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ABSTRACT Batrachotoxin-modified, voltage-dependent sodium channels
from canine forebrain were incorporated into planar lipid bilayers. Single-
channel conductances were studied for [Na*] ranging between 0.02 and 3.5 M.
Typically, the single-channel currents exhibited a simple two-state behavior,
with transitions between closed and fully open states. Two other conductance
states were observed: a subconductance state, usually seen at [NaCl] = 0.5 M,
and a flickery state, usually seen at [NaCl] < 0.5 M. The flickery state became
more frequent as [NaCl] was decreased below 0.5 M. The K*/Na* permeability
ratio was ~0.16 in 0.5 and 2.5 M salt, independent of the Na* mole fraction,
which indicates that there are no interactions among permeant ions in the
channels. Impermeant and permeant blocking ions (tetraethylammonium, Ca**,
Zn**, and K*) have different effects when added to the extracellular and
intracellular solutions, which indicates that the channel is asymmetrical and has
at least two cation-binding sites. The conductance vs. [Na*] relation saturated
at high concentrations, but could not be described by a Langmuir isotherm, as
the conductance at low [NaCl] is higher than predicted from the data at [NaCl]
= 1.0 M. At low [NaCl] (=0.1 M), increasing the ionic strength by additions of
impermeant monovalent and divalent cations reduced the conductance, as if
the magnitude of negative electrostatic potentials at the channel entrances were
reduced. The conductances were comparable for channels in bilayers that carry
a net negative charge and bilayers that carry no net charge. Together, these
results lead to the conclusion that negative charges on the channel protein near
the channel entrances increase the conductance, while lipid surface charges are
less important.

INTRODUCTION

Voltage-dependent sodium channels have been characterized in great detail
using electrophysiological, biochemical, and, more recently, recombinant DNA
techniques. From the electrophysiology of the channels, it has been shown that

Address reprint requests to Dr. Olaf S. Andersen, Dept. of Physiology and Biophysics, Cornell
Medical College, 1300 York Ave., New York, NY 10021. Dr. Green’s present address is Dept.
of Physiology, Yale University School of Medicine, New Haven, CT 06510. Dr. Weiss’s present
address is Dept. of Anesthesiology, University Medical Center, Tucson, AZ 85724.

J. GeN. PHysioL. © The Rockefeller University Press - 0022-1295/87/06/0841/32$1.00 841
Volume 89 June 1987 841-872



842 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 89 - 1987

channel function is modulated by maneuvers that appear to alter surface poten-
tials arising from negative charges at the extracellular and intracellular mem-
brane/solution interfaces (Frankenhaeuser and Hodgkin, 1957; Chandler et al.,
1965; Drouin and Neumcke, 1974; Hille et al., 1975). Biochemical studies have
established that sodium channels carry a net negative charge resulting from an
excess of acidic amino acids (Noda et al.,, 1984, 1986) and from negatively
charged carbohydrate chains attached to the protein (Barchi, 1983; J. A. Miller
et al,, 1983; Messner and Catterall, 1985). The question remains, however,
whether the negative charges that appear to modulate function reside on the
sodium channel protein or on the surrounding lipid bilayer. In this and the
following article (Green et al., 1987), this question is addressed using sodium
channels incorporated into planar lipid bilayers of defined composition.

Voltage-dependent sodium channels were incorporated into planar lipid bilay-
ers using the strategy devised by Krueger et al. (1983), where inactivation is
removed pharmacologically with the steroidal alkaloid batrachotoxin (BTX)
(Daly et al., 1978; Khodorov, 1985). In this article, we describe the permeability
characteristics of these BTX-modified channels: the conductance as a function
of [Na*] for sodium channels in neutral and negatively charged phosphollpld
bilayers, the K*/Na* selectivity, and the inhibition of Na* permeation by imper-
meant monovalent and divalent cations. It is concluded that negative charges on
the channel protein are located in the vicinity of the channel entrance, where
they serve to increase the local [Na*]. Surface charges on the phospholipid bilayer
seem to be less important as modulators of the channel permeability character-
istics. Some aspects of this work have been reported previously (Andersen et al.,
1986; Green et al., 1986).

MATERIALS AND METHODS

Membrane Formation

Membranes were formed at room temperature (22~25°C), by the pipette method of
Szabo et al. (1969), across a hole (~0.3 mm diam) in a Teflon partition separating two
Teflon chambers. Each chamber contained 5 ml electrolyte, usually symmetrical NaCl
solutions, buffered to pH 7.4 with NaH;PO, (phosphate) or HEPES titrated to pH 7.4
with NaOH. (In the text and figure legends, different solutions are identified by their
total cation and buffer concentrations. The major anion in all cases was ClI™.) The free
Ca** concentrations were <1 uM in solutions containing 0.02 and 0.5 M Na* (determined
using Ca**-selective macroelectrodes made with W. Simon’s neutral carrier; we thank Dr.
C. O. Lee for assistance with this measurement). The general procedures are described
in Andersen and Muller (1982) and Andersen (19834). The membrane-forming solutions
were n-decane solutions (5% wt/vol) of either a mixture of 1-palmitoyl-2-oleoyl-phos-
phatidylethanolamine and 1-palmitoyl-2-oleoyl-phosphatidylcholine (molar ratio, 4:1)
(PE:PC), or a mixture of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine and 1-palmitoyl-
2-oleoyl-phosphatidylserine (molar ratio, 1:1) (PE:PS). Most experiments were done in
PE:PC membranes. Experiments in PE:PS membranes are identified in the text. Electro-
lyte and membrane-forming solutions were made up fresh every 1 or 2 d.

Preparation of Synaptosomes

Dog forebrain synaptosomes were prepared as described by R. S. Cohen et al. (1977).
The synaptosomal suspension was collected on a discontinuous sucrose gradient and stored
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in 1.0-1.4 M sucrose in small aliquots at —80 to —90°C for up to 4 mo without noticeable
loss of activity. The protein concentration of the suspension was 2-6 mg/ml. A freshly
thawed sample was used each day. Synaptosomes were usually prepared without protease
inhibitors. Some synaptosomes were prepared with the following protease inhibitor
mixtures: leupeptin (1.0 gM) and phenylmethylsulfonyl fluoride (PMSF) (0.1 mM); or
benzamidine (0.07 mM), PMSF (0.07 mM), trasylol (0.004 mg/ml), and pepstatin A (0.014
mg/ml). No differences were observed between channels from synaptosomes prepared
with or without the protease inhibitors.

Electrical Measurements

A standard two-electrode voltage-clamp was used for electrical measurements. Contact
with the aqueous solutions was made through Ag/AgCl clectrodes. The front electrode
was usually in direct contact with the solution. The back electrode was an Ag/AgCl pellet
in a microelectrode holder. Contact to the chamber was made through a glass pipette
filled with the appropriate electrolyte solution. The same electrode configuration was
used for the front electrode in experiments where CI~ salts were added to the front
chamber. The single-channel recordings were generally from channels in the “large”
membrane, and the recording bandwidth was <100 Hz owing to the large membrane
capacitance (300-400 pF). In some cases, the bilayer punch (Andersen, 1983a) was used
to isolate sodium channels in smaller membranes (20-80 pF), and the bandwidth could
be increased to ~200 Hz. The bilayer punch was also used to remove unwanted channel
activity in the membrane. If a “large” membrane showed signs of breakdown or uniden-
tified conductance jumps, the pipette was fused with the bilayer and withdrawn. After
this procedure, the membrane frequently regained its original characteristics. Unfortu-
nately, one may also lose the incorporated sodium channels.

The output from the current-to-voltage converter was amplified and filtered with a
four- or eight-pole filter with a cutoff frequency between 10 and 100 Hz, usually 20-50
Hz. The output from the filter was displayed on a strip-chart recorder with a frequency
response of ~100 Hz.

During experiments, membrane potentials were applied relative to the back chamber.
In this article, the following sign convention is used: the aqueous phase facing the
tetrodotoxin (TTX)-binding site of the channel is the reference, irrespective of the
orientation of the channel(s) in the membrane. The reference solution is denoted the
“extracellular” solution. The other solution is denoted the “intracellular” solution. Applied
potentials were corrected for electrode asymmetry and liquid junction potentials, which
were calculated using the Henderson equation (e.g., Plettig, 1930; Salling and Siggaard-
Andersen, 1971).

Channel Incorporation

After the bilayer had thinned, 2-10 gl of an ethanolic stock solution (0.4-0.8 mM) of
BTX was added to the back chamber. This addition had no effect on the electrical
properties of the membranes (data not shown). A small aliquot (10~50 ul) of the synap-
tosomal suspension was then added to the front chamber while stirring, and the membrane
current (at +60 or —60 mV) was followed as a function of the time to monitor the
incorporation of membrane channels, as represented by stepwise increases in the current
(see Figs. 1A and 3A). It was generally not necessary to have an osmotic gradient across
the bilayer to achieve channel incorporation (cf. F. S. Cohen, 1986). (In 0.02 M Na*,
channel incorporation seemed to be facilitated by having a salt gradient across the
membrane, and incorporations were usually done with 0.1 M Na* in the front chamber
and 0.02 M Na* in the back chamber. After an incorporation, the front chamber was
perfused and [Na*] decreased to 0.02 M.) It was also unnecessary to have Ca** present
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when the membranes were formed from PE:PC, but channel incorporation was facilitated
by the presence of 0.5-2.0 mM CaCl; in the front chamber when the membranes were
formed from PE:PS. It was usually necessary, however, to break the membrane and form
a new bilayer to achieve channel incorporation. This maneuver is probably the reason
that some channels incorporated with their TTX-binding site facing the back aqueous
hase.
P At low [Na*], channel incorporation was also achieved by mixing the membrane-
forming (lipid/decane) solution and the synaptosomal preparation in the Pasteur pipette
before blowing the membrane-forming bubble across the hole in the Teflon partition.
Channel incorporation usually occurred <5 min after the membrane had thinned down.
This procedure resulted in a consistently high yield of channel incorporations. The
number of channel incorporations was often high, and a large number of unidentified
conductances were observed. It was usually necessary to remove unwanted channel activity
with the pipette in the back chamber to obtain membranes that were suitable for further
study.

Once a channel was in the membrane, it was identified as a sodium channel if it fulfilled
the following criteria: it remained in the open state most of the time in the potential range
of —40 to +40 mV; it began to close at membrane potentials between —60 and —100 mV
(see above for sign convention for membrane potentials); the channel current was inhibited
by TTX (or saxitoxin [STX]); and it had a conductance that was appropriate for the
experimental conditions. If the channel could not be identified as a sodium channel, a
new membrane was formed. If the channel satisfied the above criteria, any added Ca**
was chelated with EDTA, and sometimes the front chamber was perfused to remove the
synaptosomes in an attempt to halt further channel incorporation. (Occasionally, channel
incorporations were observed later in an experiment, after perfusion of the front chamber.
These incorporations may reflect the transfer of new channels into the bilayer from
synaptosomes adsorbed to the bilayer [e.g., F. S. Cohen, 1986], or binding of BTX to
channels already in the bilayer).

Data Analysis

Single-channel amplitudes were determined from pen-writer records. Single-channel
amplitude histograms were assembled from membranes containing one to eight channels.
Histograms were collected in absence and presence of extracellular STX or TTX (see
Fig. 3, C and D). It was generally necessary to have guanidinium toxins present to
accumulate an acceptable number of single-channel current transitions. (There was no
detectable difference in the single-channel amplitudes estimated on the basis of the major
peak in histograms based on spontaneous or guanidinium toxin—induced current transi-
tions.) Single-channel conductances were estimated from linear regression analysis of the
single~channel current-voltage relations. The conductances were normalized to a temper-
ature of 24°C using a Qo value of 1.3 (Nagy et al., 1983).

Egs. 1 and 2 (see Results) were fitted to the data using a nonlinear least-squares routine
based on a combination of the grid search and Marquardt-Levenberg algorithms (e.g.,
Bevington, 1969, pp. 204-246). Eqs. 3-5 were fitted to the conductance vs. concentration
data using a combination of an interactive fit and a grid search. The quality of the fit was
judged visually and by the chi square (x°) (e.g., Bevington, 1969, pp. 187-203). Fits of
different models to the same data were compared using the F test as suggested by Ellis
and Duggleby (1978): F = (R, — Rs)-(n — p1)/[R1-($1 — p2)], where R, and p, are the sum
of the squared residuals and the number of parameters associated with the more complex
model, R; and p; denote the corresponding parameters for the simpler model, and n is
the number of data points. The degrees of freedom for F are (p, — ps) and (n — py).
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Materials

The lipids were from Avanti Polar Lipids, Inc., Birmingham, AL, and were used without
further purification. n-Decane was 99.9% pure from Wiley Organics, Columbus, OH; it
was sometimes purified over alumina before use. TTX was obtained from Sigma Chemical
Co., St. Louis, MO, and STX was obtained from the Food and Drug Administration,
Cincinnati, OH. BTX was a generous gift from Dr. John Daly, ‘National Institutes of
Health, Bethesda, MD. The inorganic salts were reagent grade. The alkali metal chlorides
were roasted for at least 24 h at 500-600°C and stored in evacuated dessicators over
NaOH. Tetraethylammonium chloride (TEA-CI) was recrystallized as described previously
(Andersen, 1983a). The water was deionized Milli-Q water (Millipore Corp., Bedford,
MA).

RESULTS
Sodium Channel Incorporation

After addition of BTX and synaptosomes, the time before channel incorporation
varied from <1 to 151 min. This waiting time was usually <30 min. Generally,
channel incorporations appeared as rectangular increments in the membrane
current. The amplitudes of the current jumps corresponded to multiples of the
unitary conductance of the sodium channel. In the absence of BTX, sodium
channel incorporations were not observed. (In one experiment, the membrane
was monitored for >6 h after the synaptosome addition, but before the addition
of BTX. No sodium channel activity was observed, although there was other
uncharacterized channel activity. The subsequent addition of BTX led to the
appearance of four sodium channels over a 15-min period.)

The statistics on channel incorporation are summarized in Table 1. Of 350
incorporation events, there were 5 in which more than four channels incorpo-
rated simultaneously. The average number of channels per event was 1.5, with
no apparent [Na*] dependence (0.02 M =< [Na*] < 3.5 M). If channel incorpo-
ration results from the fusion of a vesicle with the bilayer (C. Miller and Racker,
1976), the distribution of the number of channels per incorporation event should
be described by the Poisson distribution. The data in Table I can be described
by a Poisson distribution with a mean of 0.5 channels per fusion event. The
Poisson mean value is smaller than the observed average because a large number
of fusion events (~60%) presumably did not result in channel incorporations.

If the bilayer was not broken in the interval between synaptosome addition
and channel incorporation (n = 15), the guanidinium toxin-binding site of the
incorporated channels faced the compartment where the synaptosomes were
added. This orientation of the channels in the bilayer is consistent with outside-
out vesicles fusing with the bilayer.

In some cell membranes, sodium channels are immobile (Stithmer and Almers,
1982) and cluster (Almers et al., 1983; Beam et al., 1985). In contrast, sodium
channels do not remain in close contact after incorporation into planar bilayers.
Channel separation was demonstrated using the bilayer punch to isolate “small”
membranes after a single incorporation event of two or more channels. In five
instances, one or more channels were isolated in the “small” membrane after a
single, multichannel incorporation event. When the pipette was removed from
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TABLE I
Number of Channels per Incorporation Event
[Na*] Total 1 2 3 4 5 6 >6
M
0.02 13 10 2 — 1 — — —_
0.05 29 17 9 2 1 — —_ —
0.1 161 120 29 6 3 — 1 2(7,10)
0.2 13 6 2 3 1 — - 1
0.5 74 48 17 6 3 — — —
1.0 38 25 4 5 4 — — —
2.5 15 10 1 1 — 1 —
3.5 7 6 1 — — — — —
Total 350 242 66 23 14 —_ 2 3

The distribution of the number of channels per incorporation event (x) is described
by the Poisson distribution, N(x) = N-(\*/x})-exp(—A), where N(x) is the number of
fusion events with x channels, N is the total number of events, and ) is the average
number of channels per event. X can be estimated from the ratio of successive values
of N(x): A = (x + 1)}-N(x + 1)/N(x)-A = 0.5 [from N(2)/N(1)]}, N = 770, N(1) = 240,
N(2) =70, N(3) = 10, N(4) = 2.
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FIGURE 1. The isolation of a single sodium channel after a multichannel incorpo-
ration. (A) Simultaneous incorporation of three sodium channels. The capacitative
transient on the left marks a voltage change from 0 to =60 mV. The incorporation
event is visualized as a discrete increase in the membrane current (downward
deflection). The amplitude of this initial current transition is approximately three
times as large as the amplitude of the single-channel current transitions shown in
the trace (at the far right). Experiment 840410: 0.1 M Na* plus 0.1 M TEA™ in the
extracellular solution, 0.2 M Na* in the intracellular solution, 0.01 M HEPES. (B)
Current transitions at 0 mV after addition of TTX. Channel openings are upward
current transitions. There are transitions between three current levels; two of the
three channels undergo long-lived (TTX-induced) transitions. Smaller, short-lived
transitions (marked by the arrow) are seen for the third channel. (C) Current
transitions at 0 mV with a single sodium channel in the pipette. (D) Current
transitions at 0 mV after the pipette was pulled back from the large membrane.
Two channels remained; they display long-lived (TTX-induced) transitions. Current
transitions for one channel (marked by the arrow) have the same small amplitude
as the transition indicated by an arrow in B. (See Figs. 3 and 4 for other examples
of such current transitions.)
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the bilayer, some or all of the other channels remained in the large membrane.
Current traces illustrating the isolation of a single channel after a three-channel
incorporation are shown in Fig. 1.

BTX-modified Sodium Channels Disappear Spontaneously

An experiment terminates when there is no longer any observable channel
activity. Termination may occur for several reasons: the membrane breaks;
channels are removed using the pipette; the membrane changes from a bilayer
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FIGURE 2. The rate of spontaneous sodium channel disappearance. (A) Duration
histogram of the lifetimes of 59 sodium channels that disappear spontaneously. The
lifetimes were accumulated in 5-min bins. (B) Survivor plot of the lifetimes of all
524 sodium channels. The lifetimes were accumulated in 5-min bins. (C) The
spontaneous sodium channel disappearance rate as estimated by dividing the number
of events per bin in A by the total number of lifetimes in the corresponding bin in
B. The solid horizontal line at 0.004/min marks the average channel disappearance
rate over the first 90 min.
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to a thick membrane, as evidenced by a decrease in membrane capacitance; or,
for unknown reasons, the channels spontaneously disappear some time after
incorporation. These channels were usually normal up to the point of disappear-
ing. One possible cause for channel disappearances is the dissociation of BTX
from the channels, in which case the disappearance rate is an upper estimate for
the BTX dissociation rate constant.

To obtain an estimate for the spontaneous disappearance rate, the following
procedure was used. The distribution of channel lifetimes, the interval from
channel appearance to disappearance, for the 59 spontaneously disappearing
channels was accumulated into a duration histogram (Fig. 2A). In addition, all
524 channel lifetimes were accumulated into a survivor histogram (Fig. 2B). For
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both histograms, the abscissa is the channel lifetime in 5-min bins. The ordinate
in Fig. 24 denotes the number of spontaneous disappearances that occur within
each 5-min interval, while the ordinate in Fig. 2B represents the number of
remaining channels that have a duration equal to or longer than indicated. The
spontaneous channel disappearance rate cannot be determined solely from the
histogram in A because of the time-dependent decrease in the number of channels
in the parent population (B). The rate was estimated by dividing the content of
each bin in A by the content of the corresponding bin in B, as displayed in Fig.
2C. Over the first 90 min, a time that encompasses >91% of the lifetimes, the
rate is quite constant, 0.02 channel disappearances per 5 min, or 0.004 min™'.
(The same estimate was obtained by extending the analysis to 120 min, a time
that encompasses >96% of all channel lifetimes. The counting error between 90
and 120 min led, however, to large bin-to-bin variations in the estimate of the
rate constant.)

Single-Channel Current Amplitudes

Single-channel current traces predominantly exhibit transitions between two
states: a “fully open” state, and a closed state as illustrated in the amplitude
histograms in Figs. 34 and 4 A. Transitions to partially open or subconductance
states and to “flickery” states were also observed. These states fell into two

FIGURE 3. (opposite) Single-channel current transitions at high [Na*]. (4) Current
trace and amplitude histogram in 2.5 M Na*. The trace illustrates a single-channel
incorporation event as an upward current transition (at the far left). TTX was
added during the break in the record, giving rise to long-lived channel closures that
were used in compiling the histogram. The average single-channel current, 7, was
2.14 £ 0.06 pA (n = 245), mean + SD (number of observations). Experiment
831122: 0.01 M phosphate, AV = 56 mV, 24°C. (B) Current trace and histogram
of current transition amplitudes in 1.0 M Na*. The trace illustrates an example of
the substate observed at high [Na*]. The three peaks in the histogram represent the
three different classes of current transitions: (I) between the fully closed and the
fully open state, with i = 1.62 + 0.03 pA (n = 57); (2) between the fully open and
the subconductance state, with i = 1.4 + 0.1 pA (n = 9); and (3) between the
subconductance and the fully closed state, with i = 0.35 £ 0.03 pA (n = 14).
Experiment 831207: 0.01 M phosphate, AV = 62 mV, 21.5°C. (C) Current traces
and histogram of current transition amplitudes in 0.5 M Na* before the addition of
TTX. The traces illustrate current transitions to the fully closed state and to the
substate (marked by an asterisk). The histogram was compiled from a 13.5-min-
long record; the asterisk denotes the peak corresponding to transitions between the
fully open and the subconductance state. For transitions between the fully open and
closed states, i = 1.58 + 0.04 pA (n = 40); for the transitions between the fully open
and the subconductance state, i = 1.2 + 0.1 pA (n = 12). Experiment 850415: 0.01
M HEPES, AV = 63 mV, 25°C. (D) Current trace and histogram of current
transition amplitudes obtained for the same channel as in C after the addition of 93
nM TTX. The amplitude histogram was again compiled over 13.5 min. The asterisks
in the trace and histogram denote subconductance states. For transitions between
the fully open and closed states, i = 1.60 + 0.02 pA (n = 108); for transitions
between the fully open and the subconductance state, i = 1.2 + 0.1 pA (n = 9).
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categories, a “high-salt” subconductance type (Fig. 3), and a “low-salt” flickery
type (Fig. 4).

The subconductance state was observed mostly at [Na*] = 0.5 M. The subcon-
ductance current amplitude was typically 0.2-0.3 of the “fully open” amplitude,
with little increase in the peak-to-peak current noise (Fig. 3 B). The subconduct-
ance state does not represent an aberrant form of the channel closures induced
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by STX and TTX, which increase the number and duration of transitions from
the open to the closed state. This toxin independence is illustrated in Fig. 3, C
and D, where the amplitude histograms were compiled over roughly the same
amount of time, before and after the addition of TTX. The peak representing
transitions between the fully open and the closed states increased after toxin
addition, while the peak for transitions to the subconductance state decreased
because the total time the channel was in the open state decreased. In addition,
toxin-induced closures from the subconductance state were observed.

The flickery state was observed mostly at [Na*] < 0.5 M. It is characterized by
an increase in the peak-to-peak noise of the open-state current. Examples are
shown in Fig. 4, B and C (see also Andersen et al., 1986). The increase in the
current noise indicates that channels in this state fluctuate between two or more
conductance states. The peaks in the amplitude histograms that correspond to
transitions to the flickery state represent estimates of the time-averaged current
amplitude, and cannot readily be used to characterize Na* permeation through
the channel. Unlike the subconductance state observed at high [Na*], the time-
averaged current of the flickery state varied from channel to channel and even
with time and membrane potential for a given channel (Fig. 4C). The flickery
state cannot result from shifts in the voltage activation of the channels (e.g.,
Weiss et al., 1984). This is most clearly seen by comparing the traces obtained
at —60 and +60 mV in Fig. 4C, where the flickery state is most pronounced at
positive potentials.

The flickery state became more frequent as the [Na*] was lowered. In 0.02 M
Na*, more than half the channels exhibited this type of behavior. In some
instances, only a flickery state was observed. Additionally, the time-averaged
current in the flickery state seemed to decrease relative to the “fully open state”
current as the [Na*] was lowered. In 0.02 M Na®, the time-averaged current
could be less than half the “fully open state” current (see Fig. 4C). The existence
of the flickery state necessitated careful inspection of the current records to

FIGURE 4. (opposite) Single-channel current transitions at low [Na*]. (A) Current
trace and amplitude histogram in 0.02 M Na*. The trace illustrates current transi-
tions for a channel that predominantly undergoes transitions between the fully open
and the fully closed states. i = 1.10 £ 0.02 pA (n = 41). Experiment 860122: 0.01
HEPES, AV = 60 mV. (B) Current trace and histogram of current transition
amplitudes in 0.1 M Na*. The traces illustrate transitions between the fully open
and the closed state (top trace) and between the flickery and the closed state (bottom
trace). There is an increased peak-to-peak current noise of the open channel in the
bottom trace. In the histogram, the peak to the right corresponds to transitions
between the fully open and closed states, with { = 1.41 + 0.05 pA (n = 138). The
peak immediately to the left corresponds to transitions between the flickery and the
closed states, with i = 1.18 + 0.04 pA (n = 56). Experiment 830907: 0.01 M
phosphate, AV = 60 mV. (C) Current traces illustrating the behavior of a flickery
state for a single channel in 0.02 M Na*. The open current changes with membrane
potential and time. At both +60 and —60 mV, the top traces were recorded ~15
min before the bottom traces. The arrows indicate transitions to what appears to
be the fully open state. Experiment 860121: 0.005 M phosphate, 22.5°C.
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ensure that only current transitions to the fully open state were included in
histograms used to determine the single-channel conductance. The rest of the
Results section will describe the behavior of the fully open state of the sodium
channel.

Single-Channel Conductance

At each [Na*], the single-channel current-voltage (i-V) relations were determined
from the mean currents obtained from amplitude histograms at different mem-
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FIGURE 5. Current-voltage relations in symmetrical solutions. (4) i-V relation for
a channel in a membrane carrying no net charge. The symbols denote means + SD.
The line denotes a linear regression to the data. The conductance was 24.7 pS (r =
0.9997). Experiment 830907: 0.1 M Na*, 0.01 M phosphate, PE:PC (4:1). (B) i-V
relation for a channel in a membrane carrying a negative net charge. The line
denotes a linear regression to the data. The conductance was 21.0 pS (r = 0.9999).
Experiment 830830: 0.1 M Na*, 0.01 M phosphate, PE:PS (1:1).

brane potentials. In symmetrical NaCl, the i-V relations were linear for [Na*]
ranging between 0.02 and 3.5 M (e.g., Fig. 5) and the conductances were
determined from the slopes of the i-V relations.

The single-channel conductance, g, varies as a function of [Na*] (Fig. 6). The
g-[Na*] relation tends toward a limiting value at high [Na*] (Fig. 6 A), but cannot
be described by a simple rectangular hyperbola, as shown by the nonlinear Eadie-
Hofstee plot of the data (Fig. 6B). The nonlinearity of the Eadie-Hofstee plot
appears to result from a net negative charge in the vicinity of the channel
entrance(s), which gives rise to an electrostatic potential difference between the
bulk solution and the entrances. This negative potential difference will increase
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the local [Na*] and thus the single-channel conductance (Drouin and Neumcke,
1974). The solid curves in Fig. 6, A and B, were calculated based on a model
assuming a net negative charge at the channel entrance (see the Discussion).
When channels were incorporated into bilayers formed from PE:PS, which
should carry a net negative surface charge, the single-channel conductances at
[Na*] = 0.1 or 0.5 M were 21.6 and 25.5 pS, which compares well with the
corresponding conductances measured in PE:PC membranes: 21.7 and 25.3 pS.
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FiGure 6. Conductance vs. [Na*]. (A) g{Na*] relation for channels in net neutral
PE:PC membranes. The points denote means + S.D. The curve denotes a fit of Egs.
3-5 to the data (see Discussion): gmax = 45 pS, Kna = 1.5 M, 0 = —0.38 e-nm™2, x*
= 2.6. (B) Eadie-Hofstee plot of the data in A. The solid line denotes a transform
of the solid curve in A; the dotted line denotes a nonlinear least-squares fit of Eq. 5
to the data for 0.02 M = [Na*] = 0.1 M (assuming o = 0), gmax = 21 pS, K, = 0.003
M, x3=1.2.

The i-V relations were also unaffected (Fig. 5B). At these values of [Na*],
negative charges on the lipids have no measurable effect on the [Na*] at the
channel entrance.

Ion Selecﬁvity

Within the error of our measurements, the channels are ideally cation selective.
The selectivity was evaluated from the reversal potential, V,,, determined from
single-channel -V relations with different ionic compositions in the aqueous
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phases. In the presence of an [Na™*] difference (either 0.1 vs. 0.02 M or 0.1 vs.
0.2 M), V., was within 1 mV of the Na* equilibrium potential (Fig. 7). When
the ionic strength was not held constant (0.1 vs. 0.02 M), the slope conductance
at Vi, 19.6 pS, was between the conductance values found in symmetrical 0.02
M Na* (18.8 + 1.6 pS [+ SDJ]) and 0.1 M Na* (21.7 + 1.7 pS). At constant ionic
strength (0.1 vs. 0.2 M), maintained by the addition of tetraethylammonium
(TEA™), the slope conductance at V., 19.5 pS, was smaller than the conductance
in symmetrical 0.1 M Na* (21.7 £ 1.7 pS) or 0.2 M Na* (23.4 £ 1.0 pS).

The K*/Na* selectivity was determined from V,.,, measured under a variety
of ionic conditions, and quantified as the permeability ratio, Px/Pna, using the
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FIGURE 7. i-V relations in asymmetric solutions. (A) 0.1 M in the extracellular and
0.02 M Na* in the intracellular solution. V.., was estimated to be 44.0 mV from a
linear regression analysis of the currents between 30 and 50 mV (solid region of
the line through the points). The Na* equilibrium potential (En,) was 43.0 mV
(24°C). The slope conductance at V., was 19.6 pS. Experiment 840401: 0.005 M
phosphate. (@) 0.1 M Na* plus 0.1 M TEA* in the extracellular solution and 0.2 M
Na* in the intracellular solution. V.., was estimated to be —16.8 mV from a linear
regression fit to the data between —42 and —2 mV (solid region of the line through
the points); Exa was —17.7 mV (23.5°C). The slope conductance at V.., was 19.5
pS. Experiment 840410: 0.01 M HEPES.

Goldman-Hodgkin-Katz equation (see Table II). Px/Py, varied between 0.14 and
0.18. The variation in Pg/Py, reflects variations in V., of <1 mV, which is
smaller than the error in measuring V,.,. Under the ionic conditions tested, the
channels’ selectivity is independent of the concentration and mole fraction of
the permeant ions. When the extracellular and intracellular solutions were
reversed, Px/Pn. was not affected, but the shape of the i-V relation changed (see
Fig. 8). The slope conductance at V,., was smaller with K* in the intracellular
solution, which indicates that intracellular K* blocks Na* movement through the
channel.

Screening and Block by Monovalent and Divalent Cations

Voltage-dependent sodium channels carry a net negative charge (Barchi, 1983;
J- A. Miller et al., 1983; Noda et al., 1984, 1986; Messner and Catterall, 1985).
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TABLE I1

Ion Selectivity of BTX-modified Na Channels

Ionic conditions (extracellular/intracellular) Vieev Py/Pn’
M mV
0.50 Na*/0.05 Na* + 0.45 K* (n = 1) +34.0 0.18
0.50 Na*/0.25 Na* + 0.25 K* (n = 2) +13.8 0.18
0.25 Na* + 0.25 K*/0.50 Na* (n = 2) —-13.6 0.16
2.5 Na*/0.25 Na* + 2.25 K* (n = 2) +34.5 0.18
1.25 Na* + 1.25 K*/2.5 Na* (n = 1) -14.5 0.14

* The selectivity is quantified by the permeability ratio, Px/Pna, which was calculated
from the Goldman-Hodgkin-Katz equation (Hodgkin and Katz, 1949): Vyeo = —(kT/
o)-In{([Na*} + Px/Pua-[K*})/(Na*), + Px/Pya[K*],)}, where the subscripts i and o
refer to the extracellular and intracellular solutions, & is Boltzmann’s constant, T is

the temperature, and ¢ is the elementary charge.
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FIGURE 8. Ion selectivity of the channel. (A) i-V relation with 0.25 M K* plus 0.25
M Na* in the extracellular solution and 0.5 M Na* in the extracellular solution. V..,
was estimated to be —13.6 mV from a linear regression to the data between —30
and 2 mV (solid region of the line through the points); Px/Pn. = 0.16. The slope
conductance at V., was 23 pS. Experiment 851113a: 0.01 M HEPES, 24°C. (@) i-
V relation with 0.5 M Na* in the extracellular solution and 0.25 M K* plus 0.25 M
Na* in the intracellular solution. V.., was estimated to be 14.0 mV from a linear
regression to the data between 8 and 18 mV (solid region of the line through the
points); Px/Pn. = 0.16. The slope conductance at V.., was 17 pS. Experiment
851113b: 0.01 M HEPES, 24°C.
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The shape of the g-{Na*] relation (Fig. 6A) suggests that some of these charges
impart a net negative charge to the channel entrances. The experiments de-
scribed below were in part designed to test whether the single-channel conduct-
ance is modulated by a net negative charge at the entrances.

Experiments with TEA”. The effects of TEA™ on the single-channel current
depended on whether TEA" was added to the extracellular or intracellular
solution. When added to the intracellular solution, the predominant action of
TEA™ was to induce a voltage-dependent block (Fig. 9) similar to that caused by
other monovalent or divalent organic cations, e.g., local anesthetics (Strichartz,
1973), quaternary alkylammoniums (Rojas and Rudy, 1976), N-alkylguanidi-
niums (Kirsch et al., 1980), and divalent N-alkylguanidium analogues (Danko et
al., 1986). Concurrent with the TEA*-induced block, the peak-to-peak single-
channel current noise increased as the membrane potential was increased (Fig.
9A). The voltage dependence of the block was described using the relation
(Woodhull, 1973):

in/(io — i) = (Kn(0)/[B}}-exp(~z-3-AV-¢/AT), (1)

where ip is the current in the presence of the blocker, e.g., TEA?, i, is the current
in the absence of blocker, Kx(0) is the dissociation constant for the blocker at 0
mV, [B] is the concentration of the blocking ion, z is its valence, 8 is the fraction
of the membrane potential that is affecting block, AV is the membrane potential
difference, e is the elementary charge, & is Boltzmann’s constant, and T is the
temperature in Kelvin. In symmetrical 0.05 M Na®, the estimates for é and K5(0)
were —0.54 * 0.04 and 0.031 + 0.002 M, respectively (Fig. 9C). The negative
8 value arises because TEA* enters and blocks from the intracellular solution.

When the [TEA*] was increased, the time-averaged single-channel current
amplitude decreased and peak-to-peak noise increased (Fig. 10A4). The dose-
response curves for the intracellular TEA*-induced block appear to be single-
site binding isotherms (Fig. 10B), and the voltage dependence of the [TEA™] for
half-maximal block was similar to the voltage dependence of current block at a
constant [TEA™*] (squares, Fig. 9B).

When added to the extracellular solution, TEA* produced a smaller, virtually
voltage-independent current reduction (Fig. 7), with no concomitant increase in
the open-channel current noise. The current reduction is probably a result of
screening of negative charges in the vicinity of the channel entrance, which
would reduce the local [Na*] and thus the current. The screening effect of TEA*
was evaluated in experiments at a constant ionic strength (0.1 M) at ~80 mV,
where the net Na* flux is almost equal to the unidirectional flux (e.g., Andersen
et al., 1986). In symmetrical 0.05 M Na™ plus 0.05 M TEA* solutions, the chord
conductance at =80 mV was 13.5 pS, or ~70% of the current in the absence of
TEA*. In symmetrical 0.02 M Na* plus 0.08 M TEA", the chord conductance
at =80 mV was 8.2 pS, or ~40% of the current in the absence of TEA*.

Effect of divalent cations. In symmetrical solutions of 0.02 M Na* plus 0.005
M Ba**, the i-V relation was linear, but the conductance was reduced to ~5.4 pS
(Fig. 11). The linear i-V relation indicates that the effect of Ba** is essentially
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FIGURe 9. Effects of intracellular TEA* on single-channel currents. (A) Single-
channel current traces in the presence of TEA*. At positive potentials, channel
openings are upward; at negative potentials, channel openings are downward.
Relative to transitions at negative potentials, the current amplitude decreased, and
the open-channel current noise increased at positive potentials. Experiment 851106:
0.05 M Na* in the extracellular and 0.05 M Na* plus 0.02 M TEA" in the
intracellular solution, 0.01 M phosphate. (B) i-V relation in the presence of intra-
cellular TEA*. The solid curve was drawn by eye. The dashed line represents the
average single-channel i-V relation in 0.05 M Na* in the absence of TEA*. Experi-
ment 840112: 0.05 M Na* in the extracellular solution and 0.05 M Na* plus 0.02
M TEA" in the intracellular solution, 0.005 M phosphate. (C) Voltage dependence
of the intracellular TEA* block. (M) The data from B are plotted as in/(ip ~ iz) vs.
AV. The line denotes a fit of Eq. 1 to the data: Ky (O) = 3.0+ 0.2 102 M, and & =
=0.54 + 0.04. (@) Kp estimates from the dose-response data of Fig. 10; they were
not included in the analysis.
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FIGURE 10. Dose-response curves for intracellular TEA* block. (4) Single-channel
current traces at +60 mV in symmetrical 0.05 M Na* with or without TEA* in
intracellular solution. Channel openings are upward. The current amplitude de-
creased and the channel current noise increased as [TEA*] increased. Experiments
851101 and 851104: 0.01 M phosphate. (B) The ratio of blocked to unblocked
single-channel current (ig/io) as a function of [TEA*] and membrane potential: (A)
+60 mV; (@) +30 mV; (M) —30 mV. The curves denote nonlinear least-squares fits
to a single-site binding isotherms: ig/is(max)-Ks/(Ks + [TEA™]), where ig/is(max) is
the maximum value for ip/iy. At 60 mV, Kp = 0.0114 + 0.0015 M and iz/i¢s(max) =
1.00 £ 0.05. For the data at £30 mV, ig/ie(max) was assigned a value of 1. At +30
mV, Kz = 0.020 = 0.002 M; at —30 mV, Ky = 0.050 + 0.002 M.
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voltage independent, and that Ba** does not bind with high affinity at a site deep
within the channel. In contrast, the addition of Ba** to only the extracellular
solution produced what appears to be a weakly voltage-dependent current
reduction (Fig. 11). While the shape of the i-V relation could suggest a bona fide
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FIGURE 11. Effects of Ba*™ on the single-channel current. (A) i-V relation in
symmetrical 0.02 M Na* with 0.005 M Ba** added to the extracellular solution.
The curve through points has no theoretical significance. (@) i-V relation in sym-
metrical 0.02 M Na* with 0.005 M Ba™" added to both solutions. The line through
the points denotes a linear regression to the data. The conductance was 5.4 pS. The
dashed line represents the average i-V relation in 0.02 M Na* in the absence of
Ba**. Experiments 860130 and 860131: 0.005 M HEPES.

voltage-dependent block, the more likely explanation is that Ba** screens, or
binds to, negative charges at the channel entrance.

In symmetrical solutions of Na* and Zn**, the i-V relation is not linear (data
not shown), and extracellular Zn** caused a pronounced voltage-dependent
current reduction consistent with Zn*" exerting its major effect through a
voltage-dependent block (Fig. 12). Qualitatively similar results were observed by
adding Ca*™* to the extracellular solution (data not shown). The open-channel
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current noise was not affected by the divalent cations (e.g., Fig. 12A). When we
fitted Eq. 1 to the data, the estimates of Kg(0) and & for Zn** were 9 £ 7 X 10™*
M (range, 3-16 X 107* M in three experiments) and 0.21 + 0.03; for Ca**, Kz(0)
and 6 were 1.3 £ 0.1 X 107> M and 0.18 £ 0.03. The similar & estimates suggest
that these divalent cations bind and block at a common site.
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FiIGURE 12. Effects of extracellular Zn** on the single-channel current. (A) Cur-
rent traces in symmetrical 0.02 M Na*, before and after the addition of 0.0008 M
Zn** ta the extracellular solution, illustrate the voltage dependence of the block.
At positive potentials, channel openings are upward; at negative potentials, they are
downward. Experiment 841120: 0.005 M HEPES. (B) i-V relation in the presence
of 0.0008 M extracellilar Zn**, The solid curve has no theoretical significance.
The dashed line represents the average i-V relation in 0.02 M Na* in the absence
of Zn**. Experiment 841025: 0.005 M HEPES. (C) Voltage dependence of the
block by extracellular Zn**. The data from B were plotted as in/(io — ip) vs. AV. The
line denotes a fit of Eq. 1 to the data: K = 6.0 + 0.2 X 107 M; 6 = 0.21 + 0.01.
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DISCUSSION

BTX-modified sodium channels incorporated into planar lipid bilayer mem-
branes are qualitatively similar to sodium channels in biological membranes. The
ion selectivity, STX and TTX sensitivity, voltage-activation characteristics, and
single-channel conductances are all comparable, as emphasized previously (Krue-
ger et al., 1983; Moczydlowski et al., 1984). Some differences may exist between
BTX-modified sodium channels in biological and planar bilayer membranes (see
below). These differences do not throw into question the general identification
of the bilayer-incorporated channels, but they do raise a question regarding their
exact molecular identity: are the bilayer-incorporated channels representative of
sodium channels in the synaptosome suspension (or the central nervous system
of the dog), or does a subpopulation of sodium channels incorporate selectively?
(Three distinct mRNA’s for sodium channels have been found in the rat brain
[Noda et al., 1986].) This is a general problem for studies based on very small
(~1072* mol) samples of a substance (see also Mazet et al., 1984). There is no
readily available way to assess the severity of this problem in the bilayer and we
will, in the absence of contrary evidence, proceed on the assumption that bilayer-
incorporated BT X-modified sodium channels are fully intact and are represent-
ative of BTX-modified channels in situ.

In this study, some features of ion movement through open sodium channels
have been inferred from measurements on the single-channel conductance as a
function of the concentration of permeant and impermeant cations. These
features are: a net negative charge at channel entrances that increases the
conductance by increasing the local [Na*}; at least two cation-binding sites in the
permeation path; and an asymmetric permeation path. Before discussing these
aspects of channel function, we will briefly discuss our results on channel
incorporation and disappearance.

Channel Incorporation and Disappearance

Several features of sodium channel incorporation are consistent with the channels
incorporating by fusion of outside-out vesicles with the bilayer: more than a
single channel could incorporate simultaneously; the number of channels per
incorporation event could be approximated by a Poisson distribution; and, when
the bilayer was not broken, the channels incorporated with their extracellular
surface facing the chamber into which the vesicles were added. The average
number of sodium channels per incorporation is 1.5 (see Table I), but there are
20-100 STX receptors per synaptosome (the average surface area of a synapto-
some is ~1 pm®, and the surface density of STX receptors is 20-100/um?
[Catterall, 1984]). If synaptosomes fused with the bilayer, a much larger number
of channels per incorporation would be expected. The low number observed in
this study may result from a preferential incorporation of the smaller vesicles
that are present in synaptosomal preparations (e.g., Hajos, 1975, Fig. 2). (Note,
however, that the number of incorporations with four or more channels is larger
than predicted from the Poisson distribution.)

The Poisson frequency distribution of channels per incorporation suggests
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that each sodium channel is an independent entity, i.e., that the channels are not
organized together as oligomers. Additional support for channel independence
is that single channels could be isolated after multichannel incorporations (Fig.
1). Since sodium channels can cluster in biological membranes (Almers et al.,
1983; Beam et al., 1985), the absence of clustering in bilayers indicates that
clustering may be mediated by something that is lost by the preparation of the
synaptic membranes or by incorporation into the bilayer (e.g., cytoskeletal
attachments).

The spontaneous channel disappearances could result from the dissociation of
BTX from the channel, which should cause the reappearance of channel inacti-
vation and a loss of the steady state activation. If these channel disappearances
are caused exclusively by BTX dissociation, the average residence time for BTX
is 250 min at 24°C. Given the difference in temperature, this estimate is
comparable to the average residence times in neuroblastoma cells at 36°C, 40-
80 min (Catterall, 1975).

Ion Selectivity

The ion selectivity of BTX-modified sodium channels is less than that of their
unmodified counterparts (e.g., Khodorov, 1985). In myelinated nerve, estimates
for Px/Pna for unmodified channels range from 0.086 for unmodified channels
(Hille, 1972) to ~0.19 for BTX-modified channels (Mozhayeva et al., 19835).
(Khodorov and Revenko [1979] obtained a larger value for Px/Pn,, 0.40, but
this estimate may have been affected by changes in the intracellular ionic
composition [see Andersen et al., 1986, for further discussion].) In neuroblas-
toma cells, Px/Pn, increased from ~0.1 in unmodified channels to ~0.4 (Huang
et al., 1982), while measurements of unidirectional cation fluxes through BTX-
modified channels in cloned neuroblastoma cells gave Px/Pn, estimates of 0.17
in a cell line with normally TTX-sensitive sodium channels (Huang et al., 1979).

Our estimate for Px/Pn, in BTX-modified sodium channels (~0.16) agrees
with the estimates for BT X-modified sodium channels in biological membranes.
Similar permeability or conductance ratio estimates for BT X-modified sodium
channels were also obtained by Tanaka et al. (1983) and Hartshorne et al. (1985)
for channels purified from rat muscle or brain, and reconstituted into lipid
vesicles or planar lipid bilayers. Other studies on BTX-modified sodium channels
incorporated into planar bilayers reported Px/Pn, to be ~0.07 for rat brain and
muscle channels (Krueger et al., 1983; Moczydlowski et al., 1984).

In squid giant axon sodium channels, Px/Pn, varies with the electrolyte
composition in the intracellular fluid (Chandier and Meves, 1965; Cahalan and
Begenisich, 1976). This composition dependence has been interpreted to reflect
multiple ion occupancy in the channel (Begenisich and Cahalan, 1980a). In
contrast, there is no evidence for interactions among permeant ions in BTX-
modified sodium channels because Px/Py,, within experimental error, was invar-
iant with respect to changes in the ionic composition of either the extracellular
or the intracellular solutions. The absence of ion interactions is probably a
consequence of the BTX modification, since many ions that block native sodium
channels from the intracellular solution have much less affinity for BT X-modified
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sodium channels (e.g., Khodorov, 1985). One or more cation-binding sites in the
channel seem to be altered by BTX modification.

Conductance vs. [Na™]

The determination of the g-[Na*] relation was affected by the existence of several
conductance states, which imposed a practical limit on how far we could decrease
the [Na*]. The situation may be similar to that for sarcoplasmic reticulum
potassium channels, where problems precluded conductance determinations at
salt concentrations <0.015 M (Cukierman et al.,, 1986). Undetected flickery
activity at low salt may artifactually decrease the estimated single-channel cur-
rents and depress the g-[Na*] relation at [Na*] < 0.1 M, and our conductance
estimates at 0.02 and 0.05 M Na* should be regarded as lower limits. The
different conductance states described here have not been reported for other
BTX-modified sodium channels. The reason for this difference is not clear, but
dog brain sodium channels may differ from other sodium channels. We do not
advocate this position, but note that pharmacological dissections provide evidence
for (tissue-specific) sodium channel subtypes (Moczydlowski et al., 1986a).
Conductance (or current) vs. [Na*] relations have been determined for sodium
channels on frog node of Ranvier (Drouin and Neumcke, 1974; Hille, 19754, b)
and in squid giant axon (Begenisich and Cahalan, 1980b; Spires, 1985; Yamamoto
et al., 1985). The experiments were done at a constant ionic strength, and the
conductance vs. [Na*] relations could be approximated as Langmuir isotherms:

G = Guax'[Na*|/(Kc + [Na*]), 2)

where G denotes the membrane’s sodium conductance, G.x denotes the maxi-
mum sodium conductance, and K¢ denotes the [Na*] for half-maximal conduct-
ance. The estimates for K¢ were >0.3 M in the frog node and 0.4-1 M in the
squid axon.

The sodium conductance decreases as the extracellular (Hille, 1968; Woodhull,
1973; Mozhayova et al., 1982; Begenisich and Danko, 1983) or intracellular
solution is acidified (Wanke et al., 1980). From the pH and voltage dependence
of this H*-induced block, it appears that the rate of Na™ permeation through the
channel is affected by at least two titratable groups, probably carboxyl groups,
that are accessible from the extracellular solution. One group is in the permeation
path (Woodhull, 1973; Mozhayeva et al., 1982; Begenisich and Danko, 1983);
another is quite superficial at the extracellular entrance (Mozhayeva et al., 1982).

Unlike the experiments on native sodium channels, our determination of the
g-[Na*] relation for bilayer-incorporated sodium channels was done without a
support electrolyte, i.e., at a varying ionic strength. Not surprisingly, the g-{Na*]
relation in Fig. 6 A cannot be described by a Langmuir isotherm. Qualitatively,
the deviations from the shape described by the simple saturating function (e.g.,
Eq. 2) could result from a net negative charge at one or both channel entrances,
which would act to increase the local [Na*] relative to the bulk phase concentra-
tion. The g{Na*] relation could also result from multiple ion occupancy (e.g.,
Urban and Hladky, 1979). While multiple Na* occupancy cannot be excluded,
it is unlikely to be the dominant factor in determining the shape of the g{Na*]
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relation, because the results of the reversal potential measurements suggest that
there are no interactions among permeant anions. As a first approximation, we
therefore analyze the data assuming that, at most, one Na* can occupy a BTX-
modified sodium channel at any time.

A net negative charge at the channel entrance will give rise to a potential
difference, V., between the bulk aqueous phase and the entrance region. V.
depends on the geometry and charge distribution of the entrance region as well
as the ionic composition of the adjacent aqueous phase. In the absence of
structural information, V. was calculated using the Gouy-Chapman equation
(e.g., Aveyard and Haydon, 1973):

Ve = (2-kT/e)-arcsinh{o/(8-[Na*]- ¢ e kT)}*S, 3)

where ¢ is an apparent charge density at the entrance, ¢, is the permittivity of
free space, and ¢ is the relative dielectric constant of water (78.5 at 24°C [Weast,
1972, p. E-49]). (The presence of HPOZ was ignored; this will not affect the
estimates for V.) The relation between the local [Na*] at the entrance,
[Na*],, and the bulk [Na*] was approximated by a Boltzmann distribution:

[Na*]. = [Na*]-exp(—V.-¢e/kT). 4)

In symmetrical salt solutions, if the geometries and charge distributions combine
to produce similar V.’s at the intracellular and extracellular entrances, the g-
[Na*] relation can be described by:

£ = gmax*[Na*}/{[Na™] + Kna-exp(V.-e/kT)}. (5)

The g-[Na*] data are well described by Egs. 3-5 when gmax = 45 pS, Kna = 1.5
M, and ¢ = —0.38 ¢-nm™? (see Fig. 6). The Kx, estimate is consistent with the
K¢ estimates based on sodium current measurements in the frog node of Ranvier
and squid giant axon when [Na™] is varied at a constant ionic strength. (In this
approximate model, g approaches a finite limit not only as [Na*] — ®, but also
as [Na*] — 0, because the local [Na*] at the channel entrances according to the
predictions of the Gouy-Chapman theory of the diffuse double layer will approach
a lower limit, 6?/(2-¢,-€.-AT), as the bulk [Na*] — 0 [e.g., McLaughlin et al.,
1971). At 24°C, this limiting concentration is 1.08 M when o = —0.38 e-nm?,
and the minimal conductance is ~19 pS. The practical determination of this
limiting conductance, however, will be affected by the series resistance imposed
by the aqueous phases.)

If negative charges at the entrances affect the channel’s conductance, the
conductance at low [Na*] should decrease when impermeant monovalent or
divalent cations are added to the aqueous phases. When TEA* or Ba** was
added to both aqueous phases, the conductance decreased, which is consistent
with screening of negative charges. Experiments where screening ions are added
to only one side of the membrane are difficult to interpret. The electrostatic
potential will change only at one entrance, thereby altering the permeant ion
concentration at that entrance as well as the electrostatic field in the channel
(e.g., Frankenhaeuser, 1960). The single-channel currents can thus change
because of the different permeant ion concentrations at the entrances and
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because of the change in electrical driving force. Both of these effects can account
for the apparent voltage-dependent block observed when Ba*” is added to the
extracellular side only (Fig. 11). To minimize any changes in electrostatic
potential across the channel, the experiments to test for screening of fixed
charges were therefore done using bilateral additions of impermeant monovalent
or divalent cations. Evidence for the apparent success of this strategy is the linear
i-V relation observed after the addition of Ba** to both aqueous phases (Fig. 11).
In this experiment, V. can be calculated using the general Gouy-Chapman
equation (e.g., Aveyard and Haydon, 1973, Eq. 2.29) and the predicted con-
ductance is 6.6 pS, which should be compared with the measured value, 5.6 pS.
For the TEA* additions, the predicted conductances were 13.5 pS in 0.05 M
Na* plus 0.05 M TEA*, and 6.6 pS in 0.02 M Na* plus 0.08 M TEA™, which
should be compared with the measured chord conductances at —80 mV, 13.5
and 8.2 pS, respectively (but see the next section). If a Langmuir isotherm is
fitted to these conductances determined at a constant ionic strength, gn. = 38
pS, whereas K,, the [Na*] for half-maximal conductance, is 0.08 M. At an ionic
strength of 0.1 M, V, = —65 mV when ¢ = —0.38 ¢-nm™2, and the local [Na*] at
the entrance will be ~13 times larger than the bulk [Na*]. Ky, is thus estimated
to be ~1 M.

The g-[Na*] relations for BT X-modified sodium channels from rat muscle and
brain have been approximated by Langmuir isotherms (Moczydlowski et al.,
1984; Worley et al., as reported in Coronado, 1986). Qualitatively, between
0.02 and 0.1 M Na*, the single-channel conductances are fairly similar among
the channels studied. The dashed line in Fig. 6 B denotes a fit of a Langmuir
isotherm to this restricted data set. Quantitatively, the estimates of Kn, and gmax
for the rat channels differ from those for the dog channels because conductance
values at [Na*] > 0.5 M were included in our analysis and because different
equations were fitted to the data. When we restricted the analysis to the data at
[Na*] = 0.5 M, a fit of Eqgs. 3-5 to the subset gave the estimates Ky, = 0.48 M,
o= —0.27 e-nm™2, and gmax = 35 pS, x* = 1.3. A fit of a Langmuir isotherm to
the subset gave the estimates gmax = 25 pS, K, = 0.012 M, x* = 7.8. The two fits
can be compared using the F test (Ellis and Dugglesby, 1978). In the present
case, F is 14.7 and the probability of exceeding F is <0.1. It is unlikely that our
conclusion, that there are functionally significant negative charges at the channel
entrances, should be ascribed to some nonspecific effect of high [Na*]. (Addi-
tional support for functionally important negative charges at the extracellular
channel entrance is that H* blocks the sodium conductance in the frog node of
Ranvier and squid giant axon [vide supra}, and that carboxylate group-specific
reagents react with the extracellular surface of sodium channels to decrease the
single-channel conductance [Sigworth and Spalding, 1980; Worley et al., 1986;
Chabala et al., 1986]. The interpretation of the covalent modification experi-
ments is ambiguous, however, because it cannot be excluded that [at least some
of ] the single-channel conductance decrease could result from conformational
changes consequent to modifications at other parts of the channel.)

Charges on the host lipid bilayer have no measurable effect on the single-
channel conductances in 0.1 and 0.5 M Na®*, which suggests that the entrances
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are >2 nm from the bilayer/solution interfaces. This structural interpretation is
uncertain, however, because small contributions of the lipid bilayer surface
charge to V. may be obscured by charges on the sodium channel.

Screening and Block

When added to the extracellular solution, TEA* decreases single-channel cur-
rents, which is consistent with a screening of fixed charges at the extracellular
channel entrance. When added to the intracellular solution, TEA* induces a
voltage-dependent block. The increased current noise (Figs. 94 and 10A) and
the shape of time-averaged single-channel i-V relations (e.g., Yellen, 1984)
suggest that TEA™ enters the channel by the intracellular entrance, and binds
some distance into the channel, thereby blocking ion movement.

The dual effects of intracellular TEA*, the reduction of the electrostatic
potential at the entrance, and the voltage-dependent block are not independent
of one another. Changes in the electrostatic potential, V., will again alter the
degree of channel block by altering the local concentrations of the blocking and
permeant ions. Importantly, since V. will vary as a function of the bulk electrolyte
composition, the dose-response curve for the block may not necessarily follow a
simple inhibition curve, is = io-Kp/(Ks + [B]) (e.g., Edsall and Wyman, 1958;
McLaughlin, 1977). If there are competive interactions between the blocking
and permeant ions and if V, varies as a function of the blocking ion concentration,
the shape of the dose-response curve will depend on whether the blocking ion is
monovalent or divalent (Green and Andersen, 1986, Fig. 2). The dose-response
curve may appear to be a simple inhibition curve if the relevant ions have the
same valence, because the relative change in the local concentrations will be the
same for these ions. Because Na* may compete with TEA* at the intracellular
channel entrance, it is not surprising that the dose-response curve for TEA*-
induced block could be described by a Langmuir isotherm (Fig. 10B) (see also
Green and Andersen, 1986; Green et al., 1987).

Part of the conductance decreases observed at —80 mV with bilateral additions
of TEA* may result from TEA*-induced block at the intracellular entrance.
Corrections for this block depend on the underlying model, especially the
assumption that there are no interactions between Na* and TEA* in the channel.
This assumption may be questioned because increasing the extracellular [Na*]
relieves the block by several intracellular channel blockers (Shapiro, 1977,
Cahalan and Almers, 1979).

The voltage dependence of the channel block induced by intracellular TEA*
was analyzed using the Woodhull (1973) model. Estimates for § were ~0.5 for
[TEA*] varying between 0.002 and 0.04 M (Fig. 9C). This estimate is comparable
to the § values determined for other compounds (tetramethylammonium, meth-
ylguanidinium, and butylguanidinium) that block bilayer-incorporated BTX-
modified sodium channels from the intracellular solution (Moczydlowski et al.,
1986b), which indicates that these compounds all bind at a common site. (The §
estimate may not, however, be a good indicator of the electrical distance from
the intracellular solution to the binding site. Comparisons with more detailed
models suggest that the Woodhull model underestimates the actual voltage
dependence [Andersen, O. S., manuscript in preparation].)
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In addition to their screening action, extracellular Zn** and Ca** also block
sodium channels. The voltage dependence of the block was again interpreted
using the Woodhull model. The estimate for § (~0.2) is similar to that obtained
for Ca** in native and BTX-modified channels (Woodhull, 1973; Mozhayeva et
al., 1983a; Moczydlowski et al., 1986a; Worley et al., 1986). The Ca**-induced
block is reduced when the [Na*] is increased and when Na* is replaced by
permeant cations that are presumed to have higher affinities for the channel,
i.e., ions that have smaller K¢ values (Yamamoto et al., 1985). This apparent
competition suggests that the site of block is within the permeation path. .

Characteristics of the Ion Permeation Path

The voltage-dependent channel block induced by TEA™, Ca**, and Zn** suggests
that there is a minimum of two cation-binding sites in the channel and that the
sites are not symmetrical with respect to the electric potential profile. One site,
accessible from the extracellular solution, has an electrical distance from that
solution of ~0.2. The other site, accessible from the intracellular solution, has
an electrical distance from that solution of at least 0.5. Different blocking cations
interact differently with these sites. Ca** and Zn** block at the site accessible to
the extracellular solution, but TEA* and Ba** do not appear to bind to this site.
TEA" binds to the site accessible to the intracellular solution, but Ba** and Zn**
do not appear to bind to this site. This asymmetry of block suggests that there is
a significant barrier for ion movement at an electrical distance between 0.2 and
0.5 from the extracellular solution. Additionally, the differential effects of
intracellular and extracellular K* on the i-V relations (Fig. 8) show that intracel-
lular K* blocks Na* movement through the channel. Since K* is permeant, the
block probably results from K* binding at a site within the permeation path.
Because of the asymmetry of the block, the major barrier (i.e., the selectivity
filter) for K* must lie between this site and the extracellular solution. The
selectivity filter for K* may be the barrier that was deduced from the TEA* and
Zn** blocking experiments.

Since Zn** and Ca** are smaller than TEA?, steric restrictions cannot explain
the asymmetry in the Ca**-induced (Moczydlowski et al., 1986a) or the Zn**-
induced block. Equilibrium ion binding to the extracellular and intracellular
binding sites must be different. Using the terminology of Eisenman (e.g., Eisen-
man and Horn, 1983), the extracellular binding site seems to be a high-field-
strength site, while the intracellular site seems to be a (hydrophobic) low-field-
strength site. Whether this conclusion holds for native as well as BTX-modified
channels remains to be seen (see Khodorov, 1985). Similar reasoning cannot be
used to interpret the asymmetry of the TEA*-induced block, because we cannot
distinguish between steric restrictions to TEA* entry and low binding affinity to
the extracellular site.

Negative charges at the channel entrance(s) may be important for the primary
function of open sodium channels: to facilitate rapid and selective movement of
Na* across cell membranes. To accomplish this function, the channel must act
as a sink for ion entry and yet allow the ions to leave at a rapid rate. On the basis
of our measurements, the channel meets both criteria. The dissociation rate
constant for Na* at 0 mV is high, ~3 X 107 s, In addition, the intrinsic Na*
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affinity of the channel appears to be weak, at least for the dog brain sodium
channel, with a Ky, of 1-1.5 M. Note, however, that if no mechanism exists to
increase the [Na*] at the entrances, the single-channel conductance at physiolog-
ical ionic conditions would be ~1/10 of the maximal conductance. A net negative
charge at the entrances will increase the channel’s conductance by increasing the
local [Na*] and the effective rate constant for ion entry. Such charges may serve
to overcome any diffusion limitations for ion access to the channel’s selectivity
filter (Andersen, 19835). A net negative charge at the extracellular entrance will
have the additional advantage that the single-channel currents should become
comparatively insensitive to the Na* depletion that may occur during an action
potential (e.g., Neumcke and Stampfli, 1983). Negative charges at the channel
entrances may have evolved to increase the net charge movement per channel
during an action potential.
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