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ABSTRACT Recently we reported that rapid fluctuations of ion currents flowing through open gramicidin A channels exceed the
expected level of pure transport noise at low ion concentrations (Heinemann, S. H. and F. J. Sigworth. 1990. Biophys. J.
57:499-514). Based on comparisons with kinetic ion transport models we concluded that this excess noise is likely caused by
current interruptions lasting 1 jxs. Here we introduce a method using the higher-order cumulants of the amplitude distribution to
estimate the kinetics of channel closing events far below the actual time resolution of the recording system. Using this method on
data recorded with 10 kHz bandwidth, estimates for gap time constants on the order of 1 ,us were obtained, similar to the earlier
predictions.

INTRODUCTION

The investigation of fast kinetic processes in ion chan-
nels, such as structural fluctuations that modulate the
ion current, is subject to the limited time resolution of
the recording system. Several strategies have been used
to analyze brief closing events that are beyond the actual
time resolution. One approach is to fit reconstructed,
theoretical closing events to the measured, not fully
resolved signals (Colquhoun and Sigworth, 1983). An-
other is to compute the power spectrum of the channel
recording (Colquhoun and Ogden, 1988; Sine et al.,
1990); in cases where the necessary recording bandwidth
can be obtained, fits to Lorentzian components in the
spectrum can yield estimates of time constants even

when the background noise obscures individual open-
closed transitions. A third strategy makes use of the
amplitude distributions of the recorded current.
FitzHugh (1983) has shown that the amplitude distribu-
tion of a recording from a two-state channel, filtered
with a simple first-order filter, is a beta function. Yellen
(1984) subsequently found that the beta function also
describes well the distributions obtained from record-
ings with higher-order filters, and he and others (e.g.,
Pietrobon et al., 1989) have thus been able to determine
dwell times that are shorter than the risetime of the
recording system by fitting the experimental amplitude
distributions.
We have used a variant of the power-spectrum ap-

proach in three studies of open-channel noise in gramici-
din A (GA) channels (Heinemann and Sigworth, 1988,
1989, 1990). In these studies only the low-frequency
asymptote of the power spectrum was measurable, so

that direct estimates of time constants from corner

frequencies could not be made. Instead we used the
ionic concentration dependence of the spectral density
and the mean channel current to determine kinetic
parameters in specific models for ion permeation. Basi-
cally the idea was that by varying ion concentrations we
could vary specific rates in the process of ion perme-

ation; the effect of these rates on the fluctuations would
depend on the mechanism and time scale of the fluctua-
tions. In the first two of these studies we used this
approach to estimate the residence times for formamide
and Na+ in the GA channel, obtaining values of 100

and 10 ns, respectively. Relatively noisy currents

through GA channels are seen in the absence of block-
ing ions when K+ and Cs' are the charge carriers. In the
third study we found that the concentration dependence
of the spectral density could best be explained by
fluctuations in the entry rate of ions into the empty
channel, occurring on a time scale of roughly 1 p,s.
The goal of the work described here is to provide

independent estimates for the duration and rates of the
brief interruptions in Cs' current predicted by the model
of open-channel noise in this last study (Heinemann and
Sigworth, 1990). For this we analyze the amplitude
distribution of the recorded current while a gramicidin
channel is conducting. The theory we present here is
based on a limiting case in which the brief current
interruptions (gaps) under study occur rarely and are

very much shorter than the response time of the record-
ing system. These assumptions allow us to treat the
amplitude distribution of the recorded signal as a

Gaussian function with a small, skewed contribution due
to the gaps. This contribution can be characterized by
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the cumulants (linear combinations of moments of the
distribution), whose values are predicted from the im-
pulse response of the recording system and the distribu-
tion of durations of the gaps. With the theory presented
here and given the cumulants of an experimental ampli-
tude distribution, one can obtain estimates for the rate
and duration of brief closures. Our analysis of the
cumulants of "shot" events arising from brief closures
parallels the analysis by Fesce et al. (1986) of the higher
moments of endplate currents in studying quantal events.

THEORY

Review of moments and cumulants
The nth moment of a distribution f (x) about zero is
defined as:

I
= f(x)ndX. (1)

From the ,u' the nth moment gu, about the mean of the
distribution can be obtained as

Cumulants of shot events
If we assume for now that the open-channel current is
noiseless we can picture brief closings of the open

channel as events creating a shot noise. Let the deviation
from the steady open-channel current level be composed
of individual current pulses with the normalized time
course t(t) and amplitude y. The pulses are assumed to
arise from a Poisson process, which means that the
occurrence of each pulse is independent of the others;
let the mean frequency of occurrence be X. In this case
the cumulants of the distribution generated by this shot
process are proportional to X and can be calculated
according to the general Campbell theorem (Campbell,
1909),

K. = Ay"In, (5)

where

I.= t(t)- dt. (6)

Thus, given a known time course of the individual
events, their frequency and amplitude can be deter-
mined from the ratios of successive cumulants:

In(
Ln= XaIi Kn-i (-Wy.

j=O

(2)

The cumulants K,, are linear combinations of the mo-

ments. They are also called "semi-invariants" in the
literature. They have the important property that if x
and y are independent random variables, the nth cumu-
lant of the distribution ofx + y will be equal to the sum
of the nth cumulants ofx andy alone. It is well known that
the mean and variance satisfy this property, and in fact
these are equal to K, and K2, respectively. In general the
v.. are given by the coefficients of an expansion of the
distributions's characteristic function +(t), as are the pU,,
so their relationship can be expressed by the identity
(Kendall, 1947)

'

+()0 n!

= exp ; !) (3)

with i = 1/Z. The first cumulants are

K2 = PL2

K3 = L3

K4 = A4 3 p2

K5 = L5 - 1OP3P2

K6 = 1-6 .15L41L2 - 1OP3 + 3O2

K7 = L7- 2115IL2- 3524> + 21°pp2(

Kn I-,,
y --

Kn-1 InI (7)

and

A = K-1 In (8)

It should be noted that brief gaps in channel currents
do not occur as a Poisson process, even when they arise
from simple two-state kinetics. This is because the gaps
have finite duration and the renewal time is the sum of
that duration and the time between gaps. We assume
here that the gap duration is very small compared with
the inter-gap time. This is equivalent to picturing the
gaps as being independent current pulses that are so
brief that, when they are superposed, the probability of
overlap is negligible. With the further assumption that
the inter-gap times are exponentially distributed, the
gap process approaches Poisson behavior.

Campbell's theorem can be extended if the ampli-
tudesy of the events are variable (Rice, 1954):

Kn = A(yn)In9 (9)

where (yn) is the ensemble average of the nth power of
the distribution of y, which is de facto the nth moment
about zero of that distribution:

(yn) = Jyfy(y) dy. (10)

57 Bopysca ouna

(4)
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Cumulants of events having
exponentially distributed durations
Let the unitary events be square pulses with a constant
amplitudey0 and exponentially distributed duration with
mean T. When these events are filtered by the limited
resolution of the recording system, they result in small
inflections in the recorded signal, and a small, skewed
component nearyo in the amplitude distribution (Fig. 1).
To compute the cumulants of this component we first
consider the effect of filtering on the signal. The mea-
sured signal due to a rectangular pulse of duration w
may be formally described by

y (t, w) = yO[H(t) - H(t - w)], (11)

where H(t) is the step response function of the system
and yo the amplitude of the event. Since we consider
pulses of short duration only, (Eq. 11) can be expanded
into a Taylor series:

then the probability density function of amplitudes y of
the filtered signal is

f (y) = cie , (15)

where a = 1/(yOT). Using Eqs. 9 and 10 we then obtain
for the cumulants of the amplitude distribution of the
filtered signal

K= nf yteay dy f hn(t) dt. (16)

This equation gives, then, the cumulants arising from
events operated on by a filter with any impulse response
h(t). For application to our data we assume a Gaussian
filter characteristic with cutoff frequency fc. This is the
form of digital filter we use for our data, and is a good
approximation to the response of a high-order Bessel
filter. The impulse response of a Gaussian filter is
(Colquhoun and Sigworth, 1983):

y (t, w) = yo[w(H'(t) - w2H'(t) + * * *] (12)

where the primes denote time derivatives. Taking only
the term that is linear in w we have

y (t, w) z yowh(t), (13)

where h(t) = H'(t) is the impulse response of the record-
ing system.
Thus in the limit of small durations w the response to

a rectangular pulse always has the time course h(t) but
with an amplitude that is proportional to w. Let w be
exponentially distributed, i.e., have the probability den-
sity

1
f.(w) = -ewl

T
(14)

h(t) =- et71a-o
(17)

with

vinE
r=f- (18)

Incorporating this into Eq. 16 yields the expression for
the cumulants

K,n= fJynaeaYdyf [ iee2/202]n dt.

The integrals have simple solutions

n! ( u)'1-n
v\n a

(19)

(20)

which, after substituting for a and a, yield

n! vll-n-2 1-n
Kn = k YO C (21)

From these expressions X and K can be derived, by
analogy to Eqs. 7 and 8,

FIGURE 1 (A) Brief channel closing events are observed as weak
inflections of the open-channel current after filtering (right side of the
figure). (B) The histogram of current amplitudes near the open-
channel currentyo becomes skewed (shaded region) if the brief channel
closings are not fully resolved. The skew of the histogram and the
higher moments provide information about the underlying kinetic
process.

Kn 1 1 iFi
T = Kn_C _~- 2,fKS,-i v'n(n- 1)Yo \5/:2Tc

=Knn (n - 1)n/2n(n+l)/2 V; ,j
-4-1 n! n

(22)

(23)

Thus we see that values of T and A can be obtained by
taking the ratios of successive cumulants.
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Cumulants from open-channel noise
In the analysis of open-channel noise in GA channels
the unitary events that we consider are brief gaps in the
channel current. In addition to these fluctuations there
is noise from more rapid steps in the ion-permeation
process and there is background noise from the record-
ing amplifier, thermal noise in the pipette, etc. The
background noise makes the largest contribution, but it
is readily measured during the periods when no channels
are open and is seen experimentally to be Gaussian
distributed. We expect it to be uncorrelated with the
open-channel noise, and experimental tests are consis-
tent with this (Sigworth et al., 1987), so that we can

simply subtract the cumulants of the background noise
alone from the cumulants of the open-channel ampli-
tude distribution.
The noise from rapid ion-transport steps is a more

difficult problem. In the previous papers of this series we
have modeled the ion-permeation process as a Markov
process in which transitions among states result in delta
functions of current as ions move among sites in the
channel. The specific scheme used here and in the
previous paper (Heinemann and Sigworth, 1990) is
based on the two-site, three barrier model of Urban et
al. (1980). That model has been quite successful in
explaining conductance-activity relations, flux ratio mea-
surements, and mole-fraction effects that have been
observed in gramicidin A channels (see Andersen, 1984,
for a review). (More elaborate schemes that also allow
double occupancy of the channel [e.g., Sandblom et al.,
1983] have been shown to be superior in some respects,
but we did not consider these because of the computa-
tional complexity.) We extended the two-site, three-
barrier model to include an extra "blocked" state of the
unoccupied channel (Fig. 2A). This allowed it to explain
the relatively large open-channel noise observed at low
concentrations of some permeant ions, particularly Cs'
(Heinemann and Sigworth, 1990). Other schemes, such
as the "gating" model in Fig. 2 B, predict very different
concentration dependences of the spectral density which
were not consistent with our experimental results.

In our previous paper we computed the spectral
density of open-channel noise by applying the theory of
Frehland (1978, 1982) to the entire kinetic scheme in
Fig. 2A. In the present study we make an approxima-
tion, taking advantage of the fact that the blocked state
[00]* appears to have a lifetime on the order of 1 ,us, an
order of magnitude longer than any other state in the
scheme. The current through the channel can be pic-
tured as delta functions of current (mainly due to the ion
translocation transitions between the states [IO] and
[OI]) occurring about every 30 ns at 500 mM Cs'. There
is considerable noise from these transport events, but

A B Hv

4 W -, =OH OH'~f
a\f Ho p
\ / rH

0=0

IPts:38o

-1 0

Log sD

FIGURE 2 State diagrams and spectral density of the open-channel
noise. The state diagrams are based on the two-site, three-barrier
model (see Finkelstein and Andersen, 1981) which is shown high-
lighted here. (A) The state diagram is extended by an extra channel-
empty state [00]* to model fluctuating entry barriers. (B) An example
of an alternative model, one considered by Frehland (1982), in which
channel "gating" can occur in any state of ion occupancy, but in which
ion motions are frozen while the channel is "closed." (C) Predictions
of the spectral density normalized to the classical shot noise Sshot = 2iq
as a function of ion concentration. The thin line is ion-transport noise
in the basic four-state transport model; the heavy line is the fluctuating
barrier model (as in partA); and the dashed line is simple gating (as in
part B). In our previous paper we found that the concentration
dependence of the spectral density is well described by the scheme in
A.

because they occur so rapidly the current pulses will be
filtered enough to result in an essentially Gaussian-
distributed noise. During the gaps, which represent
dwells in the blocked state, this noise is transiently
stopped; however, since even the gap times are short
compared with the response time of the recording
system, the absence of the noise during the gaps is a
higher-order effect that we expect to be small and will
ignore. Thus we model the fluctuations from the rapid
transport events as simply an independent, Gaussian-
distributed noise component that is added to the fluctu-
ations due to the gaps. This model greatly simplifies the
analysis. For a Gaussian distribution the cumulants of
order 3 or higher are zero; thus only the fluctuations
from brief gaps should contribute to IK and the higher
cumulants.

Statistical error in moments and
cumulants
The contribution to the moments (at least to the even
moments) of the brief gaps is expected to be very small
compared with the contribution from the background
noise. The statistical errors in the cumulants will there-

580 Biophysical Journal Volume 60 September 1991580 Biophysical Journal Volume 60 September 1991



fore depend strongly on the amount of background
noise. We calculate here the variance of estimates of the
moments and cumulants due to Gaussian background
noise. The estimates can then be used to gauge the
reliability of the values of the cumulants obtained from
the experimental data.

Consider an amplitude histogram obtained from a

large number of independent samples, having ni events
in the jth bin. Let the mean of the distribution be zero.

The total number of events is
nb

N = 2 n;
j-1

(24)

with the number of bins being nb. The moments are
calculated as:

where again we have made use of the fact that var(nj) =
ni for Poisson-distributed ni. For a distribution of N
Gaussian-distributed samples with variance M the vari-
ances of the cumulants so obtained are:

3
var(K2) = N &4

15

var(K3) = N U6

193
var(1%) = N o8

345
var(K,) = N a

945
var(.6)= N a'

1 nb

Wi = N j'nj. (25)

Independent samples implies that the nj are Poisson-
distributed, so that their variance is:

var(nj) = nj. (26)

The variance of the moments of index i is then given by

var(p,) = N2 Xj2ivar(n)

=
1 .:2-=N'

i
i

1
=NA-12i (27)

Because Gaussian background noise dominates our

experimental distributions, we will compute the variance
assuming a Gaussian distribution. The first moments
about the mean of a Gaussian distribution are

tL1 =-~ >L3 =-"~ 115 =-- * * * ="'~° (28)

and

16065
var(K7) = N 0J1.

N
(32)

For the purpose of estimating and T the errors can be
made small if the number of sampled points N is made
large enough. Under our experimental conditions the
rms background noise is 0.3 pA at 10 kHz. Given = 500
s-I, T = 1 ps, andyo = 10 pA an accumulation of 106 data
points pushes the error margin for the cumulants below
10% (see Table 1); an rms noise level of 0.4 pA results in
errors below 20%.

EXPERIMENTAL

Recordings from microbilayers
Ion currents through gramicidin A channels incorpo-
rated into artificial bilayers on pipette tips were re-
corded and the data stored as described previously
(Sigworth et al., 1987; Heinemann and Sigworth, 1990).
Filtering of the data consisted of the 10 kHz Bessel filter
of the EPC-7 patch clamp, followed by a 17 kHz

(29)
k

>t2k = erl (2j - 1), k = 1, 2, 33, .. .
j81

The variances for the moments of a Gaussian distribu-
tion are therefore

var(puk) = N 12k

=-k ]I (2j- 1). (30)

The variances of the cumulants can be evaluated in a

similar fashion from the general expression

var(K) =
jan nj, (31)

TABLE 1 StatIstical error estimates for cumulants

Index Unit K, S.D. (K,) Deviation (%)

2 A2 2.1 x 10-27 1.6 x 10-18 7.3
3 A3 1.6 x 10-40 1.0 x 10-40 6.7
4 A4 1.6 x 10-52 9.6 x 10-"3 2.8
5 A5 2.2 x 10-63 1.2 x 10- 2.0
6 A6 3.6 x 10-7' 1.6 x 10-76 0.6
7 A7 7.1 x 10-87 2.8 x 10-" 0.4

Statistical error estimates for the cumulants K, based on the following
assumptions: rms background noise = 0.3 pA, number of accumulated
data points = 106, dwell time of closing events r = 1 p.s, their frequency
of occurrence X = 500 s-', single-channel amplitude yo = 10 pA, and
filter frequency fc = 10 kHz. Because X determines the magnitude of
the cumulants linearly, the percent deviation scales inversely with X.
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Butterworth filter in the modified PCM encoder (Sony
PCM-701). The membranes were formed from glycerol-
monooleate (Nu Chek Prep, Elysian, MN), 40 mg/ml in
squalene (Sigma Chemical Corp., St. Louis, MO). As
permeant ions we used chloride solutions of NH4' and
Cs'. Optical-grade purified CsCl (Sigma Chemical Co.)
was used because we found it enhanced the stability of
the membranes.

Open channel noise analysis
Spectra of the open-channel current noise were ob-
tained as previously described (Sigworth, 1985; Heine-
mann and Sigworth, 1990). Closing events longer than

10 ,us were masked out before calculating the Fourier
transform in blocks of 1,024 data points taken at 44.1
kHz sampling rate. The raw spectra were corrected for
the transfer function of the recording system.
The masked data blocks were compiled into histo-

grams of 127 bins with a typical bin width of 0.05 pA.
Histograms of manually selected regions of the recorded
trace were then accumulated, each of them centered at
the mean to avoid contaminations due to slight baseline
shifts. (This procedure mimicks the application of a
high-pass filter with a corner frequency of 44.1 kHz/
1,024 = 43 Hz.) The raw moments up to the eighth order
were calculated from these accumulated histograms.
These moments were then shifted to moments about the
mean and the error introduced by the binning into
histograms was corrected by application of Sheppard's
formula (Kendall, 1947) as described in the Appendix.
The cumulants were then calculated from the moments
according to Eqs. 4.
The amplitude distributions of baseline currents were

well described by Gaussian functions (see Fig. 5). Their
cumulants were subtracted from the cumulants of the
open-channel current distribution to yield the cumulants
of the open-channel noise only.

RESULTS

Simulated channel noise
To test our numerical implementations and the limits of
applicability of the theory we first analyzed simulated
data. We simulated an open channel of 10 pA amplitude
and superimposed closing events at various rates X and
exponentially distributed dwell times r. To avoid sam-
pling errors, the generation of these events was per-
formed with an effective sampling rate of 3.2 MHz, then
digitally filtered with a 80-kHz Gaussian filter and
decimated by a factor of 16. A total of 16 x 106 samples
were generated in this way, and analyzed. These data

were then filtered to 40 kHz and decimated again by 2.
This process of filtering to half the corner frequency and
decimating by 2 was repeated to yield data sets down to
an effective sampling rate of 12.5 kHz and bandwidth of
2.5 kHz. In most cases a Gaussian background noise was
added. Gaussian random numbers, generated with the
Box-Muller algorithm and corresponding to 3.0 or 4.0
pA rms were added to the original (3.2 MHz effective
sampling rate) data before filtering.
From these sets, moments and cumulants were accu-

mulated and processed as described in the previous
section. A set of histograms is shown in Fig. 3 with
superimposed Gaussian functions. Each histogram shows
skew in the negative (channel closing) direction as
expected, with the 80 kHz data extending all the way to
-10 pA, corresponding to completely resolved closures.
The values for T and X estimated from pairs of the
cumulants from such histograms are plotted in Fig. 4 as a
function of the filter bandwidth, with the various sym-
bols representing estimates obtained from different
pairs of cumulants. Part A shows the estimates from
simulations in which no background noise was added.
The accuracy of the predictions was best at 10 kHz
bandwidth and using the lowest-order cumulants, K2 and
K3. At this bandwidth a compromise is apparently
achieved: with increasing filter bandwidth the cumulants
are larger; however, when the duration of the longest
gaps approach the filter risetime Tr = 0.33/1f their
amplitude approaches the full channel amplitudeyo. The
result is that the first term in the Taylor expansion (Eq.
13) fails to be a good approximation to the time course
of the response to these events. This leads to a system-
atic underestimation of r and an overestimation of X.

In Fig. 4, B and C, white background noise was added
to the simulated signal, resulting in a standard deviation
of 0.25 pA atf, = 10 kHz. This was much larger than the

0.01 pA standard deviation of the noise from the gaps.

It can be seen that the lowest-order cumulants did not
always give the most reliable estimates for T and A under
these conditions, a trend that is also reflected in the
error estimates in Table 1. From the simulations it can
be concluded that under the conditions the maximum
accuracy is obtained for a filter frequency close to 10
kHz for events of 1.5 ,us and 20 kHz for events of 1.0 Rs
duration. In theses cases the estimates for T and X do not
depend strongly on the order of the cumulants used for
the calculation.

Experimental data
In Fig. 5 examples of experimental current histograms
are plotted semilogarithmically. From the calculated
mean, variance, and the area of each histogram, match-
ing Gaussian functions were computed and are shown
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mean: 0.04pA
sigma: 0.17pA
events: 1572864

Amplitude [pA]

FIGURE 3 Amplitude histograms from simulated 10 pA channel currents with brief gaps. The simulated currents with added Gaussian noise were
filtered to the bandwidths shown. The accumulation of histograms shifted the origin of each to the mean, so that resolved channel closures appear
as points near -10 pA. The shaded regions indicate the deviations of the histograms from Gaussian; histograms are drawn on a loglo scale to make
these small residuals visible. The closing events were simulated with the parameters r = 0.94 ,us and X = 800 s- . Independent Gaussian noise
samples (3.0 pA rms) were added to the simulated channels at the original 3.2 MHz effective sampling rate; this resulted in - 0.2 pA rms noise at 10
kHz bandwidth.

superimposed. The lower of each pair of histograms was
compiled from stretches of baseline; the Gaussian curves

match these histograms well. In the case of NH4' as

permeating ion (Fig. 5 A) the open-channel (upper)
histograms are also well described by Gaussian func-
tions. The histograms compiled from currents in CsCl,
however, display large deviations from a Gaussian in the
negative (i.e., channel-closing) direction. The one-sided
skew is consistent with the presence of brief closures
which could not be eliminated by the masking proce-
dure, i.e., they must be shorter than 10 ,us.

In contrast to the emulated data we cannot predict a

priori what the background noise is in experimental
data. As described above, we simply subtracted the
cumulants of baseline currents from the cumulants of
the open-channel current distributions. But then there is
the high-frequency ion-transport noise. As discussed
above, we assume that this noise is Gaussian, and

therefore will contribute only to K2 and not to the
higher-order cumulants. To the extent that this noise is
not sufficiently filtered to be truly Gaussian, it will make
a relatively larger contribution to the lower-order cumu-
lants than to the higher-order ones. This can be under-
stood from Eq. 21 where the size of v.. is seen to be of the
order of Tn.

Fig. 6 presents estimates of T and X computed from
Eqs. 22 and 23 as a function of the order of the
cumulants used in the calculation. Also plotted in the
figure (squares) are corresponding estimates from the
simulated data of Fig. 4 B obtained at the same 10 kHz
bandwidth. In the simulation the estimates for T and
were quite insensitive to which order of cumulants was

used, but the experimental data show a trend toward
higher T values with higher orders. The values obtained
from the ratio KJK2 (i.e., index 3) are expected to be low
because K2 includes a large contribution from the nearly
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[ l[ooo/sl TABLE 2 Estimates of T and K for Cs+ currents In
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1,280 100 1.09 (6) 569 (192) 4

200 0.69 (5) 537 (273) 3
640 100 1.34 (12) 50 (38) 3

200 0.79 (6) 188 (60) 1
300 0.65 (7) 486 (260) 2

320 100 1.25 (3) 58 (8) 1
200 1.07 (8) 836 (328) 1
400 1.24 (8) 91 (53) 3

160 200 2.33 (78) 1909 (1869) 1

Estimates for v and X by analysis of open-channel current histograms
for various concentrations of CsCl and at the membrane potentials
given. The estimates were obtained by averaging the three values
obtained with K5 through K7 from N different recordings. Numbers in
parentheses give the standard deviations of the last significant figures;
forN = 1 the standard deviations are those computed among the three
values obtained with different cumulants for the single run.
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the large variation in A values is unknown, but it is
probably related to the rather large variations in current
noise that we observed with Cs' as compared with other
ions (Heinemann and Sigworth, 1990).

Comparison with model predictions
In the five-state model of Fig. 2A the mean dwell time T
in the blocked state [00]* is expected to be

FIGURE 4 Estimates of r and k from simulated data as in Fig. 3,
plotted as a function of filter bandwidth. Horizontal lines show the
values used in the simulations. (A) Values obtained from simulated
data without background noise and with r = 1.56 Ps, X = 1,600 s-'. (B)
Estimates from simulated data with the same parameters but with
background noise of 3.0 pA rms (at 3.2 MHz) added. (C) Estimates
from simulated data with background noise of 3.0 pA rms at 3.2 MHz,
r = 0.94 ps, and X = 800 s-'. Estimates of T and A were calculated using
different pairs of cumulants as indicated by the symbols: K2 and K3
(squares); K3 and (4 (open circles, with the theoretical standard errors
from Table 1 shown as bars); and K4 and K5 (solid circles).

Gaussian high-frequency transport noise as well. That
the estimate from index 4 is also relatively low suggests
that K3 might also be contaminated by nonGaussian
components of the high-frequency transport noise. The
experimental estimates converge, however, for index 5

and above.
Analysis of the cumulants of these and other histo-

grams from Cs' currents yielded estimates for the T near
1.0 p,s, while X varied between -50 and 1,000 s-'.
Estimates were obtained for these parameters by averag-
ing the values obtained at orders 5 (i.e., from K4 and K5)
through 7, and are summarized in Table 2. The origin of

1

I=P' + 2f *[Cs] cosh (&e0,VI2kT)'
(33)

where 5/2 is the relative electrical distance of the
activation barrier for the ion binding step whose rate, at
membrane potential V = 0, is f l. The scheme predicts
that T decreases with increasing membrane potential
and ion concentration, as is observed (Table 2).

In our previous analysis the values of X and A were
poorly constrained by the data; we nevertheless esti-
mated T to be 3.0 ,us and, for Cs',f *was 4.1 x 106 and 8
was 0.074. The resulting T values at V = 200 mV ranged
from 0.6 p,s at [Cs] = 160 mM to 0.1 ,us at [Cs] = 1,280
mM. The values listed in Table 2 are larger than these by
factors of 4-7. We therefore performed new fits to the
kinetic scheme to see what other sets of rate constants

FIGURE 5 Open-channel and baseline current histograms from GA
channels in (A) NH4Cl, and (B) CsCl solutions of the concentrations
shown. The baseline histograms (lower of each pair) are well described
by Gaussian functions. The open-channel current histogram for NH4C1
solutions are also essentially Gaussian, but the CsCl open-channel
currents have substantial tails. Histograms were compiled from num-
bers of samples between 3.1 x 10' and 3.3 x 106.
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FIGURE 6 Estimates of T and X for currents in 320 mM, CsCl (stars),
640 mM CsCl (open circles) and 1,280 mM CsCl (solid circles). The
index value i means that re and i, were used in the evaluation. The
estimates appear to converge for the higher orders. For comparison,
the squares show corresponding values obtained from the 10 kHz-
filtered, simulated data with T = 1.56 ps and X = 1,600 s-' (same as in
Fig. 4 B).

were compatible with the spectral density data of our

previous study (Heinemann and Sigworth, 1990). Increas-
ing ro to 5 p.s, reducing f, to 1.4 x 106 s5' M-1, and
reducing fivefold to 7,000 s-' resulted in data fits that
were essentially as good as those with the previous
values. Further, the spectral data for, the other ions
could also be well fitted with the new values for and X.

With these parameters the gap times associated with
sojourns in [00]* are 1.5 p,s at [Cs] = 160 mM and 0.3 p.s
at [Cs] = 1,280 mM.

DISCUSSION

In our previous paper (Heinemann and Sigworth, 1990)
we reported a substantial excess noise in currents
through GA channels carried by Cs' and K+ but not by
Na+ or NH4'. The concentration dependence of the
fluctuations could be accounted for by a model in which
the energy barriers to ion entry can fluctuate. In a kinetic
model (see Fig. 2A) the fluctuations are represented as
transitions to a "blocked" channel state [00]*, which can
be accessed via the empty channel configuration [00].
The model predicts interruptions of the open-channel
current, representing sojourns in the state [001*, having
a mean duration on the order of 1 p.s and occurring at a
rate of 104 per second times the probability that the
channel is empty.
The goal of the present work was to search for

evidence of such gaps in the channel current and to
estimate their kinetics. Our approach is to analyze the
amplitude distribution of the recorded channel current
by computing the cumulants. On the basis of the theory
presented here, it is possible to estimate the duration

and rate of gaps by comparing pairs of cumulant values.
The theory is valid in the limit that the gap durations are
much shorter than the response time of the recording
system, and also that the gap durations are shorter than
the inter-gap intervals. From simulations we see that the
theory is in fact successful in estimating gap durations of
- 1 ,us for data filtered at 10 kHz, but the method would
encounter substantial systematic errors for event dura-
tions longer than 5-10 p,s. Thus our theory can be
considered as complementary to that of FitzHugh (1983).
He presented the exact form of the amplitude distribu-
tion of channel currents filtered with a simple first-order
filter; this solution has turned out to be useful in
analyzing Bessel-filtered data as well, in cases where the
underlying events border on being resolvable, i.e., have
dwells on the order of the filter risetime (Yellen, 1984).
The contribution of brief gaps to amplitude distribu-

tions is seen to be very small tails that are skewed in the
direction of channel closing. Large numbers of samples
(typically 106 in our case) are required to obtain good
estimates of the cumulant values, and the experimental
histograms could easily be distorted by slower processes
and unmasked longer closures. Our confidence in the
analysis presented here of the GA channel currents is
strengthened by the following observations. First, the
histograms of "background" noise obtained from chan-
nel-closed intervals are nearly perfect Gaussians. Sec-
ondly, the open-channel current distribution with NH4'
as the charge carrier is also nearly Gaussian. From our
analysis of spectral density in the previous paper we had
predicted that the dwell time in the state [00] * would be
very short for NH4' and that the open-channel noise
would be essentially the rapid ion-transport noise alone.
Thirdly, with the Cs' current data, internally consistent
estimates are obtained for X and T using different pairs
of cumulants with orders of 4 to 7.
Our analysis therefore supports the idea from our

previous paper that currents in GA have excess noise
that arises from brief interruptions in the channel
current. The values we estimate here for the gap
duration are 5 times larger than those obtained from
curve-fitting in the previous study, but fall within the
range ofvalues that can fit the spectral-density data from
that work.

APPENDIX

Calculation of moments from a
discrete distribution
Raw moments
The moments of a distribution about the value zero are defined as

i' = x"f(x) dx (34)
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with the distribution function, f (x), However, experimentally only a
discrete distribution is determined. Let the distribution be compiled in
bins of length h; the magnitude of the bin centered around xi is

rha
f= f(x + i) die (35)

The measured raw moments, denoted by a bar, are therefore

(36)
i_xG

Sheppard's bin correction
Assuming that f (x) decays monotonically to zero at the edges of the
distribution, the "true" moments can be calculated with Sheppard's
correction formula (Kendall, 1947)

n 1(i) (21-i 1)ihk-13h |.J (37)

The Pi are Bernoulli's numbers of ith order: 1i = 0 for odd i; 12 = 1/6,
134 = -1/30, 136 = 1/42, etc.
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