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ABSTRACT To determine how the permeant cations interact with the sodium channel, the instantaneous current-
voltage (I-V') relationship, conductance-ion concentration relationship, and cation selectivity of sodium channels were
studied with internally perfused, voltage clamped squid giant axons in the presence of different permeant cations in the
external solution. In Na-containing media, the instantaneous I-¥ curve was almost linear between +60 and —20 mV,
but deviated from the linearity in the direction to decrease the current at more negative potentials. The linearity of
instantaneous I-V curve extended to more negative potentials with lowering the external Ca concentration. The I-V
curve in Li solution was almost the same as that in Na solution. The linearity of the I-V curve improved in NH, solution
exhibiting only saturation at —100 mV with no sign of further decrease in current at more negative potentials.
Guanidine and formamidine further linearized the instantaneous I-¥ curve. The conductance of the sodium channels as
measured from the tail current saturated at high concentrations of permeant cations. The apparent dissociation
constants determined from the conductance-ion concentration curve at —60 mV were as follows: Na, 378 mM; Li, 247
mM; NH,, 174 mM; guanidine, 111 mM; formamidine, 103 mM. The ratio of the test cation permeability to the sodium
permeability as measured from the reversal potentials of tail currents varied with the test cation concentration and/or
the membrane potential. These observations are incompatible with the independence principle, and can be explained on
the basis of the Eyring’s rate theory. It is suggested that the slope of the instantaneous I-V curve is determined by the
relative affinity of permeant cations and blocking ions (Ca) for the binding site in the sodium channel. The ionic

selectivity of the channel depends on the energy barrier profile of the channel.

INTRODUCTION

A considerable body of information has recently accumu-
lated to indicate that ion permeation through membrane
channels is not a simple diffusion process down the electro-
chemical gradient but permeant ions interact with the
channel while passing through it (Adams et al., 1981;
Lewis, 1979; Hille, 1975; Horn and Brodwick,1980; Horn
and Patlak, 1980). In sodium channels, for example, the
following observations are not compatible with the diffu-
sion theory (or the independence principle): (@) channel
selectivity varies with the internal ionic concentration
(Cahalan and Begenisich, 1976; Begenisich and Cahalan,
1980a); (b) sodium channel currents saturate at high
concentrations of permeant ions (Begenisich and Cahalan,
1980b; Yamamoto et al., 1984); and (c) small cations such
as H* and Ca** block the sodium current in a voltage
dependent manner (Woodhull, 1973; Taylor et al., 1976;
Gilly and Armstrong, 1982; Yamamoto et al., 1984;
Stimers et al., 1985). Although there has been no system-
atic study, some foreign permeant cations seem to have a
blocking effect on sodium channels (Hille, 1975).
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The aim of this study is to determine how the permeant
cations interact with the sodium channel during their
permeation. Our experiments show that currents through
the sodium channel as carried by Na, Li, NH,, guanidine,
and formamidine all saturate at high ionic concentrations
with different apparent dissociation constants. Instanta-
neous current-voltage (I-V) curve has a characteristic
shape depending on permeating ion species, and it is
suggested that the different shape of the instantaneous I-V
curve results from various degrees of competition of perme-
ating cations with a binding site in the channel. Modified
kinetics of the sodium channel by certain permeant cations
is also described.

METHODS

All experiments were performed with giant axons from the squid,
Loligo pealei, at the Marine Biological Laboratory, Woods Hole, Massa-
chusetts. Axons were isolated, cleaned, and perfused internally using the
roller method originally developed by Baker et al. (1961) and improved by
Narahashi and Anderson (1967). Potassium-free high sodium artificial
sea water was used as the external solution and contained (in millimoles
per liter): 600 NaCl and S0 CaCl,, buffered at pH 8.0 with 5 mM
HEPES. To observe currents carried by sodium substitutes, NaCl was
replaced with LiCl, NH,Cl, guanidine HCI, or formamidine HCl. For
solutions with lower concentrations of permeant cations, tetramethylam-
monium (TMA) chloride was used as an inert substitute. For experiments
in which the external Ca concentration was changed, Na concentration
was reduced to 350 mM and the remainder of Na was replaced with an
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appropriate amount of Ca and/or TMA. The internal perfusate for all
experiments contained (in millimoles per liter): 250 CsOH, 50 NaF, and
250 glutamic acid, and the pH was adjusted at 7.3 with a phosphate
buffer. The osmolarity of the solution was balanced at 1,100 mOsmols by
adding sucrose.

To examine the shape of instantaneous current-voltage relations, an
axon was exposed to a series of external solutions containing different
permeant cation species. Measurements in test solutions were preceded
and followed by measurement in TMA solution. This procedure pre-
cluded any possible contamination of previously administered permeant
cations. Records of the outward sodium channel current were also used to
examine the reversibility of the effects of permeant cations on sodium
channels.

For the current saturation experiments, an axon was exposed to test
solutions containing different concentrations of a given cation species in
the order of increasing concentration. After measurements with the
highest concentration of test cation, the external solution was switched to
the TMA solution until the inward current completely disappeared. The
external solution with the lowest concentration of cation under study was
readministered to examine the reproducibility. The current amplitude
during the prepulse in this measurement was compared with that in the
earlier measurement in the same test solution. When the difference
between these two measurements was larger than 10%, the data were
discarded. Measurements were made with at least three axons for a given
cation for the whole range of concentrations (60-600 mM).

The membrane potential and membrane current were recorded with
the standard axial wire voltage clamp method. The Pt-plated silver
electrode assemblies, used as current measuring and guard external
electrodes, were positioned on two sides of the axon as close to the
membrane as possible. Both ends of the axon located outside the
electrically guarded region of the chamber were suspended in air. Voltage
offsets arising from various liquid junction potentials in the measuring
system were eliminated for each axon by nulling the potential measured
between the internal and external voltage electrodes when the former was
placed in a pool containing the internal perfusion solution, which was
connected via a 3 M KCI agar bridge to the external solution pool
containing the latter electrode (Oxford, 1981). Series resistance compen-
sation of up to 5 @ cm? was employed in all experiments. Membrane
currents were sampled at 20 us per point by a 14 bit analog-to-digital
converter on-line with PDP 11/23 computer (Digital Equipment Corp.,
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FIGURE 1

Marlboro, MA). The digitized data were stored on floppy disks. To
subtract the linear portion of capacitative and leakage currents from the
records, the P-P/4 protocol was used (Bezanilla and Armstrong, 1977).
The current from four subtraction pulses with an amplitude one-quarter
(P/4) of that of the test pulse (P) was digitally subtracted from the test
pulse current. When necessary, currents recorded in the presence of
tetrodotoxin (TTX) were used for subtraction. This procedure was
necessary when Na was substituted with NH,, because NH, permeates
potassium channels (Binstock and Lecar, 1969). All experiments were
conducted at a temperature of 9.5-10.5°C.

RESULTS

Instantaneous I-¥V Curves in Na Solutions

Although the instantaneous I-V relationship of the squid
axon sodium channels was originally reported to be
approximately linear (Hodgkin and Huxley, 1952;
Chandler and Meves, 1965), recent experiments have
revealed a marked rectification (Taylor et al., 1976; Gilly
and Armstrong, 1982; Stimers et al., 1985). Figs. 1 4, B,
and C depict examples of sodium currents associated with
a depolarizing step followed by a second step to three
different membrane potentials (Fig. 1 D). There was a
large and rapid surge of an inward current upon repolari-
zation of the membrane to the second step. This tail
current was produced as a result of a sudden increase in the
driving force for sodium while the channel could not shut
instantaneously. The sodium tail current decayed rapidly
at —80and —60 mV (Figs. 1 4 and B), indicating the time
course of the channel closing at those potentials. At +80
mV, however, the tail current decayed more slowly reflect-
ing primarily inactivation of sodium channels (Fig. 1 C). It
should be noted that even though the driving force at —80
mV was greater than that at —60 mV, the initial amplitude
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Tail currents associated with step repolarization or depolarization (P,) following a 1 ms conditioning depolarizing pulse (P,) to

+40 mV from a holding potential of —80 mV as shown in the pulse protocol (D). A, B, and C show tail currents at P, = —80 mV, —60 mV,
and +80 mV, respectively. (E) Instantaneous current-voltage relationship. The current amplitude at the second digital point (arrow) from the
beginning of the test pulse is plotted against P,. Note a marked rectification at large negative potential.
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of the tail current at —80 mV was even smaller than that at
—60mV.

To determine the instantaneous current-voltage rela-
tionship, the second digital point of the current record
during the test pulse was taken as a measure of the
amplitude of instantaneous current and was plotted against
the membrane potential of the test pulse. The instanta-
neous I-V relation thus obtained exhibits a marked rectifi-
cation as is shown in Fig. 1 E.

The shape of the instantaneous I-V curve was drastically
changed by changing the external Ca concentration (Fig.
2). In the presence of normal Ca concentration (50 mM),
the I-V relationship was almost linear at the membrane
potentials ranging from +80 to —40 mV (see also Fig.
1 E). However, the current deviated from the linearity at
more negative membrane potentials, and even decreased
with hyperpolarization beyond —80 mV. The deviation
from the linearity was more pronounced with increasing
the Ca concentration from 50 to 100 mM, and less
pronounced with decreasing the Ca concentration to 20
mM. The membrane potential where deviation from the
linearity occurred was shifted in the hyperpolarizing direc-
tion with decreasing the Ca concentration. The dissociate
constants for the Ca block estimated at —60 mV was 156 +
42 mM (n = 3).

Instantaneous I-V Curves in Other
Permeant Cations

The instantaneous I-V curves recorded from normal axons
exposed to five different permeant cations are shown in
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FIGURE 2 Effect of the external Ca concentration on the instantaneous
I-V relationship of the sodium channel. Three curves were obtained from
a single axon in solutions containing 20 mM Ca (@), 50 mM Ca (O), and
100 mM Ca (a).
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FIGURE 3 Instantaneous I-V relationships with various permeant
cations. Curves were obtained from different normal axons bathed in a
solution containing 600 mM Na (@), Li (O), NH, (2), guanidine (O),
and formamidine ().
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FIGURE 4 Concentration dependence of the channel conductance with
various permeant cations. The instantaneous currents were measured
when the membrane was repolarized to —60 mV following a 1 ms
depolarizing pulse to 0 mV from a holding potential of —80 mV, and the
conductances were calculated by Eq. 1. The smooth curves are the least
squares fit with rectangular hyperbola. Each curve was obtained with a
single axon. The estimated dissociation constants are: 343 mM for Na
(@), 215 mM for Li (a), 168 mM for NH, (A), 92 mM for guanidine
(m), and 96 mM for formamide (O).
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Fig. 3. The I-V curves showed two distinct features. First,
the shape of I-V curves depended on the cation species
present externally. The shape of I-V curve in Li solution
resembled that in Na solution, namely, the I-V curve
deviated markedly from the linearity at large negative
potentials. In contrast, the I-V curves in formamidine and
guanidine solutions were close to linear. The I-V curve in
NH, solution was intermediate saturating at —100 mV
without curving up at large negative potentials. Second,
the reversal potential varied depending on the cation
species present externally. Na and Li solutions gave a
reversal potential of +64 mV, whereas formamidine,
guanidine and NH, solutions gave a reversal potential of
+30mV.

Saturation of Sodium Channel Currents

The inward tail currents through sodium channels as
carried by Na, Li, NH,, guanidine, or formamidine ions
saturated as the external concentration of these permeant
cations was increased. Since changes in the ionic concen-
tration caused the reversal potential to be shifted, the chord
conductance rather than the current was used to charac-
terize the saturation of the sodium channel (Takeda et al.,
1982). In Fig. 4, the chord conductance in normal axon is
plotted as a function of the external permeant cation
concentration. The chord conductance for a permeant test
cation X (Gyx) was calculated by the equation:

Gx = Ix [ (E — Ex), 1M

where Iy is the current amplitude at a membrane potential
E, and E is the reversal potential for ion X. E was chosen
at —60 mV for the measurement of inward tail current for
two reasons. First, at —60 mV, the inward current was
mainly carried by the external tested ions. Second, the Ca
block was not pronounced at this potential.

Plots of Gy vs. concentration are well fitted by a
rectangular hyperbola:

Gx = Gxmax + [X]/([X] + K2) 2

where Gy m.x is the maximum conductance in test cation,
[X] is the external test cation concentration, and K} is the
concentration of ion X that generates 50% of the maximum
conductance. The K,;’s at —60 mV were estimated to be
(mean + SEM of at least three measurements): Na, 378 +
340 mM; Li, 247 + 10.0 mM; NH,, 174 + 5.3 mM;
guanidine, 111 + 20.9 mM; and formamidine, 103 + 6.1
mM.

Cation Permeability Ratios

The permeability ratios have been traditionally studied by
measuring changes in the reversal potential when one
species of ions is replaced by another species. The results of
such experiments are illustrated in Fig. 3 in which the
reversal potentials measured from the instantaneous I-V
curves varied in the presence of different permeant cations.
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The reversal potentials also changed, as expected, with the
concentration of permeant cations (Fig. 5). In the presence
of sodium, the reversal potential changed 57.5 mV by a
10-fold change in the sodium concentration. This value is
very close to that reported by Begenisich and Cahalan
(1980a) and that predicted by the Nernst equation for
sodium, i.e., 56 mV at 10°C. For Li, the shift in the reversal
potential was 64.4 mV for a 10-fold change in the concen-
tration. With NH,, guanidine and formamidine, the shift
in the reversal potential was much smaller than that with
Na and Lj, i.e., 42.5 mV for NH,, 42.2 mV for guanidine,
and 43.6 mV for formamidine for a 10-fold change in the
concentration. Begenisich and Cahalan (1980a) reported a
similar value (41 mV) for internal NH, ion but a higher
value (53.2 mV) for external NH, ion concentration
change.

From changes in the reversal potential, the ratio of the
test cation permeability (Px) to the sodium permeability
(Pna) was calculated using Eq. 3 derived from the constant
field equation (Hodgkin and Katz, 1949).

RT  Py[X]

Ex—EN‘=_ln

F ™ P [Nal° @)

The permeability ratios as a function of the cation concen-
tration are given in Table I (upper half). Guanidine was
less permeant than Na, with a Px/Py, ratio of 0.54 at 60
mM guanidine. The ratio decreased substantially with
increasing the guanidine concentration, and reached 0.28
at 600 mM. Ammonium and formamidine showed Px/Px,
ratios of 0.42 and 0.35, respectively, at 60 mM test cation
concentration, values slightly smaller than that for guani-
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FIGURE 5 Concentration dependence of the reversal potential for tail
current with various permeant ions; Na (@), Li (O), NH, (2), guanidine
(O), and formamidine (M). The reversal potentials were determined by
interpolating the instantaneous I-V curves. The mean and standard
deviation of four measurements are shown, and the straight lines are the
least squares fit of data.
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TABLE I
PERMEABILITY RATIOS (Px/Px,) AS A FUNCTION OF
THE TEST CATION CONCENTRATION AND OF THE
MEMBRANE POTENTIAL IN NORMAL AXONS

Test
cation . Li NH, Guanidine Formamidine
concentration
(in millimoles per liter)
60 0.90 0.42 0.54 0.35
120 1.02 0.30 0.40 0.28
300 1.13  0.27 0.34 0.23
600 1.19 0.21 0.28 0.20
Membr?ne Li NH, Guanidine Formamidine
potential
mV
40 1.09 0.18 0.26 0.16
30 1.04 0.21 0.30 0.18
20 — 024 0.33 0.21
10 0.95 0.28 0.39 0.23
0 091 0.33 0.45 0.27
-10 0.87 0.38 0.51 0.30

dine. Like guanidine, the Px/Py, ratio decreased with
increasing the test cation concentration. Lithium had
almost the same permeability as Na, but unlike the above
three test cations, the Py;/ Py, ratio tended to increase from
a value of 0.90 at 60 mM Li to 1.19 at 600 mM Li. Thus,
concentration-dependent selectivity is observed when plots
of reversal potential vs. concentration have slopes different
from 56 mV per decade concentration change.

Since the reversal potential changes when ionic concen-
tration is changed, the changes in permeability ratio as
calculated by Eq. 3 may arise from an effect of membrane
potential change (Eisenman and Horn, 1983). Thus the
permeability ratio was calculated at the same reversal
potential in a test cation solution and in Na solution. When
Ey = E\,, the constant field equation is simplified to:

Py [Na]
o XT @

The permeability ratios as a function of the membrane
potential are given in Table I (lower half). For guanidine,
the Py /Py, ratio was 0.26 at 40 mV, and increased with
hyperpolarization to 0.51 at —10 mV. Ammonium and
formamidine had slightly lower Px /Py, values being 0.18
and 0.16, respectively, at 40 mV, and again the value
increased with hyperpolarization. The Py /Py, ratio for Li
was 1.09 at 40 mV and decreased with hyperpolarization.

Permeant Cations and Sodium Channel
Kinetics
Kinetics of activation and inactivation of sodium channels

were affected to varying extents by different permeant
cations. Examples of currents associated with a step depo-
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FIGURE 6 Effects of permeant ions on the sodium channel kinetics.

Currents were generated by a 10 ms depolarizing step to —20 mV from a
holding potential of —80 mV in solutions containing 600 mM Na (4), Li
(B), formamidine (C), NH, (D), and guanidine (E). All records were
obtained from different axons. The interrupted line is drawn 0.7 ms after
the depolarizing step to compare the kinetics in different solutions.

larization to —20 mV in normal axons are shown in Fig. 6
for various permeant cations. Formamidine and guanidine
slowed both activation and inactivation appreciably,
whereas Li and NH, had only negligible effects. The
slowing of the channel kinetics was most significant in
guanidine, the time to peak, 7, and 7,,; were increased to
2.95, 2.49, and 1.55 times of those in sodium, respectively.

DISCUSSION

The present study demonstrates that the instantaneous I-V
relationship for the Na current is not linear, but shows a
degree of curvature that is intensified with increased Ca
ion concentrations (Figs. 1 and 2). This is interpreted as
being due to the channel block caused by external Ca ions,
which results in a reduced conductance at large negative
potentials (Taylor et al., 1976; Gilly and Armstrong, 1982;
Mozhayeva et al., 1982; Yamamoto et al., 1984). The new
finding reported here is that, in the presence of a constant
Ca concentration, the curvature of the instantaneous I-V
relationship differed depending on the species of permeant
cations (Fig. 3). This probably reflects different degrees of
competition between the permeant species and the Ca ion
for a common site.

To understand the basis for curvature of the instanta-
neous I-V relationships with different ion species, a barrier
model (see Yamamoto et al., 1984) based on the Eyring’s
rate theory was used for computation. This approach treats
the channel as a series of energy wells and barriers, and
views ion permeation as ions hopping from well to well with
a rate that depends on both barrier height and membrane
potential. Each internal energy well represents an ion
binding site (Hille, 1975; Hille and Schwarz, 1978; Sand-
blom et al.,, 1983; Woodbury, 1971). Although the Na
channel is considered to be a multi-ion pore (Begenisich
and Cahalan, 1980a, b), the Na channel under physiolog-
ical condition is approximated as a one-ion pore (Begeni-
sich and Busath, 1981), i.e., multiple simultaneous occu-
pancy is an extremely rare event. Under this assumption
the one-ion approximation was applied to the present
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analysis. In this model, an ion will cause block, if the ion
binds to a site (well) in the channel and cannot hop over
energy barrier in the channel.

Preliminary calculations with a four-barrier three-site
permeation model (see Yamamoto et al., 1984) indicated
that three types of the instantaneous I-V curve were
possible depending on the depth of the primary energy
well. When the primary energy well for a permeant ion is
shallower than that for the less permeant blocking ion (e.g.,
Ca), the instantaneous I-V relationship has a negative
conductance region at large negative potentials as was seen
with Na and Li in our experiments. When the depth of the
primary well for a permeant ion is equal to that for Ca, the
instantaneous I-V curve saturates at large negative poten-
tials without curving upward. With NH,, this type of
instantaneous I-V curve was obtained. When the primary
well for a permeant ion is deeper than that for Ca, the
instantaneous I-V curve becomes nearly linear at negative
potentials. This was the case for the instantaneous I-V
curves in formamidine and guanidine solutions. Hence, in
the simplified model presented here, the variation of the
depth of the outmost (primary) well (while keeping all
other barriers/wells constant) will qualitatively describe
the spectra of I-V relationships in the presence of the
various permeant cations.

The depth of the primary energy well can easily be
calculated from the apparent dissociation constant K
using the relation (Hille, 1975):

AG = RT In Ky, (&)

where AG is the Gibbs free energy (kcal/mol) representing
the depth of the primary energy well at the potential Em.
The apparent dissociation constants for permeant ions
were estimated from the conductance-concentration rela-
tions (Fig. 4) and that for Ca ion from the Na channel
block caused by external Ca ions (Fig. 2). If we assume
that the single, identical site is the primary energy well for
all of the permeant ions tested and for Ca ion, then we can
obtain estimates of the well depth for each ion from
experimental K, values. The AG values for various ions are
in the following sequence (at —60 mV): Na (—1.0 RT) >
Li (—1.4 RT) > NH, (—1.8 RT) > Ca (—-1.9 RT)
guanidine (—2.2 RT) = formamidine (—2.3 RT).
Similar sequence was obtained by comparing the chord
conductance of sodium channel in the presence of various
permeant ions. The conductance is the largest in Na
solution and smallest in formamidine solution. Fig. 7
illustrates the relationship between the sodium channel
conductance in solutions containing different permeant
cations and the K,;’s of those ions at —60 mV in normal
axons. The conductance increases with K, namely, an ion
with the lowest affinity for the binding site gives rise to the
largest conductance. In the Eyring’s rate equation the
jumping rate of an ion across the barrier is determined by
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FIGURE 7 Correlation between the channel conductance and apparent
dissociation constants for various permeant ions; Na (@), Li (O), NH,
(4), guanidine (®). Each point is the mean of two to four measurements
at a membrane potential of —60 mV in normal axons.

the valley depth as well as the barrier height. As the depth
of the energy well increases, the jumping rate decreases.

In contrast to the present results for sodium channels,
Hoffmann and Dionne (1983) have reported that an
increase in affinity of the cation for the acetylcholine-
activated channel could result in a larger permeability for
the ion. This discrepancy could arise from the difference in
location of the binding site in the sodium channel and in the
acetylcholine-activated channel. The external primary well
in the sodium channel is located 37% in the membrane
field as measured from the external surface (Mozhayeva et
al., 1982; Yamamoto et al., 1984), whereas the well in the
acetylcholine-activated channel is located near the external
mouth (Hoffmann and Dionne, 1983). The longer an ion
stays in the well, the more likely the ion will go through the
channel, because the longer stay will increase the chance
for the ion to jump over the barrier (Hoffmann and
Dionne, 1983).

The concentration-dependent permeability ratio merits
some comments. The concentration-dependent permeabil-
ity ratio could arise from the effect of changes in the
membrane potential or from the occupancy of the wells in
the channel (Hille and Schwarz, 1978; Begenisich and
Cahalan, 1980q; Eisenman and Horn, 1983). It has been
shown that for the one-ion pore the reversal potential and
the ionic selectivity ratio are more closely related to barrier
profiles than the nature of wells (Hille, 1975; Begenisich
and Cahalan, 1980a). When the barrier heights for dif-
ferent permeant species obey the constant offset energy
condition (Hille, 1975), ion permeation through the chan-
nel follows the independence principle. Thus the reversal
potential changes by changing the ionic concentration with
a slope predicted by Nernst equation. If the offset of
barrier heights between two ion species is not constant
throughout the channel or if the locations of the peak
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heights for two ion species are different, the slope of the
curve relating the reversal potential to the ionic concentra-
tion will deviate from the Nernst’s predicted value. The
observed slopes of the reversal potential vs. concentration
curve with NH,, guanidine and formamidine were signifi-
cantly smaller than the Nernst slope (Fig. 5).

However, the potential dependence of the permeability
ratio calculated from changes in internal NH, ion concen-
tration (Table IV of the paper by Begenisich and Cahalan,
1980a) was opposite to that calculated from changes in
external NH, ion concentrations (Table I of the present
results). While this argues against the importance of
membrane potential itself in influencing permeability
ratio, clearly, the sidedness of NH, ion application is
critical.

In the multi-ion pore model, the peak heights themselves
no longer solely determine the permeability ratio (Hille
and Schwarz, 1978), since the occupancy of the wells could
affect both the locations and heights of the peaks (Eisen-
man and Horn, 1983). The opposite potential dependence
for change in Py, / Py, may be explained by the occupancy
of the wells by NH, ions. In this model, depolarization
would enhance the occupancy of the well by the internal
NH, ions, and hyperpolarization would also increase the
occupancy by external NH, ions.

Another interesting observation in this study is that
permeant ions alter the gating kinetics of the sodium
channel (Fig. 6). Permeant ions have been known to affect
gating of acetylcholine-activated channels (Van Helden et
al,, 1977; Adams et al., 1981; Takeda et al., 1982), voltage
activated Ca channels (Saimi et al., 1982; Ashcroft and
Stanfield, 1982), and potassium channels (Swenson and
Armstrong, 1981). One possible interpretation for this is
that any permeant or impermeant ion bound to a site
within the channel prevents the gates from closing. It is
also possible that a permeant cation interacts with calcium
at an external membrane site (Spires, 1985).
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