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Abstract. Asymmetric displacement currents, I, asso-
ciated with the gating of nerve sodium channels have
been recorded in cell-attached macropatches of Xeno-
pus laevis oocytes injected with exogenous mRNA
coding for rat-brain-II sodium channels. The I, prop-
erties were found to be similar to those of gating cur-
rents previously observed in native nerve prepara-
tions. I, fluctuations were measured in order to
ascertain the discreteness of the conformational
changes which precede the channel opening. The auto-
correlation of the fluctuations is consistent with a
shot-like character of the elementary I, contributions.
The variance of the fluctuations indicates that most of
the gating-charge movement that accompanies the ac-
tivation of a single sodium channel occurs in 2 to 3
brief packets, each carrying an equivalent of about 2.3
electron charges.

Key words: Sodium channel, gating current, fluctua-
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Introduction

The permeability changes that regulate many cellular
functions, in particular e¢lectrical excitation, result
from random openings and closures of ionic channels
driven by thermal motion and modulated by environ-
mental factors, e.g. the membrane potential, which af-
fect the relative probability of the channels being open
or closed. The first evidence of the stochastic nature of
ion-channel events was provided by fluctuation analy-
sis (Katz and Miledi 1970; Conti et al. 1975; Conti and
Wanke 1975; Neher and Stevens 1977). Single-channel
recordings (Neher and Sakmann 1976; Hamill et al.
1981) directly demonstrated the discreteness of the
open-close transition, which is practically instanta-
neous on the microsecond time scale. It has since been
a common practice to model ion channels using kinet-
ic schemes with a finite number of statistically signifi-

cant states and to assume Markovian transitions that
are instantaneously voltage dependent (French and
Horn 1983). Within such schemes the electrophysio-
logical parameters can be related to the thermody-
namic properties of the various channel conforma-
tions (Schwarz 1978; Conti 1986).

The transitions which precede the opening of a
channel cannot be viewed directly by patch-clamp
recordings and only limited inferences can be made by
analysis of single-channel records (Horn and Vanden-
berg 1984). For the sodium channels of nerve the exis-
tence of several closed conformations is a necessary
condition imposed by the multicxponential time
course of the macroscopic currents (Conti and Wanke
1975) and by the fact that the charge redistributions
which accompany the operation of the channels (gat-
ing currents) largely precede the actual opening (Arm-
strong and Bezanilla 1974; Keynes and Rojas 1976).
However, there is so far no direct evidence for a small
number of closed states implied by a literal translation
of the Hodgkin-Huxley (HH) equations (Hodgkin and
Huxley 1952) into a kinetic scheme (FitzHugh 1965).
Indeed, several authors have proposed models which
assume a continuum of possible charge distributions
within the channel protein {Neumcke et al. 1976; Ed-
monds 1987).

Continuous and discrete models lead to qualita-
tively different expectations for the gating current that
one could ideally measure at the single channel level.
In the continuous case one expects to observe single-
channel events with finite amplitude and a time course
similar to that of the mean gating current, I,, obtained
in the presence of a large number of channels. Discrete
models predict instead the occurrence of few needle
pulses, synchronous with the various transitions which
involve a major charge redistribution.

In practice, a single “shot” of charge, g, occurring
at time, ¢, will appear as a smooth current signal,
i()=qh(t—1t), where h(t) is the impulse response of
the recording apparatus related to the effective band-
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width, B, by:

B=1{r(@d. (1)
0

For an 8-pole Bessel filter B is very close to the 3-dB
cut-off frequency. h(f) is a bell-shaped function that
has a half width of about 1/(2 B) and reaches a peak
value of about 2B with a delay 8#=1/B. When viewed
through such a filter with B=10 kHz, a “shot” of 1
electron charge e,=1.6 - 107'° C would appear as a
current signal with about 3 fA amplitude and about
50 us width. This current is about 100 times too small
to be resolved with present patch-clamp technology,
but its quantal nature may still be revealed by the
analysis of macroscopic fluctuations.

We report here measurements of gating-current
noise in cell-attached macropatches of Xenopus laevis
oocytes injected with exogenous mRNA coding for
rat-brain-II sodium channels (Noda etal. 1986;
Stithmer et al. 1987). This preparation provides excel-
lent recordings of apparently normal sodium currents
in very low background noise conditions (Stithmer
et al. 1987). A brief report of the experimental results
has appeared (Conti and Stithmer 1988). The underly-
ing theory is particularly simple for unidirectional gat-
ing currents, as those expected following saturating
step depolarizations, or step repolarizations to large
negative potentials.

Theory

Let p(t) be the probability density that a gating tran- .

sition translocating a charge g; occurs at time ¢. Pro-
vided p(f) varies slowly in comparison to h(t), the
mean and the mean square of the “single-gate” current
observable in repeated trials will be given by:

G0y =g, j h(t—0)p(¢)dt ~ q;p(t—6)

G 0> =47 5) h*(t—t)p(t)dt ~2B q; p(t—0)

and the variance of such measurements,
a7 (1) = <iF (> — <i; (1)»?

can be expressed as:

02(0) = 2B ¢} p(1—0) (1— ”(;;9)). e

For N independent single-gate events the mean, I,

and the variance, agz (2), of the total gating current are
given by:

Ig(t)=§q,~p(t~9)

ﬁM=§#m.

If each event is characterized by the same p(t):

L(6)=Qp(t—0) (3)
a2(t)=2Bz,e,L,(1) (1—2%%>, )
where:

Q=§%

is the total gating charge, and where:
Zoo = (z_ q; )/Q
J

is an apparent single-gate charge that coincides with
the charge actually carried by each single-gate event
when the g;’s are all identical. More generally, suppose
that I () is made of contributions from independent
identical channels, but several steps carrying different
charges, z, ¢,, z, €, ..., 2,€,, contribute to the total
charge movement, ze,, occurring within each single
channel. Then, the apparent single-gate valence in
Eq. (4) is given by:
o1z

Zg= z . (5)
In this case z, depends on the partition of z among
different steps, and it can only be stated that at least
one of the z,’s exceeds or equals z,, while none of them
can exceed \/z z,.

Apart from the generalization to transient phe-
nomena involving a finite total charge transfer, Eq. (4)
is similar to that of classical shot noise (Schottky 1918;
see e.g. DeFelice 1981). It predicts that gating currents
of 50 pA resulting from quantal charge movements
with z,=1 would show root mean square fluctuations
of about 400 fA when recorded with B= 10 kHz. These
fluctuations are comparable in size to the background
noise of a good patch-clamp recording system.

Materials and methods

Xenopus laevis oocytes were isolated, injected with ex-
ogenous mRNA coding for rat brain type II sodium
channels (Noda et al. 1986; Stithmer et al. 1987) and
freed of the folicular and vitelline membrane (Meth-
fessel et al. 1986). Currents were recorded from cell-at-
tached macro-patches as described by Stithmer et al.
(1987). The extracellular medium and the pipette filling
solution for ionic current measurements were nor-
mal Ringer’s solution (in mM: 115 NaCl, 2.5 KCl,
1.8 CaCl,, 10 HEPES, pH 7.2). I, measurements were
made in sodium-free solutions (Tris* replacing Na™)
containing in addition 1uM tetrodotoxin (TTX).
Raising TTX to 30 uM did not affect the results. The



voltage stimulation and the acquisition of patch-cur-
rents were controlled by a computer (DEC-PDP-11/
73) using a special purpose program in Brown-BASIC.
Before being fed to the computer, the output of the
patch-clamp amplifier (EPC-7, List Electronics) was
filtered by an 8-pole Bessel filter (Frequency Devices
LP 902). The stimulation protocol for I, measure-
ments consisted of several groups of 20 repetitions of
step depolarizations to various test potentials from a
conditioning level of —140 mV kept for 12 ms. The
series began and ended with two control stimulation
groups having the same temporal pattern but test
potentials to —120 mV or — 160 mV, respectively. The
responses to the control stimulations were used in the
off-line analysis for subtraction of the linear compo-
nent of membrane currents.

Noise measurements were obtained from the anal-
ysis of repeated trials as in the standard non-stationary
fluctuation analysis of ion-channel noise (Sigworth,
1977). The collected ensembles of records consisted of
alternating groups of 100 responses to test stimula-
tions and 10 responses to control stimulations. Test
records were obtained by pulsing to potentials be-
tween 0 and 20mV from holding potentials of
—120 mV or —100 mV. Control responses were ob-
tained from an identical temporal pattern of stimula-
tion in which the pulses consisted of 20 mV hyper-
polarizing steps. Differences between two successive
test records were used for the analysis of the fluctua-
tions (Conti et al. 1980). The mean control record was
appropriately scaled and used to subtract the linear
response of the patch from the mean test record to
obtain an accurate measurement of the mean gating
current I,. Repeated stimulations could be applied at
a rate of 5s”! and a minimum of 600 records were
collected in each noise measurement. In the experi-
ment shown in the Fig, 2 the voltage stimulation was
a step function. In other experiments, particularly
when the initial gating current exceeded 100 pA, the
stimulating voltage pulse was passed through an RC
filter with 100 ps time constant. This avoided satura-
tion of the amplifier in the high-gain range which
yields the lowest noise referred to input. In these cases
B was reduced to 5 kHz. The variance of the fluctua-
tions, o2 (t), was estimated from the average square of
difference records at any time during a stimulation
cycle.

Results
Macroscopic gating currents
Figure 1 A shows a series of gating-current responses

produced by step depolarizations to various voltages
between —100 mV and +40 mV in steps of 20 mV
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Fig. 1. A. Sodium gating currents, I, recorded from a mem-
brane patch of Xenopus oocyte containing about 15,000 exoge-
nous sodium channels. Test potentials from —100mV to
+40 mV increasing in steps of 20 mV. Recording bandwidth:
B =8 kHz. Temperature: T'=15°C. The break in the time axis
represents an interval of about 1 ms. B Comparison of the
voltage dependencies of the gating charge, Q, (full dots} and the
activation-probability of soidum currents, P, ( full squares). The
two sets of data were obtained from different oocytes. The contin-
uous lines show the least-squares fit of either plot according to
Eqs. (6) and (7), respectively, with: Q, = 16.1 {C, V, = ~34.8 mV,
z,=22; and ¥V, = —40mV, z, = 24. P, was estimated by as-
suming that the extrapolation to time zero of the exponential
inactivation of sodium currents gives the steady-state current, I,
that would be reached in absence of inactivation. An empirical
function, f (V), accounting for the non-linear current-voltage
relationship of sodium channels was obtained from instanta-
neous I-V relations in tail-current measurements (Stimers et al.
1985). I' was divided by f (V) and normalized to its asymptotic
value at large depolarizations to yield the P, data

following a conditioning pulse to —140 mV. The re-
sponses were recorded with a bandwidth of 8 kHz.
Notice that the “off” responses following the four
largest depolarizations overlap almost exactly. This is
due both to the saturation of the “on-charge” displace-
ment (Fig. 1 B) and to the increase in “off-charge” im-
mobilization brought about by a more complete inac-
tivation of the channels at the end of the larger pulses
(Armstrong and Bezanilla, 1977). For each voltage, V,
the total gating charge, Q, was measured by integrat-
ing I, (t) over the 2 ms period of the test pulse. A nor-
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Fig. 2. The relationship between mean gating currents and their
mean squared fluctuation in repeated measurements. A Average
of 1.730 I, responses to the same test depolarization at +20 mV
from a holding potential of —100 mV. B Noisy trace: mean
square fluctuation of the I, recordings, offset by the mean base-
line variance (0.42 pA?); smooth trace: expected variance of the
shot-noise from gating-charge quanta with an estimated valence
z, = 2.2 (Eq. (4); see also Fig. 3). Notice that the same z,, but
different Q’s (respectively 13.3 fC and 4.3 {C), were used to draw
the smooth line for the pulse and for the tail data. In A and B the
break in the time axis represents an interval of about 2 ms.
Recording bandwidth: B = 8 kHz. Temperature: T=15°C

Table 1. Total charge, ¥, and single-shot charge

File Q, v, Zg
{fc] [mV]
N35 8.8 —16.7 23
N36A 8.2 —21.5 2.4
N36B 8.6 —16.1 2.0
N47 30.7 —13.0 1.8
N48 28.7 —17.3 1.7
N49 29.2 —17.1 22
NS0 28.8 —20.7 1.8
Q48 6.0 —49.3 2.2
N92 16.1 —3438 2.2
Mean: —23(£12) 2.07 (£0.25)

malized plot of Q vs. V is shown in Fig. 1B, together
with a plot of the open-channel probability, P,, esti-
mated in a different oocyte by analysis of the macro-
scopic sodium currents recorded in the absence of
TTX.

The gating current data of Fig. 1 are qualitatively
similar to those obtained from squid axons and frog
nodes of Ranvier (Armstrong and Bezanilla 1974;
Keynes and Rojas 1976; Neumcke et al. 1976) except
that the Q-V plot apparently does not show the shoul-
der at potentials negative to —60 mV, which is often
found in the squid preparation (Keynes 1983; Stimers
et al. 1985). The continuous lines in Fig. 1 B are least
squares fits of Q and P, data, respectively, according to

the following equations:

0=0.(1+ew( -z V7)) ©
P = 1/(1 +exp<—zm € (l/#)f (7

with Q,=16.1fC, V,=—348mV, z,=22; and V,=
—40 mV, z,,=2.4. The values of V,, and z,, are close to
the mean values typically found for these Na channels
when expressed in oocytes (Stithmer et al. 1989). Val-
ues of @, V, and z, from nine different experiments are
given in Table 1.

Fluctuation measurements

Figure 2A shows the average of nearly 2000 gating
current responses to step depolarizations to a test po-
tential, V; = +20mV from the holding potential,
Vg = —100 mV. The records were obtained from the
same oocyte shown in Fig. 1 A with B = 8 kHz. Linear
components were subtracted using appropriately
scaled control responses to steps from —100 to
—120 mV. The mean records obtained from the first
200 and from the last 200 trials of the same series were
not appreciably different from the overall mean, show-
ing that the I, response was stable during the 7 min
period of the whole measurement. All experiments re-
ported here satisfied this condition of stability, which
is necessary for trustworthy measurements of random
fluctuations.

Figure 2B shows the change in the fluctuation
variance, o2, produced at the onset and the end of the
test pulse. The relatively smooth line in Fig. 2B was
drawn assuming 62 to be the sum of a constant back-
ground value, o7 and a time-dependent term related to
the I, shown in Fig.2A according to Eq.(4) with
z, = 2.2. The latter valuc was obtained from the least
squares fit of z, to the 63—1 , relationship during the
test pulse as shown in Fig. 3.

The good fit of the simple theory to the entire time
course of I, and ¢ data justifies the assumption that
partial gating-charge movements proceed indepen-
dently and with similar kinetics. For voltage steps
from V, near —100 mV to V; > = 0, this assumption
is also supported by the observation that the decays of
both the “on” and the “off” I are single exponentials:
in the example of Fig. 2 A the time constants of the best
fits of these exponentials were 100 and 70 us, respec-
tively.

A most important feature of the results shown in
Fig. 2B is that the same z, fits the fluctuations of both
the “on” and the “off” phase of I, although the charge
which is free to move back during the early phase of
repolarization is only one third of that displaced dur-
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Fig. 3. Plot of the variance vs. mean data of Fig. 2 during the
pulse interval starting at the apparent peak of the I, response;
the continuous line is the least-squares fit of the variance-I,
relation as sum of a constant background and the shot-noise of
Eq. (4) with z, = 2.2. Notice that the variance axis is offset by
about the baseline variance (0.42 pA?). For convenience of dis-
play the data are shown condensed in bins obtained by dividing
the I, values in 20 equal intervals. The error bars represent
+ standard deviations, estimated according to the measured
variance taking into account both the number of trials used for
estimating the mean and the variance and the number of data
points in each bin
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Fig. 4. A Time course of the average gating current, I_, from the
same experiment illustrated in Fig. 2, shown on an expanded
time scale. B Autocovariance of the fluctuations during the de-
velopment of the I, response. C Autocovariance of the baseline
fluctuations. Each fluctuation autocovariance function was mea-
sured as the average product of the fluctuation at the respective
reference time and the fluctuations at any other time of the
stimulation cycle. The decay phase of I, is well fitted by a single
exponential with a time constant of 100 us, whereas both auto-
covariances in B and C drop to negligible values within one
sampling interval (25 ps)
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Table 2. Results

File B ¥, vV, Q@ z, sd o} NRec
[kHz] [m [mV] [C] [pA]
N32 5 —120 20 85 24 02 015 2200
N52 5 —100 20 234 22 03 034 750
N5 5 —120 0 72 30 06 021 900
NS6 5 —100 20 65 28 07 021 870
N62 5 —100 20 107 23 02 0086 850
N63 5 —120 0 157 20 02 0089 680
N65 5 —100 20 645 23 02 069 870
N66 5 —120 0 868 23 02 066 930
N67 5 —120 0 296 22 02 019 810
K69 5 —100 10 78 26 04 012 560
NSO 5 —100 20 37 28 02 0073 1,690
K83 10 —100 10 52 21 04 0079 640
N9O 5 —100 20 129 24 02 014 1530
N93 8  —100 20 133 22 01 042 1730

Mean: 2.3 (£0.05)

ing the test pulse (Armstrong and Bezanilla 1977). This
agrees with the finding in the frog node of Ranvier,
that “on” and “off” charge movements have the same
voltage dependence (Dubois and Schneider 1982), in-
dicating that both the immobilizable and the non-im-
mobilizable gating charges have the same valence. As
discussed later, the independence of z, on the number
of allowed charge-carrying transitions suggests an
approximately even distribution of the total gating
charge between its most significant contributions.

The results of noise measurements performed on
14 different patches are summarized in Table 2. The z,
estimates have a mean value of 2.3 and lie in the nar-
row range of 2.0 to 3.0, while 63 and Q vary by more
than a factor of 10 due to variations in patch area and
channel expression. The narrow range of z, suggests
that major contaminations from recording artifacts
are unlikely, because these are expected to produce
excess variance which increases with the square of the
signal rather than linearly with I, (see Eq. 4). Indepen-
dent tests on membrane patches from non-injected
oocytes showed neither appreciable gating currents
nor the related excess noise. Likewise, oocytes with a
poor expression of exogenous channels failed to pro-
duce a significant I, and any pulse-correlated change
of membrane noise.

The hallmark of the shot-like character of the ele-
mentary contributions to the excess noise was the non-
correlation of fluctuations separated by more than the
response time of the recording system. Figure 4 com-
pares the autocovariance of the fluctuations centered
at 0.5 ms before the test pulse with the autocovariance
centered at the peak of the I, response. Both decay to
negligible values with a time course dictated by the
recording system and much faster than the I, response.
Thus, at the highest time resolution that we could
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obtain in this study, gating-current fluctuations are
indistinguishable from white noise, as expected from
the superimposition of uncorrelated shot events. How-
ever, it should be stressed that by “shot event” we
mean the movement of a finite charge packet having a
maximum spread in time of about 25 ps.

Discussion

The voltage sensitivity of sodium channels must arise
from large charge redistributions accompanying their
structural transitions. From the voltage dependence of
macroscopic sodium currents and gating-charge
movements one can estimate the total charge, ze,,
which is displaced across the membrane in the transi-
tion of a single channel from the most favoured state
at very negative potentials to the open state. In squid
giant axons the transition of non-inactivated sodium
channels, from their equilibrium state-distribution at
—40 mV to the all-open configuration, is estimated to
involve a mean displacement of 4 electron charges per
channel, whereas step depolarizations from —120 to
—40 mV produce about 1/3 of the saturating levels of
gating-charge movement (Stimers et al. 1985). This
yields the estimate z = 6 for squid sodium channels.
The same argument applied to rat-brain-II sodium
channels expressed in oocytes (e.g. Fig. 1 B) leads to z
estimates in the range of 6 to 8, with the uncertainty
arising mostly from our inability to obtain both gat-
ing- and ionic-current data from the same oocyte.

The finding that the apparent single-gate charge
estimated from noise data is about 1/3 of the total
gating-charge (z, & z/3) has important implications for
the molecular mechanism of sodium channel gating.
First, it provides direct evidence that a large portion of
the gating charge moves by random steps that appear
as discrete events on the time scale of normal electro-
physiological processes. Furthermore, it confines the
number and the size of the non-trivial components of
ze, to narrower limits than those generally stated in
connection with Eq. (5). Of great importance in this
context is our additional finding that the same z, & z/3
accounts for both the “on” and the “off” gating-current
fluctuations.

In most of our noise measurements the channels
were fully inactivated at the end of the test pulse and
only about 1/3 of ze, appeared free to move back
during the early phase of the “off” gating currents
(Armstrong and Bezanilla 1977) (Fig. 2A). Since the
apparent “off” single-gate is also about 1/3 of ze,, we
are forced to conclude that z, = 2.3 is the actual va-
lence of the only significant charge movement which is
not immobilized by inactivation. This implies in addi-
tion that the remaining (immobilizable) two thirds of
z e, should contain at least two components (because

they yield the same apparent valence of about z/3
while they carry a total valence of 2 z/3), at least one of
which has a valence of the order of z/3. Indeed, the
possible distributions of the immobilizable gating
charge that satisfy Eq. (5) range between two extreme
cases: a) one large component carrying a charge of

about

32 z ey, combined with many very small addi-

tional components that account for the residual
charge but do not yield any appreciable noise contri-
bution; b) two major components carrying approxi-
mately the same charge ~ % ze,. In any case, our re-
sults are inconsistent with models that assume a
fragmentation of z into a large number of contribu-
tions which are each on the order of or smaller than
unity (Stimers et al. 1985).

The hypothesis that the total gating charge per
channel is equally distributed between three major
voltage-dependent steps provides the most simple ex-
planation of our present noise data. Two further inde-
pendent arguments support this hypothesis. First, the
single-gate valence estimated from noise measure-
ments is very close to the value of the parameter z,
which yields the best fit of our Q-1 plots according to
Eq. (6). That equation is consistent with the assump-
tion that sodium channel activation is controlled by
independent voltage-gated transitions which all in-
volve the same gating charge z, e, (Conti 1986). Fur-
thermore, both z, and z, estimates agree closely with
the z,, that fits the voltage dependence of sodium acti-
vation according to Eq.(7), which implies a simple
HH-type of activation scheme in which the opening of
a sodium channel is preceded by three independent
steps each producing the same transmembrane charge
movement z,, e, (FitzHugh 1965). Within such scheme
z,, 2, and z,, are indeed different experimental esti-
mates of the same physical quantity.

The consistency of our results with a model of sodi-
um channel with three independent activation steps is
not in contrast with the current notion that the classi-
cal HH-scheme is inadequate to describe the inactiva-
tion process and its coupling to activating. Such inad-
equacy is demonstrated by several results of gating-
current and single-channel measurements, most
noticeably the dependence of the inactivating transi-
tion on the state of activation (Armstrong and Bezanil-
la 1977; Aldrich et al. 1983) and the immobilization of
two thirds of the gating charge while the channel is in
the inactivated state (Armstrong and Bezanilla 1977).
However, none of these observations appear to con-
tradict in any obvious way the hypothesis that the
major voltage-sensitive activation steps occur inde-
pendently of each other and involve approximately the
same charge redistribution.

From our data we cannot rule out the possibility
that the activating steps carrying an effective quantal



charge movement of 2.3 ¢, involve a single structural
component undergoing a sequence of three indepen-
dent successive rearrangements. However, it is more
tempting to identify the gating-charge steps with struc-
tural transitions occurring in distinct pseudo-subunits
of the sodium channel associated with three of the four
repeats comprised by its primary structure (Noda et al.
1986) and to ascribe to the interaction of the activating
subunits with the fourth a major role in inactivation.
Despite its simplicity such model leaves room for
many complications which can account for the failures
of the HH-scheme. Indeed, besides inactivation other
important but electrically silent transitions between
different states of inter-subunit coupling may occur
after the gating-charge steps. The actual opening of the
channel-pore might in fact be one such transition, as
suggested by the differential effects of D, O and pres-
sure on I, or on the sodium currents (Conti and
Palmieri 1968; Meves 1974; Schauf and Bullock 1979;
Conti et al. 1984).
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