displacement
can be identified with an elementary gating reaction within an
oligomeric gating system, and the dissipative element in the
gating cycle is modeled by the inhibited mobility of asymmetric
charge during the inactivation (closure) phase of the transient
Na* conductance change.
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