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AN ION-SITE INTERACTION MODEL FOR SODIUM CURRENTS IN THE GIANT AXON
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The time and voltage dependence of sodium currents in the Myxicola giant axon were examined as functions of the external
sodium concentration. The results were incompatible with a model of free diffusion through a gated channel. but lent
themselves to analysis in terms of a model involving a positive cooperative homotropic reaction in which Na* interacts with
two allosteric sites — a regulatory site and a transfer site — at the *sodium channel’. The time-dependent solution of the rate
equations describing the kinetics of the transfer reaction was derived as an expression describing the sodium current as a
function of ti ne. membrane potential and external sodium concentration. This function was used to test the validity of the
model by its ability to predict the nerve excitability properties. The predicted i-v and i-r curves fitted the experimental results
(p <0.005 and p < 0.05, respectively). The computed parameters of these functions are consistent with other experimental
results. The possibility of a noncooperative reaction was rejected.

1. Introduction

Experimental evidence incompatible with the
notion that the membrane ionic currents can be
described in terms of the laws of electrodiffusion is
continuously accumulating. This evidence in-
cludes: the tendency of ionic currents to saturate
as the concentration of permeant ions is raised
[1.2]. the dependence of sodium permeability on
external sodium concentration [3], the attenuation
of sodium currents in ‘open channels’ by other
cations [4,5], the dependence of the ionic selectiv-
ity on internal or external ion concentration [6.7].,
the deviation of the reversal potential from the
Goldman-Hodgkin-Katz equation predictions [8],
and the effect of neurotoxins, which stabilize gates

* Present address: Department of Bicchemistry. George S.
Wise Faculty of Life Sciences. Tel-Aviv University, 69978
Ramat-Aviv, Israel.

0301-4622 /84 /503.00 © 1984 Elsevier Science Publishers B.V.

at the open state, on the ionic selectivity in neuro-
blastoma membrane [9].

To account for these findings, various modifica-
tions of the free electrodiffusion model, as well as
some new models, were proposed. In essence, these
models incorporate ion transfer through ‘channels’
with fixed energy barrniers. The early models for
‘Na™ transfer’ were based on the ‘single ion pore’
model [1,10-12]. Although successfully describing
many of the membrane permeability properties,
the single ion restriction was subsequently re-
moved [6] to account for ion flux coupling [1,13,14},
as well as for the asymmetric nature of the con-
centration dependence of ion selectivity [2]. Fur-
thermore, there is evidence pointing towards
sodium current control by allosteric interactions in
the ‘open sodium pore’ in the giant axon {15-17]
and in neuroblastoma celis [9].

This presentation attempts to describe the gat-
ing mechanism and the open pore properties [1.18]
as dependent entities of a transfer process in the
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sodium channel involving a voltage dependent,
positive, cooperative reaction. Na™ being the posi-
tive effector and the substrate. The validity of this
model i1s tested by comparing the experimental
sodium current as a function of time. membrane
potential and Na* concentration in the external
solution with the model’s predictions.

2. Materials and methods

Myxicola giant axons were dissected and
mounted. as described by Goldman and Binstock
[19]. and voltage-clamped using the methodology
described by Adelman et al. [20]. Series resistance
error was partly compensated for on-line [21],
while the remaining error was corrected analyti-
cally off-line [22]. The axons were externally per-
fused by artificial seawater (ASW) solutions con-
taining various sodium concentrations (the normal
sodium concentration in ASW is 0.43 M). Osmo-
larity was maintained by substituting Tris for Na™*.
Temperature was held at 5 + 1°C.

A minicomputer system generated the com-
mand potentials. and controlled the sampling of
currents [22]. Holding potential values equal the
resting potential. The mean value of the resting
potential was — 65 mV. Pairs of pulses were given
to axons at 15-s intervals. Each pair consisted of a
50 ms hyperpolarizing prepulse to —65 mV (rela-
tive to resting potential) and a 12 ms depolarizing
test pulse. in the range +40 to +100 mV. The
currents were sampled at 100 kHz and were low-
pass filtered by the running (three points) average
method [23]. and corrected for baseline shifts and
leakage [22]. Sodium currents were obtained by
subtracting potassium currents (measured in ASW
containing 300 mM tetrodotoxin (TTX)) from the
total membrane currents.

Model parameters were optimized to fit the
cxperimental results (average from 30 prepara-
tions) using a nonlinear, least mean-square tech-
nique |24}

3. The model

The effect of external sodium concentration on
sodium currents is analyzed in terms of a model

consisting of a homotropic cooperative reaction
where Na™* is both the substrate and a positive
effector. The reaction is assumed to involve two
allosteric sites, a ‘regulatory’ and a ‘transfer’ site
which are parts of an assumed channel compo-
nent. This two-sites component is designated as E,,
or E¥ (see the reaction scheme in fig. 1A) accord-
ing to whether the regulatory site is activated or
inactivated. respectively.
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Fig. 1. (A) A cooperative reaction scheme for sodium transfer
through the ionic channel. 0 and i. outer and inner sides of the
membrane, respectively. EZ. inactivated component E consist-
ing of two allosteric Na™ binding sites: E,. activated compo-
nent E; E-NA, E-Na, regulatory site and both regulatory and
transfer sites. respectively. occupied by Na*. C and O, closed
and open sodium channel states. (B) The simplified scheme of
the cooperative transfer reaction. k;. & _, and k.. A _,. reaction
rawe constants of Na* binding with the regulatory and transfer
sites, respectively. in the external part of the ionic channel; &”,
k” and k’, k _ . reaction rate constants for Na™ binding in the
internal part of the “channel’. k*, k%, reaction rate constants
of the voltage-dependent activation of Ef. (C) A non-coopera-
tive transfer reaction scheme. E(1). E(2). two activated nonal-
losteric sodium-binding sites, E-Na'?, E-Na‘®, activated com-
ponents occupied by Na™; k., k_; and k’, k_ . reaction rate
constants of each reaction (subscripts (1) or (2)) for Na*
binding in the external and internal parts of the ionic channel.
respectively. A*. k (subscripts (1) or (2)). reaction rate con-
stanis of the voltage-dependent activation of E*(1) and E*(2).
respectively ([E*J(1). [E*}(2). inactivated nonallosteric
sodium-binding sites.).
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According to the model, following an increase
in the membrane potential, the inactivated regula-
tory site becomes available mainly to external
Na™ (step 1 in the reaction scheme, fig. 1A). This
is assumed to be part of the traditional gating
process. The subsequent binding of Na™ to this
site causes, by an allosteric effect, an increased
affinity of the transfer site to bind Na™ from both
internal and external solutions. This capacity to
interact with Na™ in both solutions is attributed to
voltage-dependent, conformational rearrange-
ments in the active component E between states
available to Na™ in the external solution (state O)
and in the internal solution (state i) (Fig. 1A).
Thus, the transfer process follows the mechanism
of transfer by a carrier [25], and the kinetics of a
voltage-dependent enzymatic reaction. In the reac-
tion scheme given in Fig. 1A, E§. E-Na, and
E-Na, dznote the component with an inactivated
regulatory site, that with an activated regulatory
site occupied by an Na™, and that with both
regulatory and transfer sites occupied by Na™,
respectively. The subscripts o and i refer to com-
plexes at the external and internal membrane
surfaces, respectively. According to the model, the
transfer process 1is associated mainly with the
transformation of E-Na,(o) to E-Na(i) and vice
versa (i.e., E-Na, (i) to E-Na(o0)).

In view of the lack of information regarding
transformations within the membrane, steps 4-6
and 6-8 (see fig. 1A) are merged to give the
simplified scheme presented in fig. 1B.

This scheme will be the basis for the fitting of
the model with the experimental data. In this
reaction scheme, k&, and k_, denote the rate con-
stants of the regulatory reaction, k, and A_, those
of the transfer reaction, & _ and & the overall rate
constants of Na; binding to the transfer and
regulatory sites, respectively; and &’ and &7 de-
note the rate constants for Na™ release from these
sites to the inner solution. Thus, the curved arrows
define the reactions within, or at the inner surface
of the membane. X* and A* denote the rate con-
stants of the voltage-dependent activation of the
regulatory site. These rate constants are assumed
to take finite values only during a change in
membrane potential. Under a constant membrane
potential (voltage clamp conditions) k* and k*

are assumed to be equal to zero. The membrane
potential dependence of the ion-transfer rate is
assumed to follow the Eyring theory [26]. Linearity
has been assumed for the dependence of the free
energy on the electric potential for each step of the
transfer reaction. The linearity factor (8) was
determined numerically by fitting the computed
and experimental data.

The voltage dependence of the reaction rate
constants is defined as follows:

ky =k, exp(8,}) (1)
ky ="y exp(8,1) 2
k' =Kk exp(—8&V) (3)
k™ =Fk"exp(—68,1) (4)

where V=(zF/RT)E,. k_,. k_,. k_ and k”
have the analogue expression except for the change
of sign in the exponents. The bars denote rate
constants independent of membrane potential.

These definitions follow the assumption that
the affinity of the site for Na™ increases when the
membrane potential becomes more positive. The
voltage dependence of the rate constants of the
reactions in the inner and outer membrane surfaces
(8;, 8, and §,, 8,. respectively) was assumed to be
different, while at each surface it was assumed to
be equal for both regulatory (§,. 8,) and transfer
(8,, 8;) reactions.

In analogy to allosteric interactions in protein
molecules participating in cooperative enzymatic
reactions, the proposed reaction is assumed to be
controlled by conformational rearrangements in-
duced both by the membrane electrical field and
by the binding of Na™* to specific sites in the ionic
channel. Also, in analogy tc the process in a
‘single ionic channel’ [27], the transfer reaction
intermediaries denoted to the right of the inter-
rupted vertical line in fig. 1A corespond to an
open channel state, whereas those to the left corre-
spond to a closed state. The intermediary E-Na
represents an open channel state, since according
to the assumed allosteric effect, ions that bind to
E-Na, an occupied regulatory site, can be trans-
ferred through the ionic channel.

Sodium currents at various membrane poten-
tials and sodium concentrations will be described
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by the kinetics of the cooperative transfer reaction
under the following assumptions: {1) The flow of
sodium current, in the voltage and space-clamped
membrane, does not involve an ion concentration
change in the membrane. The changes in Na™
concentration on both sides of the membrane are
due exclusively to the transfer of the ions through
the membrane. Thus. for sodium current, the Na*
concentration change in the internal solution.

[Na ] is given by [15]:
[Nay] = (-4/(Fd)) In,=flx, (5)

where F is Faraday's constant, d the axon diame-
ter and 7, sodium current density. The square
brackets are used to denote molar concentration,
and the overriding dot denotes the first derivative.
throughout. It is easy to show that the factor (f)
relating [Na; ] to 7, is such that. for an axon 400
pm in diameter, an internal sodium concentration
change of 1 mM/s is equivalent to a sodium
current density of 1 mA /cm®. (2) The membrane
may be considered homogeneously charged (low
ionic channel density). and the ionic solutions near
the membrane homogeneous (this assumption im-
plies constant ionic strength and no ionic binding).
Thus. the ionic concentrations near the membrane
are linearly related to the bulk concentrations,
according to the Boltzman distribution. (3) Under
constant surface potentials (‘fixed charges’ on the
membrane matrix [28]). the linearity factor relating
sodium concerntration near the membrane and in
the bulk solutions remains the same for different
membrane potentials.

According to the model. the time-dependent
solution of the transfer-reaction rate equations
defines the time. membrane potential and [Na™]
dependence of the membrane sodium currents.
The rate equations according to the reaction
scheme presented in fig. 1B and eq. 5 are:

[E-Na,]= —(k_.+k")[E-Na,]
+(ky{Nag] +4_[NaJ])[E-Na] (6)
[E-Na} = (k_,+ k")[E-Na,]—(k_, + k5[ Nag]
+k_{Nar]+&”)[E-Na]
+(k,[Naj] + k7 [Nal])E] (7

[E]l=(k_, + k”)[E-Na]
—(k,[Nag] + &7 [Nar] + £*)[E] + &~ [E¥]
(®)
I, =7 '[Na;] =f"{k'[E-Na2]
+(k” — k_[Nay])[E-Na] — & [Na;? ] [E]}
(9)
E,.=[E] +[E-Na] + [E-Na,] + [E¥] (10)

The concentration of inactivated sites E§ was as-
sumed to be constant under voltage clamp condi-
tions. as k* and k* were assumed to equal zero
under a constant membrane potential. Under these
conditions eq. 8 becomes redundant. Also, [E§] is
assumed to be negligibly small at the depolariza-
tion potentials used. The full sequence of the
solution of the rate equations is given in the ap-
pendix.

Substitution of the time-dependent solution to
egs. 610, i.e.. the functions [E-Na], and [E-Na,],.
in eq. AS yields an expression for sodium current
as a function of time, membrane potential and
sodium concentration in the solution near the
membrane:

IN;x =f_ ‘Cl {(k, -+ k’—,[Nar] )all/(all + A'l)

x (exp{ A1) — Ay /A5 exp(Asr)

(A=A /A,) +(k" + ki'[Naf]

—k_ [Na?] Y(exp(Ayr)

=X /Ao (ay +A5)/(a + Ay) exp(Asr)

+ (A, — >‘:)an/(xz(an + }‘1)))}

_k,—'[Na?](Em(_[E(’r]) (11)
where A, and A, are the inverse values of the
system’s relaxation times and C, an integration
constant (determined in the appendix).

An expression for the peak sodium current vs.

membrane potential (i-v curves) is obtained by

inserting a zero value for the first derivative of the
expression for fy, vs. 1 (eq. A5).

Ina,.. =/ (k" + kZ[Na?])[E-Na,]

—(&_[Na] —&” — £Z[Na}])[E-Na])/
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(k_ — k”)[E-Na]

- k”[E-Na,]+k”(E.—[E%])) (@2)

Egs. 11 and 12 * were used to reproduce the
experimentally defined characteristics of the rela-
tions: Iy, vs. ¢ and peak Iy, vs. v (i-v curves),
respectively.

For comparison, an additional model was tested,
which evolves two nonallosteric binding sites in
the ‘Na* channel’ (E(1), E(2)) (see fig. 1C). In
analogy to the model in fig. 1B, A°(1), A_(1) and
k’(2), k_(2) denote rate constants in the inner
interface of the membrane. &,;(1). &_,(1) and &,(2),
k _;(2) denote rate constants of the reactions in the
outer interface of the membrane. £*. k* denote
rate constants of the voltage-dependent activation
process of components E*(1) and E*(2). The
expression for peak sodium current vs. membrane
potential (i-v curve) according to the reaction
scheme in fig. 1C is:

Ina =1 H(&(D[E-Na](1) + £’(2)[E-Na](2))

—(k_(DIEJ1) + k_(2)[E}(2))[Na}]/
(k_(DIEIM) +4_([EI(2))} (14)

4. Experimental
4.1. Sodium i-v curves

A comparison between the experimental and
computed peak current vs. membrane potential
* The fitting procedure was done in two stages, in order to

work with a minimal number of unknown parameters. In the
first stage, an alternative derivation for the peak Iy, vs. v
function has been used (eq. 13). under the approximation of
steady-state condition at the peak sodium current (Jy, = 0).
This approximation is reasonable during small depolariza-
tions when the reverse reaction rate is very small (see egs.
1-4 and 12).

Iy = B —[EE]) (& + k7 [Na7 ]
—(k_[Naj 1—k"—&Z[Na} D(k"+k_3)
/(ka[Nag 1+&_[Nay 1))/ ((& +k-3)
/(ka[Nag ]+ &_[Na} )+ (k_a+ &7 )(koy +&7)
/((k2[Nag ]+ &_[NaJ [)(k,[Nag ]+ 42 [Na] 1))

+1)~ &2 [Naf (£ —[ES]) 13)

(i-v curves) at various sodium concentrations is
presented in fig. 2. The computed values were
obtained using eq. 12, into which the volitage-
dependent rate constants were inserted acccrding
to eqs. 1-4 (for the full derivation see appendix).
The curves represent the computed values. ‘wvhich
gave the best fit with the experimental data as
obtained by using a nonlinear least-mean-square
technique * (see section 2). The measured peak
sodium current densities (symbols) are averages
from 30 preparations.

Table 1 lists the computed parameters evaluated
from the fit of the model with the experimental
data. The x* test was used to evaluate the fit of the
experimental /-v curves with those predicted by the
model (eqs. 12 and 13). The fit is very good
( p <0.005). The relations between the computed

* See footnote, this page, column 1.
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Fig. 2. Peak sodium current density (mA /cm?) as a function of
membrane potential (mV) (i-v curves) at various external
sodium concentrations (mM) (indicated by each curve). Experi-
mental values obtained in different Nag concentrations are
dencted by different symbols (430(QO), 390(m). 350 (v). 300(v),
250(a), 200(a), 100(0)). Each value presents an average from
30 axons. The solid curves were computed on the basis of a
cooperative reaction kinetics (fig. 1B) according to eq. 12. The
extrapolated experimental reversal potentials are indicated on
the v-axis (see text).
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Table 1

The calculated parameters for the cooperative model (fig. 1B) derived from sodium -0 curves according to eqs. 12 and 13

v =89
x31=236

k_1/k,=(0.68+0.06)"

LE,., = (212+0272 1077
A 8§, =8, =(0.78+0.04)

_Eu =(6.6+085)%x107*

o~

k_,/k,=008+£50%x10"?
k, =(28+0.1)x10?

K E, =(02+001)2 x10"*
k" E,, =(0.25+001)> x10"*

The parameters were obtained for the best fit (minimal x~ value) of the experimental to computed results, using a nonlinear regression
method [24]. v defines the number of degrees of freedom, & _ . Ay denote the rate constants for Nag dissociation (s™ 1) and binding (s
mol) " ') in the regulatory reaction. at 0 mV: k_,. A, denote these rate constants in the transfzr reaction; &%, &_ denote the rate
constants for Na ! dissociation and binding. repectively, in the transfer reaction: &7, &7 denote these rate constants in the regulatory

reaction: £, (M) denotes total concentration of active sites. The parameters are represented by the squares of the values +5.D.
tdetails are given in the text). §; and §; (defined in eqs. 1 and 2): 8, and §, (defined in egs. 3 and 4) are eaual ta 1.0 thraughout the

calculanons.

values of the rate constants are consistent with the
characteristics of a cooperative mechanism, i.e..
the affinity of the transfer site (k,/k ,) is an
order of magnitude larger than that of the regula-
tory site (A, /k ). The rate constant of inward
Na ' release from the regulatory site (A7) is statler
by two orders of magnitude compared with that
from the transfer site (A7), The value of the ratio
A 7k s also close to the normal Na ' concentra-
tion in ASW, as would be expected if such a
mechanism operates under physiological condi-
tions [29]. Also, the values of the rate constaats of
the transfer reaction (& . and &,) are compatible
with the mean open time of o single channel
determined from patch-clamp analysis [27].

The experimental data ilustrated in fig, 2 are
redrawn in figs, 3 and § to display /7, as a
function of {Na ] (in anatogy with a reaction rate
oo the substrate concentration) at various poten-
tials {indicated by different symbols for the differ-
cnt membrane potentials). The experimental data
show relationships which are compatible with co-
operative kinetics, However, the S-shaped relation-
ship tvpical of cooperative kinetics is not evident,
as the concentration of isotonice Na ' is not suftti-
ciently high to reach saturation. The curves ap-
proach saturation only at hypertonie concentra-
nons, as illustrated in fig, 4, which depicts, for the
vomputed vadues of Ty, vs [Nagd ) o wider Nag,
concentration range (= 3.5-times the normaal Na!
concentration in ASW)., With increasing mem-
brane potential, saturation is reached at lower
N, concentration, and the degree of cooperativ-

ity is increased as expressed by the slopes of the
curves in figs. 3 and 4 [29]. For the computed data
in figs. 3 and 4 this evolves from the assumption
that the affinity of the active sites to Na' in-
creases with increasing membrane potential (eqgs.
1-4).

The same analysis was carried out on the ex-
perimental data assuming a reaction mechinism
which involves two nonallosterie sites (veaction
scheme in fig, 1C) according to eq. 14, The curves
in fig. 3 represent the computed values, which gave
the best fit with the experimental data. ‘The fit is

BRI 5(”"/':‘-3)

2 a
[Na:) (M)

Fig. 3 Peak sodinm current density as o function of external
sadium cancentration, at various membrane potentials, The
experimental values (same as in fig, 2) are denoted by Jdifferem
symbols for each membrane potential (indicated by each curve
-7 mV @), —17 mV (a), —-22 mV(a) —I2 mV(E), -4
mV(®)). The curves were computed on the basis of cooperative
reaction hinetics {fig, 1B) according to eq. 12 (se¢ text).
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Fig. 4. Computed values of peak sodiumm current density, as o
function of sodium coneentration in the external solution i the
range G.05-1.5 M, for different membrane potentials indicated
by cach curve (V). The vurrent values were computed on the
basis of a vooperative reaction hineties (fig. 18) avcording o
e 12 e text) The asrow indicates sodium coneentration in
AS\W,
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Fig, 5, Peak sodium current density as a function of external
sodium concentrations, at various membrane potentials, The
oxperimental values (same as in iig, 3) are denoted by different
symbaols for each membrane potential (indicated hy each curve
(mV)), The curves were computed an tho hasis of a noncooper-
ative reaction kiketies (fig. 10), according to eq, 14 (see text),

very poor ( x? corresponds to 0.75 < P < 0.9). Thus,
the experimental results are incompatible with this
model. Similar incompatibility was obtained for an
assumed reaction involving one binding site.

Two more characteristics of the sodium i-v curve
were derived according to the model (fig. 1B):

4.1.1. The reversal potential

The predicted intercept of the i-v curve (accord-
ing to eq. 12 with the v-axis (i, = 0) should be the
reversal potential (Ey,).

The reversal potential is generally defined as
the potential at which the net current equals zero
at any time. According to the model, the expres-
sion for £y, was derived by setting zero net sodium
current in eq. 9 * and the expressions for [E-
Naj, . . and {E-Na,l, . __ (egs. A10 and Al1). The
expression obtaised from eq. 9 * is:

("'Q[N““ +,"—[Nai.])/(,\lz+,\")
—k [Nag )k (15)

By inserting the voltape=dependent eelationships of
the rate constants (egs. 1-4) into eq. 13, the
expression obtained for the e curve intervept with
the r=uxis is:

Ew=(28,=8,)) 'RT/20{n(k K ,/k'%,)
+n([Nag]/[Na/ )} (16)

After inserting the values of §; and 8, and the rate
constanty at zero potential (see table 1) in ey. 16,
the expression for the predicted £y, was obtained.
For an external sodium concentration of 0,43 M
the predicted £y, was 0.98-1.28-times the Nernst
potential, For an external sodium concentration of
0.2 M, the predicted Ey, was O.8—1.03-times the
Nernst potential. Thus, the predicted =1 curve
intercept approxtmately equals the Nernst equi-
librium potential value [1,30-232]. The experimen-
l £y, values were evaluated by linear extrapola-
tion from the measured sodium currents near these
potentinls (fig. 2), The predicied £y, values fit
with the experimental values for the various exter-
nal Na* concentrations (see Fig, 2),

* A k", which are negligibly small relative (0 &% h_ (seo
table 1), have heen neglected for the sake of simplicity,
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4.1.2. The instantcneous i-v curves

The instantaneous i-v curve characteristics may
be reproduced according to the model using the
expression for sodium current vs. time (eq. AS *),
and the boundary condition at 7 =0 (eqs. A6 and
A7), which exists during the instantaneous poten-
tial step. as long as A, A, are sufficiently large (eq.
11). This is subsequently shown (see p. 294). Fol-
lowing the incorporation of this condition into eq.
A3, an expression for the slope of the instanta-
neous sodium #-v curve is obtained:

(Ina,, = Ina, )/ (Ey — Eaj
=f"{[E—Na-_,],_-“7\"(exp( —8;XE;)
—exp(—8,XE,))
+ [E-Na] ;& _[Na; ] (exp(8; XE,)
—exp(8; XE)) } /(E; — E>) (17)

where X=:F/R7. E, and E, are membrane
potentials after the instantaneous potential change,
and E, the membrane potential preceding the
potentiai step. After expanding the exponents in
¢q. 17 into Maclaurin’s series, and using the first
two terms in the series, the following expression
for the slope of the instantaneous i-v curve is
obtained:

di/dE= —f'(k’[E-Na,],,
+k_[Nal}[E-Na]l . J(=F/RT )8, (18)

Thus. the chord conductance seems, according to
eq. 18. to be independent of the instautaneous
‘post” potentials E; and E, for small values of
membrane potentials (in the range of approx. +20
mV). and to be dependent only on the potential
preczding the instantaneous step. as was experi-
mentally determined for a reasonably wide poten-
ual range {33.34].

4.2. Soditn i-r curves

The time-dependent solution of the reaction-rate
equations (eqs. 6-10) yields an expression for

* Sce footnote. p. 291.

sodium current vs. time, membrane potential and
sodium concentration in the external and internal
media (eq. 11). Most of the reaction rate constants
in eq. 11 were obtained from the optimal fit of the
computed to experimental sodium /-v curves (using
eqgs. 12 and 13), as described in section 4.1, and
inserted in eq. 11, in order to establish the fit of
enperimental with computed currents vs. time. Two
additional parameters, the regulatory reaction-rate
constant (k;) and the total concentration of active
sites ( E,, ) were required to ecnable the complete
description of the time dependence of the currents
by the model. These parameters were calculated
for two sodium concentrations by fitting the ex-
perimental curves to the predicted ones (eq. 11)
(table 2). Fig. 6 presents the fitting of computed
(solid curves) to experimental (dashed curves)
sodium currents. The experimental results seem to
be reasorably predicted by the model. The x?
goodness-of-fit test was used. p < 0.005 was ob-
tained for the lower Na; concentration (200 mM),
p < 0.05 was obtained for the data measured in
ASW solution (430 mM). The x> values were
computed considering both the experimental er-
rors and the computed errors of the parameters
calculated from the i-v curves (table 1).

INa (mA/cmz)

-16

-20

Fig. 6. Sodium current density. experimental (symbols on inter-
rupted lines) and computed (solid curves). as a function of
time, at membrane potentials of —20 mV (open symbols) and
— 10 mV (closed symbols). Sodium concentrations in the exter-
nal solution are 0.2 M (squares) and 0.43 M (triangles). The
computed curcents were obtained on the basis of a cooperative
reaction kinetics (fig. 1B) according to eq. 11 (measured cur-
rents in axon no. ML7728).
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The calculated parameters for the cooperative model (fig. 1B) derived from sodium i-¢ curves according to eq. 11
[Najg =043 [Nall=0.2

E,, —20 -10 -20 - 10

4 26 24 21 16
x? 14.3 13.7 2.7
Em +AE, (1.06 +0.08)2 x10~*
k,+ AR,

(0.914+0.08)* x10~>
(1.63+0.13)2 x10?

29

(0.96 +:0.07)2 x10~3
(1.9+0.17)* x 10*

(1.44 £0.06)* x10~3
(1.15+0.12)* x10* (1.03+0.07)* % 104
The currents were measured at membrane potentials of —20 and — 10 mV. Sodium concentrations in the external solution were 0.2
and 0.43 (mol/1). The parameters were obtained for the best fit (minimal x2) of the experimental and computed data by using a

nonlinear regression method [24]. » defines the number of degrees of freedom. %, the value of the regulatory reaction rate constant
(s"'* M~ Y at 0 mV. and E, . (M) the total concentration of active sites (details are given in the text).

The values of the computed parameters (see
tables 1 and 2) are consistent with other experi-
mental results:

(1) The values of the rate constants of the
regulatory reaction (7\-, and Z;,) are compatible
with the time constants for ‘opening’ of sodium
channels estimated from gating current analysis
[35]. These rate constants are also greater by 4
orders of magnitude than the corresponding rate
constants in the inner side of the membrane (A"
and &7), which is consistent with the notion that

the regulatory site is available mainly to Na”* in
the external solution.

4 F : A 2 S
h
Hoh s
:
; Q
2} i A T
i 2
\ AN [ENa] S
e [E-Na]
) T4 T =8 '

t (ms)

(2) The computed values of the relaxation times
iA7T'. A3 at 0 mV, and Na} concentration of
043 M - 0.055x 1072 s<[A;}<0.062%X107% s
and 0.77 x107%s <|A3'|<0.87 X10™* s — were
obtained by substitution of the computed rate
constants into eq. Al6, and are of the same order
of magnitude as those of the time constants of the
onset (m) and decay (h) processes, respectively, of
sodium current in the Hodgkin-Huxley axon
model. Obviously, |[A; !} is also compatible with the
experimentally estimated time constant of the gat-
ing current turn-on [18,35). The dependence of the
relaxation times on external sodium concentration

8
t (ms)

Fig. 7. The time dependence of the concentration of the intermediaries ([E-Na] vs. r. [E-Na,] vs. r) (defined in the reaction scheme,

fig. 1B), and tiie computed sodium currents (interrupted lines). The curves were computed according to eqs. A10, A1l and A5 (see
text) for normal external sodium concentration (ASW) and two membrane potentials: (A) —10 mV, (B) —20 mV.
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(eq. Al6) quantitatively predicts the dependence
of sodium current pattern ([, vs. 1) on Na}
concentration (further discussed on p. 295 and fig.
8).

According to the model, the function describing
I, vs. t (eq. AS) is a linear combination of the
intermediaries’ concentration ([E-Na}] and [E-Na,])
vs. ¢ functions. Fig. 7 shows the intermediaries’
concentration changes and the computed sodium
current densities (fig. 6) for two depolarization
potentials and for normal NaJ concentration (430
mM). It can be seen that the rising phase of
sodium current roughly follows the falling phase
of [E-Nal],. while the decay of the current follows
mostly the decay of [E-Na,],. This illustrates the
analogy between the intermediary E-Na and the
open channel concept.

4.3. Sodium channel density

On the basis of the assumption that protein
molecules spanning the phospholipid matrix of the
membrane (the model of Singer and Nicholson
[36]) construct the ionic channels [37]. the sodium
channel density can be estimated from the value of
E,,, according to the model. if E is identified with
the sodium channel. Under these assumptions the
average total concentration of active sites £, per
unit volume at — 10 mV (table 2) was translated
into sodium channel density per unit area. The
value obtained was approx. 100 channels/pm?.
which is in the range of the predicted values for
sodium channel density in the giant axon. ob-
tained in experiments using the inhibitory effect of
TTX (324 sites/pm?® [38)). or gating current analy-
sis (220 sites/pm” [39]).

5. Discussion

In the described model. Na* is the substrate
and a positive effector in the cooperative transfer
process of Na™ through the activaied membrane.
Within this framework. the membrane-conduc-
tance changes associated with excitability are a
function of sodium concentration in the external
and internal solutions as well as of potential. This
is contrary to the *independence principle’ predict~
ions [30]. whereby Na™ is a charge carrier trans-

ferred by electrodiffusion through voltage-gated
channels.

The proposed model differs from models based
on the single-file electrodiffusion description of
ionic permeation [1,6,10,11] in the assumption of a
variable energy profile in the Na* channel. The
single-file electroaiffusion models assume a fixed
energy profile in the sodium channel. Whereas
according to the proposed model, changing sodium
concentration in the aqueous phase (and thus the
average occupancy of sites E) will change the
conformational state of the channel and affect its
permeability. This leads to a nonlinear concentra-
tion dependence of permeability, different rrom
the simple saturation characteristics predicted for
channels with fixed barrier structure. This also
leads to a concentration dependence of the onsat
time of sodium current not predicted by the elec-
trodiffusion model (further discussed on p. 295).

One of the main conclusions that can be
reached on the basis of this work is that both the
gating process and the open pore states are
involved in the transfer reaction. This conclusion
is supported by the good fit of the experimental
data with both the reconstructed sodium currents
vs. time, and the reconstructed /~v curves. The
latter represent mainly the voltage dependence of
sodium currents in the state of open channels.
Further support of the model can be found in: (a)
the fact that the computed rate constants of the
proposed transfer reaction are compatible with
those of the Hodgkin-Huxley model and those
obtained from gating currents and ‘patch-clamp’
analysis, (b) the similarity to the dependence of
peak I, on [Na™*], obtained by Takenaka et al.
[40] in perfused squid axons, using hypertonic
Na; solutions (up to 3-times the normal Na™
concentration in ASW).

Cooperative reactions involving structural
transformations induced by ion-protein interac-
tions are common in protein chemistry [41.42]
(occurring in a time range of picoseconds to sec-
onds [43]). The sodium-transfer reaction described
here can be attributed to a cooperative mecha-
nism, where structural changes in the sodium
channel are induced by both ion binding and
membrane electric field changes. A cooperative
mechanism involving two allosteric sites has been
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suggested to account for the effect of positive ions
in the external solution on the kinetics of sodium
transfer through neurotoxin-stabilized open chan-
nels in neuroblastoma, and chicken embryonic
muscle cell membranes [9.44,45]. Similarly, the
blocking effect of low pH on Na™ conductance in
the giant axon is compatible with a model involv-
ing an interaction between two allosteric sites
located at the opening and the inner part of the
Na™ pore [46-48].

The validity of the described model for the
sodium current mechanism was further tested by
its additional prediction, that changes in the posi-
tive effector concentration (i.e.. [Na}]) should af-
fect the rate of onset of the sodium current. Within
the framework of the model. this effect is quantita-
tively provided (according to eq. 11) from the
dependence of the relaxation times [A] '} and |A3|
on the external Na™ concentration (eq. A16).

In accordance with this prediction the effect of
sodium concentration in the external solution on
the rate of current onset was observed. Fig. 8
illustrates the increase in the measured sodium
current onset period as the external Na* con-
centration is reduced. The points represent mea-
sured sodium current at different Naj concentra-
tions. The interrupted curves were predicted

according to eq. 11 and the parameters in tables 1
and 2. As can be seen, the effect of [Naj] is
qualitatively predicted by the model.

The effect of Naj concentration on the rate of
sodium current onset could be attributed in part to
an uncompensated resistance in series with the
voltage-clamped membrane [22]. In order to avoid
such artifactual results we used both electronic
on-line series resistance compensation [21] and a
numerical methed for series resistance compensa-
tion in the data analysis [22] (see section 2). The
delay in the current onset at low Na} concentra-
tion (fig. 8) cannot be explained by a series resis-
tance effect {22). A similar effect of extracellular
Na™ concentrations on the open time of end plate
channels has been reported [49].

The observed effects of [Naj] on sodium cur-
rent are significant at moderate depolarizations.
while they can hardly be detected at positive mem-
brane potentials. According to tiie model, this is
explained by the fact that at positive membrane
potentials, the “Na*-binding sites’ are saturated
even at low [Na}], because their affinity for Na*
at positive potentials is high (eqs. 1-4). This pre-
dicts that the effect of [Naj] will be less pro-
nounced for outward Na™ currents than for the
inward currents.

time (ms)

o 2 .4

B 8 1.0

X 20}
~

S -
Q

<

Z 60}

>

=z
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100 b

T

Fig. 8. Sodium current traces (in percentages from the peak currents), at a membrane potential of — 15 mV, and various external
sodium concentrations (M) indicated as follows: 0.25 (@®). Q.35 (®©). 0.43 (O) (currents mesasured in axon no. ML7783). Computed

sodium currents (interrupted lines) according to the model (eq. 11).
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Predicted i-v curves according to the proposed
model including outward sodium currents (egs. 12
and 13) fit the experimental data of Binstock [50].
Also, predicted outward sodium currents (recon-
structed according to eq. 11) have the same pat-
tern observed for outward sodium currents in squid
giant axon [51].

In summary, we conclude, on the basis of the
compatibility of our experimental results, and of
other experimental evidence with the predictions
of the presented model hypothesis, that a coopera~
tive reaction of the type described here may be a
rate-limiting process in the transfer of Na* through
the ionic channel.

Appendix

Al. Derivation of the solution of the transfer-reac-
tion rate equations (eqs. 6-9). according to the reac-
tion scheme presented in fig. 1B

Under voltage clamp conditions the rate con-
stants of the voltage dependent activation of E}
(k* and A*) are assumed to equal zero (see section
3). Under these conditions eq. 8 becomes redun-
dant. The set of three nonlinear differential equa-
tions (egs. 6. 7 and 9) may be simplified to a set of
two linear differential equations if the internal
sodium concentration is treated as constant. De-
noting by [Na, ], its level at time 7. and by [ANa/ ],
its increment at that time. we have:

[Nu,‘],=[Nu,*]+[._\Na,‘], (A1)
[Na/],=[Na’]+[aNa’], (A2)
Assuming that the increment itself is negligible

[53]. but the rate of change is not. eqs. A1 and A2
become:

[Na:]IE[Nﬂ:] (A3)
[Na ], =[aNa/], (A4)
Under these conditions. egs. 6 and 7 are converted
into linear differential equations. The following

expression is obtained for sodium current at time
1

Ic,=f"[Na!]=7""{(k"+k”[Nas])[E-Na,]

—(k_[Na}] — k7 — k”[Nat])[E-Na]
_k’-,[Na?](Eml_[E:])} (AS)

The boundary conditions for solving egs. 6, 7. 9
and 10 are:

(i) Continuity of the intermediaries’ concentra-
tion functions vs. time, namely:

[E'Na]l=0.l’= [ [E‘Na]l=l,,_lv’= v, (A6)
[E‘N32]r=().l'= Veoy [E'Nazlrsr,,_t'—_- % (A7)

n

where ¢,, is the duration of the nth potential pulse,
and ¥V, and V,,, the amplitudes of two consecu-
tive potential pulses. Under our experimental con-
ditions, ¥V, = —65 mV, r,, = 50 ms (see section 2).

(ii) Steady-state conditions are reached over
long durations:

[E-Na],___ =0 (A8)
[E-Na,] =0 (A9)

o

Under these boundary conditions, the initial con-
centrations of [E-Na] and [E-Na,] under our ex-
perimental conditions, were computed from the
rate equations. eqs. 6, 7 and 10, using the defini-
tions in egs. 1-4. The values obtained for any test
pulse were 1.6 X 10™% and 8 X 107" mol/I. re-
spectively *. Under these boundary conditions. the
analytical solution of eqgs. 6. 7 and 10 reads:

[E-Na], = C, {exp(A,r)

—}\l(ull +>‘:)/(}\2(‘1n ‘*‘Al)) eXP(Az’)}

+(Emt - [E(’;‘])(kl[Na:;
+k”[Nafa, /(a,ds — ayaas;)
(A10)
[E-Na.], = C,{a,»/(a;, + ;) exp(A;r)
—Nap/(A(ay + X)) exp(A,r)}
+(E.— [EX]) (K [Nag]
+kZ[Naj])a,/(anaz; —anay)
(A11)

* These small values have been substituted by zero, in order to
simplify the expressions of the time-dependent solution.
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where:
ay =k +k_, (A12)
a,z=k2[Na5] +k_[Na}] (A13)
ayy=k_,+k"~k[Naj] —k”[Na}] (A14)
ayy=k_,+ky[Na}j] +k_[Naj]

+k,[Nag] + kZ[Naf] + &~ (A15)
A1.2=(_("|1 +ds;)

i\/("n —ay)’ + 4ay,a,, )/2 (A16)

where A, and A, are the characteristic roots of the
characteristic equation of the linear system (egs. 6,
7 and 10), and the reciprocals of the reaction
relaxation times [52]. C, is an integration constant:

Cr={A2(A; +ap) /(N _}‘z)}(Euu_[E(ﬂ)

X (k[Nag] +kZ[Naf])/(ay,a2; — ayza3)

(A17)
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