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SUMMARY

1. Single myelinated nerve fibres 12-17 ym in diameter from Rana temporaria
and Rana pipiens were voltage clamped at 2-5 °C. Potassium currents were blocked
by internal Cs* and external tetraethylammonium ion. Series resistance compensation
was employed.

2. Sets of 80-512 identical, 20 ms depolarizations were applied, with the pulses
repeated at intervals of 300-600 ms. The resulting membrane current records,
filtered at 5 kHz, showed record-to-record variations of the current on the order of
1%. From each set of records the time course of the mean current and the time
course of the variance were calculated.

3. The variance was assumed to arise primarily from two independent sources of
current fluctuations: the stochastic gating of sodium channels and the thermal noise
background in the voltage clamp. Measurement of the passive properties of the
nerve preparation allowed the thermal noise variance to be estimated, and these
estimates accounted for the variance observed in the presence of tetrodotoxin and
at the reversal potential.

4. After the variance o2 was corrected for the contribution from the background,
its relationship to the mean current I could be fitted by the function o2 = {I—I2/N
expected for N independent channels having one non-zero conductance level. The
single channel currents ¢ corresponded to a single-channel chord conductance
Y = 6:4+0-9pS (s.p.; » = 14). No significant difference in y was observed between
the two species of frogs. The size of the total population of channels ranged from
20,000 to 46,000.

5. The voltage dependence of 7 corresponded closely to the form of the instan-
taneous current—voltage relationship of the sodium conductance, except at the
smallest depolarizations. The small values of ¢ at small depolarizations may have
resulted from the filtering of high-frequency components of the fluctuations.

6. It is concluded that sodium channels have only two primary levels of conduct-
ance, corresponding to ‘open’ and ‘closed’ states of the channel.

7. The fraction pp,, of channels open at the time of the peak conductance was
found to be 0-59+0-08 (s.p.; » = 5) and 09+ 0-1 (s.D.; n = 3) for depolarizations
to —5 and + 125 mV, respectively. (50 ms hyperpolarizations to — 105 mV preceded
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the depolarizations in each case.) These values are similar to those predicted by
Hodgkin-Huxley kinetics.

8. Fluctuations in the firing threshold of neurones are expected from the stochastic
gating of sodium channels. A prediction of the size of these fluctuations based on
the measured properties of the channels gives a value of about 19, for the relative
spread, which agrees with experimental values in the literature.

INTRODUCTION

The analysis of membrane current fluctuations has provided estimates for the
unit conductance of many different ionic channels in axons, synapses and motor
end-plates (see reviews by DeFelice, 1977; Neher & Stevens, 1977). Fluctuations in
the sodium current of axons have been particularly difficult to analyse, however,
because of their rapid kinetics and the spontaneous inactivation of the current. This
paper and the succeeding one (Sigworth, 1980) describe a method of fluctuation
analysis that removes the difficulty posed by inactivation, and present some basic
results about the properties of single sodium channels.

This paper is primarily concerned with the number and size of the conductance
levels of sodium channels. This kind of information would best be obtained by
recording currents through single channels, as has been done recently in the acetyl-
choline receptor channel (Neher & Sakmann, 1976; Neher, Sakmann & Steinbach,
1978). No nerve preparation, unfortunately, has yet shown a sufficiently low noise
level to resolve single sodium channel currents; instead, indirect methods have
been used. Based on the assumption of two conductance levels for the channel (one
of which is zero), estimates for the single-channel conductance have already been
obtained by several means, including the analysis of membrane current fluctuations
(see Conti, Hille, Neumcke, Nonner & Stampfli, 1976b; and the review by DeFelice,
1977).

In their careful work using frog myelinated nerve, Conti et al. (1976a, b) also
tested the assumption of two conductance levels by observing the voltage dependence
of the single-channel conductance and by modifying the inactivation process in the
channels. The work described in this paper extends the tests for additional conduct-
ance states to larger depolarizations and to conditions of higher membrane
conductance. The experimental results are found to be consistent with two-
conductance-state theories, and also allow the peak fraction of channels open (pyay)
to be estimated.

I have used ensemble fluctuation analysis to study the sodium currents in the frog
node of Ranvier. In this technique the membrane currents, elicited by successive,
identical depolarizations, are recorded and the fluctuations within the ensemble of
responses are analysed. The procedure is based on the one used by Lamb & Simon
(1977) in their study of membrane potential fluctuations in photoreceptors. It differs
from previous measurements of current fluctuations (see Neher & Stevens, 1977;
Conti & Wanke, 1975) in not requiring stationarity of the membrane currents. It is
ideally suited, therefore, to the study of conductances that change with time.
Preliminary reports of this work have already been made (Sigworth, 1977, 1978).
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METHODS

The experimental apparatus and procedures are described in the first part of this section.
The node of Ranvier preparation was used in these voltage clamp experiments because of the
low thermal noise level that can be obtained, and because the moderate number of sodium
channels results in relatively large current fluctuations. From sets of current records, the mean
time course, variance and autocovariance were calculated on a computer by a procedure designed
to lessen the effects of long-term drifts. The voltage clamp system, which incorporates series-
resistance compensation and a facility for measuring the internodal resistances, is described
further in the Appendix. The second part of this section examines the contributions of various
instrumental sources of fluctuations to the total ensemble variance. The largest undesired
variance component was from thermal noise sources; its contribution was calculated explicitly
to provide a correction to the total variance.

Preparation and voltage clamp

Single fibres of 12-17 um diameter were dissected from the sciatic nerves of Rana temporaria
(nodes 12-19) or northern Rana pipiens (nodes 21-43) by a technique similar to that described
by Stampfli & Hille (1976). No attempt was made to discriminate between motor and sensory
fibres. After a fibre was mounted in the chamber and the internodal segments were cut in the
end pools, the end pool solutions were immediately changed from Ringer to a 100 mm-CsCl,
20 mm-NaCl solution (nodes 12-36) or to a 120 mM-KCl solution (nodes 38—43). The first solution
blocks the potassium current while maintaining the outward sodium current at large depolari-
zations. The solution bathing the node was potassium-free Ringer solution with tetraethyl-
ammonium ion (TEA) added to ensure sufficient block of the potassium current. Its composition
was (concentrations in mm) 100 NaCl, 20 TEA-C], 2 CaCl, and 3-5 buffer, either Tris-HCl (nodes
12-19) or HEPES at pH = 7-4. The experiments were performed at temperatures in the range
2-5 °C.

The peak sodium currents observed in these fibres at —5 mV were in the range of 5-11 nA
(see Table 1), corresponding to Py, in the range 3-6 x 10-1° cm?® sec—!. These values are lower
by a factor of 2 or more than values previously reported in the literature even when the low
temperature of these experiments is taken into account. The discrepancy may be partly due to
the choice of the holding potential, —75 mV in these experiments as compared with —90 mV
in the experiments of Conti et al. (1976). Ultra-slow inactivation (Fox, 1976 ; Neumcke, Schwarz
& Stampfli, 1979) may have reduced the current by as much as a factor of two in these experi-
ments. Normal sodium currents for these species of frogs may also be smaller than reported
previously. Hille (1971a) noticed what may be a large regional variation in Pg,; also, many
previous determinations of Py, were not calibrated by the measurement of Rgy in the same
fibres. In my work the low values of Iy, were seen consistently in more than thirty fibres. It
should be noted that an earlier report (Sigworth, 1977, Fig. 1) shows, because of a mislabelled
scale bar, peak currents of 15 nA. The peaks of the currents shown in the Figure were 7-5 nA.

The voltage clamp (Fig. 1) uses the original two-amplifier configuration of Dodge & Franken-
haeuser (1958) but incorporates many of the enhancements of Nonner (1969) and Hille (1971a).
The nerve chamber is identical to that of Hille except for the addition of an integral, grounded,
platinum-foil shield that contacts the B pool. An improved amplifier design allows fast response
even with small fibres. The natural frequency of the voltage clamp loop ranges from 20 kHz
with a 12 ym fibre to 100 kHz with a 17 um fibre.

Two novel features of the voltage clamp are the facilities for series resistance compensation
and for the measurement of the internodal segment resistances. Series resistance compensation
is provided in the usual fashion by summing a portion of the current monitor signal with the
command voltage. A low-pass filter prevents this positive feed-back from destabilizing the
feed-back loop, so that it is possible to compensate entirely, and even overcompensate, for the
series resistance in the preparation. Because this technique is applicable to other kinds of voltage
clamps as well, its theoretical basis is detailed in the Appendix.

In most of the experiments reported here a fixed compensation of 0-01 x Rgy, was used, which
corresponds to a series resistance value of about 0:3 M Q in a 15 um fibre. Values of this order
were measured in two fibres under current clamp from the membrane potential response to
current pulses. There is a large uncertainty in such a measurement, however, because of stray
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Fig. 1. A, simplified schematic diagram of the preparation and voltage clamp. The fibre
is laid across insulating partitions separating the four pools C, B, 4 and E. The node
is in pool 4 ; pools A and B contain Ringer solution, while C and E contain ‘end pool’
solution (see text). Electrical contact with the pools is made through 1 M-KCl salt
bridges to Ag-AgCl electrodes. The current in pool C, and therefore the voltage at the
point D inside the nodal membrane is forced to be zero by the action of amplifier A4,.
Amplifier 4, acts to make the voltage at 4, which is the transmembrane potential, equal
to the command. The current flowing into the node is monitored by the voltage drop
in the internodal axoplasm resistance Rgp. The length of the ED fibre segment is
typically 800 um, and the CD segment, about 1500 gm. B, spectral density of the
membrane current noise at the holding potential E = —75mV in node 13. The
smooth curve shows the spectrum of the thermal noise calculated from the measured
preparation resistances using eqns. (11)-(15) of Conti et al. 1976a. The only free
parameter in the calculation was the membrane capacitance C, which was set equal
to 6 pF. This value is larger than the initial capacitance values given in Table 1 and
reflects the unusually large increase of capacitance with time during this experiment .
(see text).
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capacitances and the limited band width of the potentiometric feed-back loop. This value is
similar to a previous estimate for the node of Ranvier (Drouin & Neumcke, 1974).

To characterize adequately each fibre preparation for fluctuation experiments, four resistances
were measured. The internodal resistances Ry and Ry, the seal resistance Ry, and the resting
membrane resistance Ry had to be known because they determine the magnitude of the thermal
noise background in the current fluctuations. Rg;, also serves as the current-measuring resistance,
and determines the scaling of the current monitor signal. As in van den Berg (1978) the resistances

TABLE 1. Basic parameters of the fibres used in this work. Nodes 12-19 are from Rana temporaria,
while 21-43 are from northern Rana pipiens frogs. The seal resistance Ry, internodal resistances
R,y and Ry, and the resting membrane resistance R, are given in megohms. The initial,
apparent nodal capacitance C is given in pF and the approximate fibre diameter in gm. The
absolute sodium current reversal potential Ey, is given in mV; the peak sodium current I,
during depolarizations to —5 mV in nA; the single channel conductance y near 0 mV in pS;
and the total number of sodium channels N in thousands. Error bounds on the mean values
are standard deviations

Node Ry, Rp Rep By C  diam. By, I, y N
12 24 52 32 100 — — 46 63 64 30
13 19 713 47 49 — 12 45 66 76 40
14 20 49 31 96 1.9 14 65 48 56 —
19 20 54 38 110 27— 54 77 58 43
21 11 54 20 35 30 — 55 80 58 —
22 18 90 60 90 30 13 63 88 80 31
24 20 70 25 81 40 14 45 51 61 24
29 20 50 29 68 34 14 58 56 57 20
30 22 63 33 126 18 145 66 94 69 32
32 18 48 28 110 32 155 175 87 49 46
36 14 52 26 100 23 — 68 56 64 24
38 27 76 37 126 22 12 64 68 73 22
39 21 24 105 45 38 17 60 109 65 41
43 13 40 21 100 33 16 58 64 69 21

59+ 9 mV 6-4+0-9 pS

were computed from electrical measurements on the intact nerve fibres; however, the technique
used here did not require the additional F pool in the chamber. One set of measurements was
of the current in pool C that was induced by perturbations in the voltage at A, B and E.
Another kind of measurement was the ratio of the currents at C and E from a nodal action
potential. From the four measurements the values of the four resistances were determined. The
resistances and other properties of each preparation are given in Table 1. Fig. 1B shows a
comparison of the spectrum of the current noise at the resting potential in one fibre with the
prediction for the background noise using the measured resistance values.

The delivery of the command pulses and the recording of the responses were both controlled
by a computer (Fig. 2). A programmable stimulator provided both the pulse sequence to the
voltage clamp and the sample commands to the analogue-to-digital converter. The use of common
timing circuitry for the stimulus and analogue-to-digital (4-D) conversion was essential for the
ensemble fluctuation experiments. The apparatus used for these experiments showed fluctuations
in the relative timing of stimulus and sampling of 20 ns. These fluctuations were measured by
substituting a passive electrical network for the nerve preparation and observing the fluctuations
in the recorded response during rapid current transients. Both the stimulator and A-D converter
communicated with the computer through a direct memory access interface. Optical isolators
were used to isolate the voltage clamp from the computer.

The current monitor signal from the voltage clamp was filtered in most cases by a 5 kHz,
4 pole Bessel filter and sampled at 100 us intervals. The 5 kHz band width was chosen as a
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compromise between filtering the maximum amount of thermal noise (whose spectral density
increases as f2 above roughly 2 kHz) and preserving the fastest expected fluctuations due to the
gating of sodium channels. A filter band width of 20 or 100 kHz and sample intervals of 20 or
10 us were used for the instantaneous I-E measurements.

Procedure. After mounting the fibre, the internodal and seal resistances were measured
several times and checked for repeatability. The membrane capacitance was also measured by
comparing the membrane potential response to the response of a model circuit when hyper-
polarizing current pulses were applied. The voltage-clamp offset was adjusted to give h, = 0-7,

Programmable
stimulator (<=
DMA
interface PDP-11/20
v > 5 kHz 12-bit con; u(er
N Voltage clamp |-= 10—50 Bessel A-D —=> P
erve. le—>| filter converter
preparation i
Resi 11-bit
esistance A—D
measurement
converter

Fig. 2. Electronic configuration. A microprocessor-controlled stimulator (PSG-1, Page
Digital Electronics, Monrovia, California) receives commands through a direct-memory-
access (DMA) interface from the computer, and provides pulse sequences to the voltage
clamp and sample commands to the analogue-to-digital (A—D) converter. The 12-bit
A-D converter has a resolution of 2:5 mV which corresponded to 1-23 pA of membrane
current depending on the internodal segment resistance Rg;, and the amplifier gain
chosen for the Vj signal. The resistance measurement involves the evaluation of
transfer admittances in the preparation and is described in the Appendix.

as measured with 60 mV depolarizations; the holding potential established by this procedure
was assumed to be —75mV. Usually, records for activation and instantaneous I-V curves
were then taken. The instantaneous I-V measurements employed a 1-2 ms activating pulse to
+45 mV, chosen to be near Ey, in order to activate the sodium conductance with a minimum
of ion-accumulation effects. A small depolarizing prepulse (—65mV, 30 ms) was sometimes
used, preceding the activating pulse, to reduce the peak current. In the early experiments
(nodes 12-19) analogue leak subtraction was used, while later experiments used averaged and
scaled responses to hyperpolarizations (to — 115 or — 135 mV, typically) for leak and capacitance
current subtraction.

This preliminary data-taking typically occupied 20-30 min. The remaining 0-5-2 hr of each
experiment consisted of fluctuation analysis runs, interspersed with checks of the holding
potential, Ey, and the resistances. Immediately before and after each run, the responses to
16 hyperpolarizations to — 115 mV were averaged; these were used to subtract the leak and
capacitance currents from the mean current records. During the runs, pulse pairs consisting of
a 50 ms prepulse and a 20 ms test pulse were applied at regular intervals in the range 300-600 ms.
To avoid possible errors from short-term, use-dependent effects on the sodium current, the
first 16 or more current records in each run were ignored. The responses from 100 to 1280
additional depolarizations were then recorded or processed on-line, as described below.

Computation of statistical parameters

The statistical parameters calculated from each ensemble of sodium current records were
the mean and variance of the current at each sample point, and the non-stationary covariance
function. The calculation and interpretation of the covariance will be considered in a later paper.

The variance was calculated from the residual fluctuations in each record after the mean time
course of the current had been subtracted (Fig. 3). The mean time courses used for this subtraction
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were local means, derived from groups of » = 4, 6 or 8 successive records. The use of local mean
values prevented long-term drifts, which over the course of a run were occasionally as large as
10%, from contaminating the spontaneous, 1%, fluctuations in the sodium current. It also
allowed the computation and display of the statistical parameters to be performed during the
experimental run. The disadvantage of using the local group mean time course rather than the
ensemble time course for subtraction is that slightly more records are needed to obtain an equal

scatter in the parameters. In effect, a fraction 1/n of the information in the records is lost in
this process.

Il
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Fig. 3. Illustration of the ensemble variance calculation. 4, six successive current
records Y, from depolarizations to —5 mV, aligned at the start of the depolarizations
(arrow). Linear leak subtraction was employed. B, residual current x;, after subtracting
the mean of a group of records. (Normally, groups consisted of four, six or eight records.
Here, however, the mean of twelve records was used.) Note the larger deviations near
the time of peak current. C, the variance at each sample point, computed from sixty-five
groups of six records. Node 33.

The current records were processed in groups by the following procedure: Group mean (I,)
and variance (0}) estimates were calculated from the jth group of n records by evaluating

Ij(t) == 2 Yu(?)

" k=
i n
ot = =3 T, %o (1)
where yy, is the k'* membrane current record and x,k(t) = yu(t)—I(t) is the deviation of each
current sample from its group mean value. The calculations were done on-line and the quantities
o} and I, were displayed so that the experimenter could reject those groups of records having
noise spikes or unusually large variance values. At most, about 20 %, of the groups were rejected.
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For the n, groups that were not rejected, the group mean and variance estimates were accumu-
lated to form grand averages I(t) and o(z).

The variance estimate o%(¢) contains contributions from thermal noise in the voltage clamp and
other undesired fluctuations, in addition to the sodium conductance fluctuations of interest.
Assuming that the various fluctuations are uncorrelated, the variance o2 from the conductance
fluctuations was taken to be

o3(t) = o2(t) —oh(2) (2)

assuming that the other sources contribute negligibly to the variance. The calculation of o3,
the variance from the thermal noise background, will be described below.

Interpretation of results

The instantaneous I-E measurements were fitted with the function

1 —exp [By(Ex, — E)]
1+exp [5(E,—E)]

where Ey, is the reversal potential and I, is the saturation current at large E. The data from
most fibres was well described with the values g, = 0:029 mV-?, £, = 0-025mV-1, and
E;, = 10 mV. Eqn. (4) describes the saturation in I at large depolarizations better than the
constant-field expression (Goldman, 1943) normally used for node of Ranvier sodium channels.
Although it is similar to the I—E relationship for a non-saturating, two-barrier pore, the function
is not intended to have any physical significance.

Values for the total number of channels N and the single-channel current ¢ were estimated by
fitting the functional relationship between the variance and mean current. The theory that was
used is based on three assumptions about the sodium channels. First, they are assumed to exist
only in either conducting or non-conducting states, with the probability p of being in the con-
ducting state. Secondly, the gating of each channel is assumed to be statistically independent
of the state of other channels. And, thirdly, the population of channels is assumed to be homo-
geneous. Under these assumptions the variance o2 and mean current [are related by (Ehrenstein,
Lecar & Nossal, 1970; Begenisich & Stevens, 1975).

I = Npi
02 = N p(1—p)i* @)

I(E) = I, (3)

The functional p embodies the average gating behaviour of the channels and depends on time
and the history of the membrane potential. Eliminating p from the equations gives the expression
that was fitted to the experimental data to yield values for ¢ and N,

N |
gl =il N I? (5)

Single-channel conductances y were calculated as the chord conductances y = I/(E—Ey,)
and were usually obtained at £ = —5mV.

Sources of excess fluctuations

The purpose of this section is to estimate the possible errors arising from various instrumental
and computational sources of fluctuations. The main instrumental source, the thermal noise in
the voltage-clamped preparation, makes a large contribution to the observed variance. Its
magnitude was calculated for each set of current records. The other sources considered are
long-term drifts, the analogue-to-digital conversion, and truncation error in the computer
calculations.

Drift. One source of excess fluctuations is the gradual change in Iy, with time due to electrode
drift and fibre run-down. Long term drifts in the experimental records were estimated by
comparing the means of the first and last groups of n records, and the data was discarded if the
relative drift 6I/I per record was larger than 10-3. This criterion ensured that errors in the
calculated single-channel current from long-term drift would be less than 5 x 10-14 A, and in the
estimated number of channels N, at most 59%,. Most sets of records had much smaller drifts
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than this. An example of the long-term change in I, during a series of depolarizations is shown
in Fig. 4, where the average relative decrease of current per record was 1-1 x 104,

Long-term changes in the internodal and seal resistances were small. Among the two or
three measurements that were made during each experiment, an average decrease in Rgy of
49, +1-2%, (s.p.) per hour was observed; Ry, and Ry, showed similar changes. The membrane
capacitanee €'; however, increased considerably with time, often doubling in the course-of a
2h experiment. Such increases in C have been reported previously (Dodge & Frankenhaeuser, 1959 ;
Hille, 1967). Iy, did not increase, however. Changes in C have no practical effect on the time

15

Sodium current (nA)

Tl | | | 1

0 100 200 300 400
Number of depolarizations

Fig. 4. A, long-term change in the current in node 33 recorded 1-6 ms after the start of
each depolarization to — 15 mV. B, typical current record, with the cursor indicating
the current sample plotted in 4. Responses to 450 depolarizations, delivered at 400 ms
intervals and preceded by 50 ms prepulses to — 65 mV, were filtered at 2 kHz and
sampled at 0-4 ms intervals. The straight line has the slope —0-14 pA per pulse, or
about — 0-019, per pulse.

course of either the mean current or the time-dependent part of the variance. However, the
constant component of the background variance (b in eqn. (6)) will be shown to depend on C.
Because C was measured at most only twice during each experiment, the prediction for the
constant background component was too small in some cases and was usually left as a free
parameter in fitting theoretical curves to the variance data.

Quantizing noise and truncation errors. At the lowest gain setting used in these experiments,
the A-D converter quantizing interval corresponded to at most 12 pA. Since typical variance
values were in the order of 2 x 10-2! A2, corresponding to r.m.s. fluctuations of about 50 pA,
quantizing noise contributed an error of at most a few percent to the variance estimates.

The on-line calculation of the variance and autocovariance functions required the speed of
integer arithmetic operations, rather than the slower floating-point operations, in the computer.
The calculation and subtraction of the mean preserved the full precision of the digitized current
samples. In some experiments a division step preceding the squaring step in calculating the
variance truncated 1-2 of the least significant bits, however. This introduced a truncation
error of about 10%, in some of the variance estimates. An appropriate correction was applied
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to these estimates, calculated assuming a normal probability distribution for the ensemble
fluctuations.

Estimation of the thermal noise background. Conti et al. (1976a) have shown that the instru-
mental contribution to the current noise spectral density depends on the full membrane
admittance, including the instantaneous ionic conductance and the effects of the voltage-
dependence of the conductances. The part of the thermal noise variance that involves the total
instantaneous conductance of the membrane G,, can be written in the form

ol = a,+b+a,G, +a,G? (6)

For these fibres a, was in the range of 1-1 (node 39) to 4-1 (node 21) x 10-2¢ A?/n§, while a,
was 0-004 to 0-043 x 10-2¢ A2/(nS)2.

01h
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Fig. 5. Expected magnitude of errors in the apparent single-channel current ¢’ and
number of channel N’ due to imperfect estimation of the thermal noise background.
Errors were calculated from eqns. (5) and (6) with the coefficients a, and a, assumed
to be in error by 209%,. (The values from node 30, 1-9 x 10-2 A2?/nS and 0-02 x 10-2¢
A?/(n8)?, were used for @, and a,.) The errors are largest near Ey,, where the current
fluctuations from channels vanish. The asymmetry in the curves arises from the
rectification of channels.

An additional component o2 of background fluctuations, not included in eqn. (6), arises from
the voltage sensitivity of the sodium conductance as the clamp imposes voltage fluctuations on
the membrane. The voltage fluctuations, which arise from the noisy estimate of membrane
potential that is provided to the clamp amplifier, have a spectral density Sy = 4kzT Rgp
(14 Rop/Rpe). The resulting current variance component is largest at potentials where the
activation of the conductance is most voltage dependent, and increases with increasing relaxation
rate A of the sodium conductance:

op
2 ~ =~ |272

From the effect of small voltage displacements that were made during depolarizing pulses in
one experiment, A was measured to be about 5 x 103 sec—! at E = — 35 mV, which is the potential
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at which dp/@V assumes its maximum value of about 100 V-1, (The Hodgkin—-Huxley théory
predicts that A = 77!, which is, surprisingly, only about one third of the value that was
observed.)

These values make 02 &~ 5 x 10-8I2, which is of the same order as the coefficient 1/N of the
second term in eqn. (5). An error of this size would therefore make an estimate of N entirely
meaningless. However, the quantity (dp/@V)? has a large voltage dependence, such that the
error becomes negligible for £ > — 20 mV. Because this error in the variance is proportional to
the square of the current, it affects only the second term of (5) and is not expected to influence
estimates of i, which come from the first term, at any potential.

Effect of errors in the estimation of the background. The thermal noise variance (6) depends
quadratically on the membrane current, as does the variance from channel gating according to
the two-state theory (5). It is therefore important to place bounds on the errors in the values of
<+ and N estimated from (5) due to errors in the background estimation. The relative errors in
the coefficients may have been as large as 20 9, since determinations of the resistances, especially
the ratio of Rgp/Ryp, (see Appendix), probably had errors of 5-10%,. Errors of this magnitude
would typically have caused the estimate of ¥ at —5 mV to be in error by 0-2 pS, and the value
of N by 89%,. Fig. 5 shows the expected size of the errors as a function of the potential during
the depolarizations. The curves were calculated using the coefficients a, and a, for node 30,
which gave the median values among the nodes in Table 1; the errors in the coefficients were
assumed to be 209,. As can be seen in the Figure, estimates for N were more sensitive to
background errors than y values. The major source of error in 7y values probably was the error
in the estimation of the current-measuring resistance Rg;, rather than background errors.

RESULTS

The primary result presented in this section is the close correspondence between
the predictions of the two conductance-state (open-closed) theory for channel gating
and the observed relationship between the mean and variance of the sodium currents.
On the basis of the theory, values are then obtained for the single-channel currents
¢ and the number of channels N. Also, the first experimental determination of the
fraction of channels open at the time of the peak current will be presented, and
compared with bounds from other sources. Before discussing these main results,
however, three experiments will be described that identify the corrected variance
o2 with the spontaneous fluctuations in sodium conductance, as will be assumed in
the theory.

The fluctuations are related to the sodium current

Fig. 6 shows the time course of the mean current, the total ensemble variance and
the predicted thermal noise contribution to the variance from depolarizations to
—15 mV. The time course of the variance is seen to be similar to that of the mean
current, but has a peak that is less sharp. The peak variance value is about 2:4
x 10~%1 A2, corresponding to a standard deviation of 49 pA, or 0-99, of the peak
mean current value. The predicted thermal noise background o, accounts for 309,
of the total variance at the peak. As in all noise analysis experiments, the source of
the remaining variance o2, which is to be studied, must be identified as rigorously
as possible.

To this end, two kinds of control experiments were performed, in which the
sodium current was eliminated and the residual fluctuations were studied. Fig. 74
shows the variance and background prediction for a set of depolarizations from the
first kind of experiment, where the sodium current had been blocked by 200 nm-
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TTX. The absence of a detectable change (< 2x 102 A2) in the variance on
depolarizing the membrane suggests that the fluctuations in the leakage current
and residual potassium current are small. If the total mean current of 1-3 nA were
carried by spontaneously gated channels, their single-channel current would be
10~ A or smaller.

02 (10721 A?)

/ (nA)

02 (1072 A?)

36 7-2 10-8
/ (nA)

Fig. 6. Variance and mean sodium current from thirty-two groups of four 20 ms
depolarizations to — 15 mV after 50 ms prepulses to — 105 mV. A, variance calculated
at each sample point. The continuous curve is the thermal noise contribution to the
variance calculated from eqn. (7). B, time course of the mean current from a group of
four depolarizations. C, scatter plot of the variance and mean values. Each plotted point
is the average of four sample points. The continuous curve is drawn from eqgn. (5)
with ¢ = —0-55 pA and N = 20,400. Node 43. In this and all succeeding variance-
mean plots the scales are normalized such that an initial slope of unity corresponds to
a chord conductance of 5 pS.

Results from the second kind of experiment are shown in Fig. 7 B. Depolarizations
were made to near the sodium current reversal potential E,, where the current
fluctuations due to spontaneous channel gating vanish. However, at E, the sodium
conductance does not vanish and the thermal motion of ions through the open
sodium channels still takes place, so that the conductance-dependent thermal noise
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variance (eqn. (7)) is present. The prediction for the thermal noise variance o%,

shown in Fig. 7B was calculated in the usual way, except that the time course of
the membrane conductance was obtained by subtracting current records from
depolarizations near E\, but differing by 20 mV. (This subtraction step was necessary
because of the distorted current time course seen near Ky, in the node of Ranvier
preparation.) The prediction accounts for all but 14 9, of the observed variance at
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Fig. 7. Variance and mean current during 20 ms depolarizations in the absence of
sodium current. A4, with 200 nM-TTX applied to node 27. Upper trace is the total
variance, which shows little deviation from the background level indicated by the
line. The mean current (lower trace) with no leak or capacitance subtraction shows
no sodium current. B, from depolarizations to +50mV (chosen to be near Eg,
~ 68 mV) in node 36, which had a relatively high background noise level. Upper trace
is the total variance; continuous curve is the predicted thermal noise background. The
lower trace is the difference of two sets of current records, obtained at + 50 and + 70 mV.
This difference was used to estimate the membrane conductance.

the peak. The correspondence between the observed variance and the prediction is
a strong test of the adequacy of the thermal noise background calculation. This
experiment is also a check for excess current fluctuations due to drift or noise in the
voltage imposed on the membrane. These two experiments together show that nearly
all of the difference between the total variance and the thermal noise estimate
represents fluctuations in the sodium current.

A third test for unaccounted-for sources of fluctuations makes use of the different
spectral properties of the expected sodium conductance fluctuations and the instru-
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mentation noise. The temporal structure of the fluctuations can be described by the
covariance function c(t,+7,t,) = < x(¢,+7) % (t,) > which describes the correlation
between values of the fluctuations at different times. When 7 = 0, the covariance
is equal to the variance o2(f,). The part of ¢ that arises from gating fluctuations is
expected to be slowly varying in 7, with components having time constants in the
order of 7, or longer. The instrumental noise, on the other hand, contributes a
narrow peak, centred on 7 = 0, corresponding to the autocorrelation of the low-pass
filter response.
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Fig. 8. Comparison of the time course of the mean current (upper traces) and variance
(lower traces) from 0 ms depolarizations to 4, —55; B, —45; C, —5; D, +125mV.
The variance in 4 was smoothed with a gaussian function of 2 ms width. The smooth
curve superimposed on the variance is the prediction of eqn. (5) from the time course
of the mean current, with an arbitrary constant o} added for the best fit. N = 24,000
in each case; the value of ¢ is given for each pair of traces. The insets in C and D show
the variance (ordinate) as a function of the mean current (abscissa); each small
division corresponds to 2-5x 10-22 A2 and 0-5 nA, respectively, in C, and 0-6 nA and
3:2x10-22 A% in D. The curves are drawn with the same parameters as in the fits to
the time course. Node 24.

The component of the variance arising from gating fluctuations can be indepen-
dently estimated by extrapolating the slowly-varying component of the auto-
covariance over the region 7 = 0+ 100 us where the instrumental noise makes its
contribution. Estimates of o2 from node 19 were made in this way, and they agreed
with the directly-calculated values of o2 within 11 9%,. The fluctuations giving rise
to o2 therefore also seem to have the spectral properties expected for sodium
conductance fluctuations.
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The two-conductance-state theory

At this point the corrected variance o2 has been identified with spontaneous
fluctuations in the sodium conductance. As in most studies of membrane current
fluctuations, the assumption is now made that these fluctuations arise from the
statistically independent conductance fluctuations of many individual channels.
When the corrected variance during a depolarization is plotted as a function of the
mean current I (time being the independent parameter) as in Fig. 6 B, the relation-
ship is well fitted by a quadratic function. The variance is seen to increase with the
mean current at low current levels, but to level off at high current levels. This kind
of behaviour is predicted by the two-state theory for channel gating that gives rise
to eqns. (4) and (5).
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Fig. 9. Data of Fig. 8 plotted on an expanded time scale to show the rising phases of
the mean current (upper) and variance (crosses, lower) time courses. The squares in the
lower trace of each pair are the fits using eqn. (5) with the same parameters as in
Fig. 8. Node 24.

In Fig. 8 and 9 the time course of o2 at several depolarizations is compared with
the mean current time course. Superimposed on the variance points are the theoretical
time courses for the variance derived from the mean current using eqn. (5). A fixed
value of 24,000 was used for the parameter N, while values for 7 were chosen for a
best fit at each voltage. A second free parameter in the fits was a small constant
variance term o2 to compensate for errors in the steady-state background estimation.
When the data is plotted on an expanded time scale (Fig. 9) the time course of the
variance and the prediction are seen to match well during the activation phase. This
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suggests that no change in the average single-channel conductance occurs during
activation, which is a premise of the two-state theory. The agreement during the
inactivation phase (Fig. 8) is also good, and supports the conclusion of Conti et al.
(1976b) that inactivation is an all-or-none process.

Two predictions of the two-state theory can be tested by experiments. First, the
value of N determined by fits to eqn. (5) should be a constant for each node of
Ranvier, independent of the size of the depolarizations. This prediction was tested
by constraining the value of N in the fits of Figs. 8 and 9. It should be noted,
however, that the choice of N altered the shape of the predicted curves only at —5
and + 125 mV depolarizations, where p became large.

02

Single-channel current (pA)

-1-0

| ® ] | 1 1 | | ] ]
—60 -40 -20 0 20 40 60 80 100 120
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Fig. 10. Comparison of instantaneous current—voltage relation (crosses) with single-
channel current values ¢ obtained from fluctuation analysis. Open symbols are from
Rana temporaria, nodes O12, A13, {14; closed symbols from Rana pipiens, nodes
W21, @22, A24, ¢29. The instantaneous I-V relation from node 39(+ ) was scaled
by a factor of 1/26,000 to superimpose on the single-channel currents. It was ob-
tained by stepping to the indicated potential after a 30 ms prepulse to — 105 mV
and a 1 ms conditioning pulse to +45mV. The points are single-channel currents
values calculated from the data of Conti et al. (1976b). The dashed curve is the
prediction of the Hill & Chen theory with x = 0-03.

The second prediction of the two-state theory is that the instantaneous current—
voltage relationship for the whole membrane should have the same form as the
single-channel current—voltage relationship. The instantaneous currents for node 39,
scaled by the factor 1/26,000, are plotted in Fig. 10 along with a curve drawn
according to the fitting function (3).

Also plotted in the Figure are values of the single-channel current ¢ obtained from
fluctuation analysis of step depolarizations as in Figs. 8 and 9. In the two-state
theory the instantaneous current values should be proportional to ¢, with the
number of channels open at the beginning of the test pulse (Np ~ 26,000 in this
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case) being independent of the test pulse potential. The voltage dependences of the
two different current measurements do agree well over the range of — 45 to + 125 mV.
Over this potential range the peak mean currents during the depolarizations in the
fluctuation experiments ranged from about 10-1° A at —45 mV to 108 A at — 15 mV.
At smaller depolarizations the small currents yield variances o2 that are small
compared to the steady background variance and are therefore difficult to estimate.
Values of ¢ were not estimated near E, because errors in o, make large contributions
there (see Fig. 5). The most reliable 7 values were obtained in the range —40 to
+10 mV and at + 125 mV. At these potentials a good agreement is seen between the
instantaneous current-voltage relationship (a ‘macroscopic’ membrane property)
and the single-channel current estimates determined by an entirely different method
(fluctuations among current records).

TaBLE 2. Single channel conductance y and peak fraction of channels open pp,, at + 125 mV.
Depolarizations were preceded by 50 ms prepulses to — 105 mV

Y (pS) at A f (kHz)

r Al
Node 2 5 10 Dumax
22 1-6 — — 0-94
24 — 2-0 2-9 0-93
29 — 19 — 0-84

The agreement shows that an average channel open at the time of the voltage-
jump in the instantaneous current experiment has the same I-E relationship as the
average channel opened by a steady depolarization at that test voltage. This would
follow from channels being either open or closed, but would not necessarily be true
if channels had more than one non-zero conductance level and if different con-
ductance levels predominated at different potentials.

The single-channel conductance

Values for ¢ and N were estimated for each node by curve-fitting, as in Fig. 8,
from depolarizations to near E = 0. The resulting chord conductance values y are
given, along with estimates for N, in Table 1. The average y value was 6-4 + 0-3 pS
(s.E. of mean) for all of the fibres. No difference in y was seen between fibres from
Rana pipiens and fibres from Rana temporaria.

Table 2 gives y values from depolarizations to + 125 mV; the chord conductances
average 1-9 pS at this voltage. The small values do not indicate that the channels
are in a state of lower conductance at this large depolarization, but instead reflect
the considerable nonlinearity of the i—E relationship (Fig. 10). The Table also shows
values for v determined at this voltage using filter band widths of 2 and 10 kHz as
well as the standard 5kHz setting. The apparent increase at 10 kHz probably
resulted from a poor correction for the thermal noise background, since the back-
ground variance increases by a factor greater than 4 when the band width is doubled
from 5 to 10 kHz, and becomes much larger than the corrected variance o%. Another
possible explanation for the increased y at 10 kHz would be the presence of very
fast gating fluctuations having a time constant of 30 us or less. The variance from
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these fluctuations would be substantially reduced by filtering at band widths of
5kHz or less. The activation time constant 7, is about 40 us at this potential, so
the existence of such rapid fluctuations would not be unreasonable. Their magnitude,
however, is probably negligible, since activation is assumed to be nearly complete at
+125 mV.

The activation process shows similarly rapid relaxations at depolarizations to less
than —45 mV. Unlike the case at large depolarizations, however, the resulting rapid
fluctuations probably constitute a large fraction of the total variance. Direct
measurement of the variance at 10 kHz was unfortunately not possible because of
the large background and the small currents. However, an observation of the gating
kinetics suggests that the relaxations in this potential range are much faster than
has been noted in the past.

I have studied the response of the sodium conductance when small (1-2 mV)
perturbations in the membrane potential are made during depolarizations in the
range of —50 to — 35 mV. One result relevant to this work is that the relaxations in-
duced by such perturbations were much faster than predicted by Hodgkin-Huxley
kinetics. As Mauro et al. (1970) have shown, the component of the relaxation arising
from the activation gating process is expected to have a single time constant 7. I
found that a major component of the relaxations at —45 and — 35 mV had time
constants of about 200 and 90 us respectively, which are about one third of the 7,
values.

The existence of fast relaxations at small depolarizations suggests that there is a
fast, highly voltage-dependent gating step at these potentials that is normally
masked by slower, rate-limiting steps in the activation process. This step would
result in high-frequency fluctuations that may have been lost by filtering in these
fluctuation experiments, causing ¢ to be underestimated. Only half of the variance
would be observed, for example, from fluctuations in a 30 us gating process because
of the 5 kHz filter band width. It is probable that the filtering of rapid fluctuations
of this kind is at least partly responsible for the low values of 7+ shown in Fig. 10 at
small depolarizations.

Fractéon of channels open at peak conductance

Within the framework of the two-state theory, the probability p,x that a channel
is in the open state at the time of peak conductance at a given potential £ can be
calculated from experimentally determined quantities,

_ Imax(E)
Pmax = N’i(E) (8)

where I, (F) is the peak current during a steady depolarization to E. Values of
Pmax are given in Table 3 for depolarizations to near —5 mV -and in Table 2 for
depolarizations to + 125 mV. In all cases the depolarizations were preceded by
50 ms prepulses to —105mV to remove the resting inactivation. A majority
(Pmax = 0-6) of the channels appeared to be open at —5 mV, and nearly all (0-9)
of them were open at the time of the peak current at + 125 mV. The large ppyax at
+125 mV is a reflexion of the substantial decrease observed in the variance at the
time of the peak current (Fig. 11).
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Different theories of gating make different predictions and bounds for pp.y. The
Hodgkin-Huxley model for sodium channels, interpreted as describing independent,
two-state channels, predicts p,,, values of 0-58 and 0-83 for £ = —5and + 125 mV.
To obtain these values, I assumed m?3h kinetics and used the rate constants of Hille
(1971b), scaled to 4° using the @,, values of Frankenhaeuser & Moore (1963).
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Fig. 11. Evidence for a majority of channels open. Variance-mean plots for depolari-
zations to 4, —5 mV (node 19) and B, + 125 mV (node 22) after — 105 mV prepulses.
Insets show the time course of the variance (upper trace) and mean current with scale
factors of 2x 10-22 A? and 1 nA per small division, respectively. The depolarizations
lasted 20 ms. p,,, values are A, 0-58 and B, 0-94.

Table 3 shows upper bounds for p,,, predicted by two other theories of sodium
channel gating. Current records obtained at —5 mV were fitted with sums of ex-
ponential functions, and these terms were assumed to have arisen from either an
independent-inactivation or a coupled-inactivation gating process. In both cases a
two-component inactivation time course was used (Chiu, 1977), and the steady state
activation was assumed to be complete. In the independent-inactivation case, the
bound on pp,, was the peak value of the product of normalized activation and
inactivation terms. The coupled-inactivation theory assumed, for simplicity, that
only activated channels could inactivate, 0 pp. Was the peak value of a convolution
of the two processes. The experimental py,,x always fell below these upper bounds,
so that no discrimination between these two theories was possible.

Both of these theories predicted bounds greater than 0-98 for p,,, at + 125 mV
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because the activation is extremely fast relative to inactivation at that potential.
The observed pmax value of 0-90 (see Table 2) indicates that activation is essentially
complete in this case. It should be noted that the possibility of systematic errors in
the N and therefore in the pmax estimates could cause the values to be in error by as
much as 10 %,. It is possible that nearly every channel is open at the peak of conduc-
tance at +125 mV.

TABLE 3. Peak fraction of channels open p,,, at —5mV. Values are from depolarizations
preceded by 50 ms prepulses to — 105 mV. Upper bounds are computed from fits to the kinetics
of the currents, assuming activation is maximal. The average p_,, value is given +8.D

Upper bounds
~ —A Al
Node Prax indep. coupled
19 0-58 0-80 0-89
22 0-48 0-76 0-90
24 0-65 0-78 0-89
38 0-68 0-76 0-90
39 0-55 0-78 0-92
0-59 +0-1 0-77 0-90

DISCUSSION

The relationship between the mean current and the corrected variance has been
used to calculate single-channel currents and the number of channels in each fibre.
The first question to be addressed in this section is, what are the sources of error in
these values? In the Methods section, I showed that errors in the background variance
estimation have varying effects on the apparent ¢ and N values, depending on the
membrane potential. Errors could have also come from a transport noise component
in the fluctuations and from excessive filtering. A second question to be addressed is,
how incisive are the tests that have been presented for the two-conductance-state
theory? Certain classes of multiple-state theories would not have been discriminated
from the two-state theory on the basis of these experiments. Finally, the values of
¥, N and ppax from this work will be compared with other values from the literature.

An upper bound on transport fluctuations

- In principle it is difficult to distinguish between fluctuations in the transport
of ions through open channels and fluctuations due to the opening and closing of
channels. In the interpretation of these experiments, the variance contributed
from transport fluctuations has been assumed to be zero. If it is in fact substantial,
it may have caused the results to be in error. In nerve preparations where it has been
measured, however, the variance from ‘1/f noise’ normally associated with trans-
port fluctuations is usually seen to increase as the square of the mean current
(Derksen, 1965; Poussart, 1971; Conti, DeFelice & Wanke, 1975; Fishman, Moore
& Poussart, 1975; Conti et al. 1976a), while the variance as measured in the experi-
ments reported here is seen to decrease at the highest current levels in large de-
polarizations (Fig. 11). An upper bound on the size of such a transport noise com-
ponent in the observed variance can therefore be made by assuming that at the
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instant of peak conductance during a large depolarization all of the channels are
open (Pyax = 1), so that all of the remaining fluctuations would be due to transport
fluctuations. From the depolarization to + 125 mV of Fig. 11 B, the normalized
variance from transport fluctuations

0'2t1’aynspott/-[2 ~ 1:1x1075

corresponds to a conductance fluctuation of 0-39,. The presence of transport
fluctuations of this magnitude would cause N to be overestimated by about 79,.
There would be no effect on estimates of ¢, assuming that the transport noise variance
increases as the square of the mean current, since ¢ is derived from the linear term
in the variance-mean relationship (6).

Low 1 values at small depolarizations

Like Conti et al. (1976a, b), 1 find small values for the apparent single-channel
current at small depolarizations where the sodium conductance is less than 19, of
the maximum value. I used the constant field equation to determine values of ¢ from
their reported y values; the resulting values, scaled to 5° assuming a @,, of 1-3, are
compared with the ones from my experiments in Fig. 10. The deviation of their ¢
values from the instantaneous /-F relation at the smallest depolarizations is similar
to but less pronounced than the deviation of my values. One explanation for the
decrease of 4 at small depolarizations has already been considered. It is that high-
frequency fluctuations from channel gating are being filtered, and are therefore not
included in the observed variance. A second possibility is that voltage-dependent
transitions among several conductances are allowing lower conductance levels to
predominate at small depolarizations.

Channels with multiple open states. The equations for the mean current and
variance (4) can be generalized for multiple levels of single-channel current,

I =N gpkik
of =N [gpkiﬁ_(gpkik)z] (8)

where p, is the probability of a channel being in the kth state and 7 is the single-
channel current in that state. Under conditions where the probability of a channel
being in any of the conducting states is small, the second term in (8) vanishes and
the apparent single-channel current
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is determined by the initial slope of the variance-mean relationship. In the two-state
case ¢ will be the single-channel current of eqn. (5) while for theories having more
states the value of ¢’ will lie between the largest and the smallest non-zero current
values.

One test of multiple-state theories is the comparison of the voltage dependence of
i’ with the instantaneous I-V relationship. While the value of " at a given voltage
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depends on the values of the p, at that voltage, in the instantaneous /-E experiment
the values of the p, will reflect the prepulse conditions before the step to the test
voltage. An example of a multiple-state theory with voltage dependent p, values is
the Hill & Chen (1972) model modified to include an all-or-none inactivation process

I = 1K6-K
P = (Dh mE(1 —m)®w (10)

where 7 is the maximum single-channel current, 0 < k < 1 is a parameter of the
theory, and m and % are the usual Hodgkin-Huxley variables. This theory postulates
four different single-channel current values, differing by factors of «, that correspond

Variance
&
1]
[}
N

Mean conductance

Time

Fig. 12. Upper trace shows the time course of the variance predicted by the Hill &
Chen theory for k¥ = 0, 0-1 and 0-2. Lower trace shows the corresponding mean
current time course, which is the same in each case. Calculated from m3h kinetics with
Ty = 25 7,; md, = 0-8.

to different states of the activation gating process. The dashed line of Fig. 10 shows
the voltage dependence of 4, calculated from this theory using x = 0-03, while the
solid curve represents k = 0. The experimental values of i’, which were obtained
from curve fitting as in Fig. 8, can be compared with the theory because the
assumption of eqn. (9) is valid at small depolarizations, where the differential
predictions are largest. The Figure shows that if « is non-zero, it must be very small.

A second test for multiple conductance states is to look for a time dependence in
the apparent single-channel conductance. Even in the absence of a suitable voltage
dependence of the transitions among the various conductance states, multiple-state
effects would be apparent if the time courses of the p, during a depolarizing pulse
were sufficiently different. The Hill & Chen theory can, with different values of «,
predict different time courses for the variance while giving the same mean current
time course. Unfortunately, k must be relatively large to give an observable effect.
Fig. 12 shows the variance time-course predictions of the theory for two conductance
states (¢ = 0) and for k = 0-1 and 0-2. Comparison with the experimental data of
Figs. 8 and 9 shows that only for k > 0-2 would the time courses be sufficiently
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different to distinguish between the theories. The voltage-dependence of ¢ is a more
sensitive test for the Hill & Chen theory.

‘There is a large class of gating theories that would appear, from the two tests
described above, to behave like the two-state theory. Some multiple-state theories
would not be discriminated because of scatter in the experimental data. For example,
if two conductance levels differed by 109, or less, or if the transition between two
different conductance levels was both rapid (< 0-5 ms) and relatively voltage-
independent, the observed single-channel current " would appear to reflect a single
conductance level and the time course of the variance (as in Fig. 9) would be nearly
the same. Still other theories make exactly the same predictions as the two-state
theory. Channels having several kinetically distinct open states, all having the
same conductance, or a mixture of channel types having identical gating properties
but different conductances are two situations where a relationship between the
variance and mean current exactly of the form of (5) obtains. Chandler & Meves
(1970) and Armstrong & Bezanilla (1977) have invoked additional, kinetically distinct
open states of the channel to explain their experimental results in squid axons. If
such states also exist in the node of Ranvier sodium channel, the results of this
work show that they probably have the same level of conductance. The simplest
conclusion from these experimental results is that sodium channels have only one
non-zero level of conductance. A lower conductance state might be present and
could be partly responsible for the low apparent single-channel conductance at
small depolarizations. I believe, however, that the low ¢ values probably arise from
the effect of the limited filter band width alone.

Single-channel properties

The single-channel conductance estimate of 6-4 + 1 pS obtained in this work is
very close to the values 7-9 and 6-6 pS, in unmodified and modified channels
respectively, from the experiments of Conti et al. (1976b) who also used the frog node
of Ranvier preparation. Their experiments were performed at a higher temperature,
13 °C, rather than the range of 2-5 °C that I used. Assuming a @,y value of 1-3
(Frankenhaeuser & Moore, 1963), the corresponding y value from my work would
be 8:3 pS at 13 °C. The agreement of y values is remarkably good in view of the
different assumptions underlying the two fluctuation analysis methods. The ensemble
fluctuations analysis in my work assumed only that the relaxation times of the
fluctuations were larger than about 30 us, but required that the thermal noise
variance be calculated and subtracted from the total variance. The experiments of
Conti et al. on the other hand, did not require the thermal noise correction. They did,
however, fit their power spectra to functions based on the Hodgkin—Huxley theory
in order to separate the gating fluctuation component from the total variance. The
value of y reported here also falls in the range of values 1-8-6 pS obtained by various
techniques in squid and frog nerve (summarized in Conti et al. 1976b).

I have found the number of channels N available for conduction in a node to be
in the range 20,000-46,000. This is somewhat lower than the estimate of 10° given
by Conti et al. The actual number of channels in a node may be larger than my
estimate of N because ultra-slow inactivation may reduce the number of available
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channels (Neumcke et al. 1979). In my work N was a parameter of the fits to the
data; its determination did not require the assumption of a specific theory of gating.

I have also presented the first experimentally-determined values of p,,,, whieh
are near those predicted by the Hodgkin—Huxley theory. ppnsx could be measured
because the ensemble analysis technique allowed the fluctuations to be observed at
the maximum sodium conductance. The estimates for pp.y, about 0-6 at —5 mV
and 0-9 at + 125 mV, are relatively sensitive to errors in the background correction
and have an uncertainty of about 10 %,.

Prediction of theshold fluctuations

From the properties of single sodium channels the expected size of threshold
fluctuations in a node of Ranvier can now be calculated. Fluctuations in the response
of single axons to threshold stimuli were discovered by Blair & Erlanger (1932) and
Monnier & Jasper (1932), and were studied extensively by Verveen (1961). Verveen
found that the probability py. of initiation of an action potential as a function of
stimulus strength § was well fitted by the normal probability distribution. The
relative spread of the fluctuations, R = o,/S,, where 8, is the threshold stimulus
and o, is the standard deviation of the threshold, was independent of the stimulus
duration, and had an average value of 1-1+0-59, for a frog phalangeal nerve
preparation at 20 °C. Similarly-sized fluctuations, for which R was about 1-3 %, had
previously been observed (Pecher, 1939; Erlanger, Blair & Schoepfle, 1941).

Lecar & Nossal (1971a, b) presented a theory for the threshold fluctuations in an
isolated node and considered various possible sources of the fluctuations. They
concluded that the predominant contribution to the fluctuations would come from
the gating of sodium channels. Their value for the relative spread component R,
from conductance fluctuations was about 4 9, considerably larger than the measured
values. It now appears that this value was large mainly because their assumed
value for the number of channels in a node, N = 7500, was an order of magnitude
too small. '

I have calculated R, using their equations, but with large values of N based on the
measurements of v and N in this work. Using vy = 6-4 pS at 4 °C, increasing to
10 pS at 22 °C, I obtained values of R, near 19,. The R, values were calculated
from eqns. (36) of Lecar & Nossal (1971a) and (34) of the (1971b) paper, and were
divided by 4/2 to correspond to Verveen’s definition of R. Table 4 shows the two
sets of nodal parameters that were used, and the resulting values of R,. One set is
the parameters (Hille, 1971b) that Lecar and Nossal used in their original calculation,
with only the number of channels N changed. The other set consists of the para-
meters for node 30 of this work. Although the Gy, value for this node was much
smaller, the larger activation rate, determined from a perturbation experiment,
resulted in a similar eigenvalue p, for the initial growth of the action potential and
a similar value for R,.

Both Hille’s standard node and node 30 were in fibres approximately 15 um in
diameter. The diameters of the fibres in the threshold fluctuation measurements are
not known exactly, but Pecher estimated fibre diameters in the range 10-12 ym
from his preparations, and Verveen (1961) gives an average internodal axon diameter
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of 4 um measured after fixation. The predicted value R, ~ 19, for 15 um fibres
therefore corresponds well to the experimental values of R which are near 1-29,
for fibres about 10 gm in diameter.

TaBLE 4. Nodal parameters and predictions for the relative threshold fluctuations R,. The
notation of Lecar & Nossal (1979a, b) is used. The parameters for Node 30 were scaled to 22 °C
using @,, values of 1-8 for 7., 1:3 for Gy,, and 1-2 for @,. The value for C was reduced to 1-5
from 1-8 pF to compensate for the increase of C observed in the isolated fibre.

Node 30,
Parameter Symbol Units Hille, 22 °C 22 °C
Fibre diameter d pm 15 145
Resting potential v, mV -175 -5
Reversal potential v, mV 48 66
Nodal capacitance C pF 1-5 1-5
Leak conductance G, 1088 4-8 1-1
Maximum Na conductance Grab o (V) 1078 6-3 2-2
Threshold potential Vs mV — 535 - 50
Threshold Gy, activation oy 0-0093 0-01
Steepness of activation do/dV V-1 1-85 2-0
at threshold
Activation rate (7,7') A 10% sec?! 1-0 33
Number of channels N 108 32000
Positive eigenvalue Py 104 sec— 24 1-65
Relative spread (isolated R, 0-8%, 1-19%
node)

The theory of Lecar & Nossal predicts the threshold fluctuations R, for an isolated node with
no loading from the rest of the fibre. The experiments, on the other hand, measured the
fluctuations for action potential initiation in intact fibres. A better, but more approximate,
estimate of this relative spread Ry, was made by adding an additional nodal conductance g’
and capacitance C’ to simulate the electrical loading of the stimulated node when the adjacent
nodes are short-circuited. Because the characteristic rate p, of the action potential initiation is
large, the shorted-nodes approximation is good since the effective impedance 1/p,C of the
adjacent nodes is smaller than the internodal resistance. Because of the increased conductance
and capacitance, the threshold depolarization Vy—V, was increased by 6 mV. The resulting
Ry, values were slightly smaller, 0-7 and 0-9%,, than the respective R, values.

From this analysis it can be seen that essentially all of the fluctuations in the
firing threshold can be accounted for by sodium conductance fluctuations. Verveen’s
original hypothesis, that fluctuations in the firing threshold of axons reflect the
underlying mechanism of excitability, formed the basis for the many studies that
have been made of the current fluctuations in axon membranes. Now that the
properties of sodium channels are better understood, it appears that Verveen was
correct: the size of the fluctuations in axon excitability reflects the single-channel
conductance and kinetics of sodium channels.
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122 F.J.SIGWORTH

APPENDIX
The voltage-clamp circuitry

The voltage-clamp system incorporates several changes and enhancements over
previous designs. Although it uses the chamber design of Hille (1971 a) which requires
longer internodal segments (and therefore has higher internodal resistances) than the
design of Nonner (1969), it approaches the same level of performance in speed and
background noise level. It also is the first myelinated nerve voltage clamp to incor-
porate series resistance compensation and a provision for measuring the internodal
resistances in the intact preparation.

Feed-back amplifiers. Nonner demonstrated that by reducing the interelectrode
capacitances and by tailoring the amplifier frequency response, a single-amplifier
voltage clamp could achieve extremely rapid setting times. I chose to return to the
two-amplifier design of Dodge & Frankenhauser’s (1958) original voltage clamp
(Fig. 13) because the control of A-pool voltage can be used to provide damping of
the feed-back loop.

In this design, the potentiometric amplifier (4, in Figs. 1 and 13) is a trans-
resistance amplifier, having a low input impedance because of the local feed-back
provided by capacitor Cp. It senses a deviation in the voltage inside the node Vp
by a current (rather than voltage) signal in the C pool and corrects the deviation by
applying an appropriate voltage to the 4 pool. By making the C pool a low-
impedance node through local feed-back, the stray capacitance to ground Cy is in
effect rendered invisible, and the pole in the open loop transfer function corresponding
to the time constant Ry Cpy is shifted to a much higher frequency.

The transfer function of A4, was chosen to complement the admittance Y,
measured as the current response at C' to voltage changes in A4 after the nodal
membrane had been destroyed. In measurements to 500 kHz on a 14 um fibre, ¥
showed a simple pole corresponding to a time constant of 1 us, probably due to the
myelin capacitance in the B pool. The transfer function of 4, was therefore chosen
to be that of an integrator, modified by a phase-lead network in the frequency range
160-800 kHz to move the effect of the pole in Y, to higher frequencies. The
transresistance of A, falls from very large values at low frequencies to about
108 Q at 100 kHz. Despite the extensive shielding, its usable gain is restricted
above about 500 kHz by the residual coupling capacitance C ¢ ~ 2 x 1016 F. The
natural frequency of the potentiometric loop varies from about 50 kHz for a 12 gm
fibre to about 200 kHz for a 17 um fibre.

The voltage clamp amplifier 4, is more conventional, but has a similar frequency
response characteristic. Its gain falls with increasing frequency to a constant value
of about 40 above 20 kHz. The natural frequency of the voltage clamp varies from
20 to 100 kHz for fibres 12 gm to 17 gm in diameter, and is limited by the residual
capacitance Cgc ~ 2 x 10-17 F. The use of amplifiers with very high DC gains ensures
that the clamped membrane potential, in the absence of effects like the attenuation
artefact, will have no steady-state error. Accompanying this advantage, however, is
the disadvantage of an increased overshoot in the response of the membrane potential
to a step in the command voltage. A filter was therefore inserted to smooth the
transitions in the command voltage and reduce the overshoot.
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Fig. 13. A, schematic diagram of the model circuit for the preparation and of the
voltage-clamp circuitry. Typical model parameters for a 15 um fibre are Rg,, 20 MQ;
Rop, 50 MQ; Rgp, 30 MQ. Zy, represents the nodal membrane. Stray capacitances at
100 kHz are approximately: Cye, 3 pF (including amplifier input capacitance); Cyg,
2x 1018 F; Cgg, 2 x 10-17 F. The component values in the voltage-clamp amplifiers are
given in kilohms and picoforads. 4,, is an operational amplifier built with discrete
components using an NDF9401 (National Semiconductor) dual field-effect transistor in
the first stage. It has a voltage noise spectral density of 11 nV/Hz} above 10 Hz and
a band width of 6 MHz at the closed-loop gain of 10. 4,5 also consists of discrete
components, and has a band width of 2 MHz. 4,, and A,z are Analogue Devices 48J
and AD528, respectively. B, C, bode magnitude asymptotes for the amplifiers (upper
curves) and preparation (lower curves). B, potentiometric loop. Z,, is the transfer
impedance of A,; Y, is the transfer admittance between electrodes 4 and C at rest.
The dashed line shows the effect of maximum membrane conductance, and the dotted
line represents the effect of the stray capacitance C,o. C, transfer functions of the
voltage clamp amplifier 7',, and the transfer function 7'y, between E and A, including
the action of A,. The dashed line again shows the effect of maximum membrane
conductance. The dotted line shows the limitation on T,, placed by the stray
capacitance, Cgc. -



124 F.J.SIGWORTH

Design of the series resistance compensation network

Hodgkin, Huxley & Katz (1952) introduced the now widely-used series compen-
sation technique, which consists of adding a portion of the current monitor signal
to the voltage-clamp command voltage. Since this addition constitutes positive
feed-back, it tends to destabilize the voltage clamp, often causing oscillation when
only a fraction of the series resistance has been compensated. The theory will be
presented here for the design of series resistance compensation networks that have
only small effects on clamp stability, while allowing all of the series resistance to be
compensated. The actual network used in the present voltage clamp circuit will
then be described.

Vemo

Fig. 14. Block diagram of a general voltage-clamp circuit with series resistance
compensation. The voltage measuring circuitry with transfer function Ty, provides
an estimate Y’y of the membrane potential, distorted by Ty, and the effect of the
series resistance Rg. V’y is compared with the command voltage Vgyp and the error
is converted to an injected current I’y by the clamp amplifier, Y. The series resistance
network Zg, perturbs the error signal according to the injected current. It constitutes
a positive feed-back path around the clamp amplifier.

A block diagram of a general voltage-clamp circuit is shown in Fig. 14. The
various transfer functions Zy, Rg, Tv,, Y, and Zgg are the Laplace transforms of
the impulse responses of the membrane impedance, series resistance, voltage
monitor, clamp amplifier, and compensation network, respectively. The actual
membrane potential response to the Laplace-transformed current Ip(s) is

Vu(8) = Zy(s)I(s) (A1)

The response of the observed membrane potential V’y, is different. It is the sum of
membrane and series resistance components, and is modified by the transfer function
of the voltage measuring circuitry 7'y, :

Vim = Zu+B,) Typly (A2)

Ty, is ideally unity at all frequencies, but in practice its magnitude decreases at
high frequencies.

The clamp amplifier provides a membrane current I, in response to the difference
between ¥’y and the command voltage Vyp according to its transfer function
Yo,. When the series resistance compensation Zg is included, Iy, is given by
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) , Y
Iy = (Vomp =V'm+ZscIn) You = (Voup— VM)%’ (A3)
— L oa dse
Substituting (A 3) into (A 2) we obtain the response in Vy; to the command signal:
V;\:f TVA YCA(ZM + RS) (A 4)

Vemp I+ Yosr(TyaZ+TyaRs—Zgc)

If Zgo = 0, Ty, > 1 and Y, > then Vy follows the command exactly. However,
the actual membrane potential

_ YoaZyVoup
1+ Yop TypsZy+TyvaBy—Zgc)

is nevertheless in error, with Vy ~ VoypZy/(Zy+ Rs). If instead Zgy = Ty, By,
then V; would follow the command exactly.

Since Ty, typically deviates from unity at high frequencies, it is important that
Zg show a frequency dependence. Otherwise, when | Zgo| > |T'y, (Zm+ R,)| at high
frequencies, the voltage clamp will oscillate. The frequency where the size of |Zyg|
is most important is the loop closure frequency, where | Y, Tyy (Zy+R,)| = 1. If
Zg is made to be small relative to T'y, R, at this frequency, the transient response
and stability of the clamp will be little affected by the series resistance compensation.

A very conservative design was used for Z, in the voltage clamp described here.
T4, which in the case of the node of Ranvier voltage clamp describes the 4 pool
voltage in response to the membrane potential, was approximately described by the
second-order low-pass function

Vu (A 5)

w5

Tyale) = 824+ 1-4 w8+ w?

where the natural frequency w, was of the order of 10°sec—'. The loop closure
frequency o, of the voltage clamp was typically 3 x 105 s~!. The form of Z,, was
chosen to be
7. = Rsc
¢ (rs+ 1) (18/3+1)

where R, is set by a potentiometer. The time constant 7 = 10 usec, so that [Z]
~ }[R,Tv,] at the loop closure frequency s = iw,.

The relatively long time-constant 7 allows the compensation to have only a small
destabilizing effect on the voltage clamp. It does mean, however, that the series
resistance is compensated only for time scales on the order of 7 or longer. For shorter
times the series resistance is effectively uncompensated. Since the series resistance
in the frog node of Ranvier is relatively small, this transient error was not a problem
in the experiments reported here.

(A6)

Resistance measurement

The voltage clamp system included circuitry for the indirect measurement of the
internodal resistances of the preparation Ry and Rp, the seal resistance Ry and
the resting membrane resistance R,. For convenience the equations describing the
measurement of these resistances will be written in terms of their reciprocals, the
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conductances Ggp, Gop, Gpc and the resting membrane conductance Gyy. To deter-
mine the values of these four quantities, four independent measurements are made.
Three of the measurements are of the current change in C pool due to small voltage
perturbations in each of the other three pools, with the voltages at the remaining
pools held constant:

ol
Yge 3—V(;
ol GopGu
= = 7
Yac oV, Gep+Ggp+Gy (A )
ol GgpG
Yo = =€ ep Gop

oVg Gop+Gup+ 0y

The fourth measurement requires that the membrane conductance be changed;
this was accomplished by activating either the sodium or potassium conductance.
The method used in all the experiments reported here relies on the presence of the
sodium current. An action potential is elicited by a short negative pulse applied to
the A pool; after the stimulating pulse the evoked currents I and Iz are measured
simultaneously. Their ratio provides the fourth relation,

oLy _ G "
0l Gep
A second method involves depolarizing the membrane to activate the membrane
potassium conductance. It was used as an independent check in a few experiments.
During the last 200 ms of 300 ms depolarizations to 0 mV the response of I to
perturbations in V, and Vi was measured

A'c_  Geplu
0Vy Gep+Gep+Gy

ol'g _ GopGep
Vg Gop+Ggp+Gy

Yyc=
(A9)

’
YEC =

The introduction of a fifth unknown parameter, the altered membrane conductance
Gy, requires a total of five relations to be satisfied. The four equations (A7) and
(A 8) or five equations (A7) and (A9) are readily solved to give expressions for the
unknown parameters in terms of the measured admittances.

Chiu, Ritchie, Rogart & Stagg (1979) used a simplified version of this method to
measure the resistances. They.destroyed the nodal membrane at the end of each
experiment, making Gy, very large. In this case eqn. (A 9) simplify to Y, = G¢p
and Yy, = 0.

The circuitry that performs the resistance measurement is shown in Fig. 15. The
perturbing signal is a 100 Hz sine wave which is applied to the various electrodes
through MOS analogue switches. I is monitored by amplifier 4,, (see Fig. 13) which
for this purpose has an added 108 Q feed-back resistor. A similar circuit is used to
monitor I'y. The filtered current signals and a reference signal are sampled by an
A-D converter. The computer performs synchronous detection on 20 cycles of the
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I, signal by multiplying it by the reference and then calculates the various con-
ductances. Only the real parts of the admittances are measured, and the frequency
of the perturbing signal was chosen to be small compared to Gy/C so that the
membrane capacitance would have a negligible effect on the estimate of Gy;. The
frequency was also chosen to be large compared to 7,71, the characteristic rate of
the voltage-dependent potassium conductance. The amplitude of the signal is 2 mV
r.m.s., chosen small to avoid nonlinear effects of the potassium conductance but

Rco Reo
Rec
Rm
Qc B A E
é )
] 2mV le
c
monitor pulse 100 Hz monitor
= input = =

Fig. 15. Resistance measurement circuitry. Solid-state analogue switches allow the
B, A and E electrodes to be connected to a 100 Hz sine-wave signal or to ground.
Electrode A4 can also receive a stimulus pulse to elicit an action potential. The currents
at C and E are monitored by current-to-voltage converters having feed-back resistances
of 108 and 107 Q, respectively. (The currents through the A-E leakage pathway
preclude the use of a higher resistance at E, while at C the large resistance allows low
noise measurements.) The current monitor signals are band-pass filtered and digitized
for computer processing.

large enough to give a typical precision of 10-1° § in the measurement of admittances
in eqn. (A 7). Successive determinations of the resistance values usually differed by
less than 39, and values from the two measurement methods agreed within 109,
on those fibres where potassium currents were not blocked by internal Cs* and both
methods could be used.
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