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Voltage Fluctuations and Collective Effects in Ion-Channel Protein Ensembles
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We study experimentally the noise in ensembles of voltage-gated ion channels. The coupling between

the microscopic state of the channels and the macroscopic voltage fluctuations leads to collective
effects which (i) induce damped oscillations in the voltage noise and (ii) reduce the voltage noise in
absolute terms, with a stronger reduction for larger numbers of participating channels. These results
are confirmed by numerical simulations and explained in the context of a simple model that presents
the ensemble of channels as a damped harmonic oscillator. [S0031-9007(96)01604-3]
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Voltage-gated ion-channel proteins are macromolecules
responsible for generating electrical signals in nerve and
other excitable cells. They work by selectively conduct-
ing ionic currents through the otherwise impermeable cel-
lular membrane [1]. Generally the channels can switch
between different conformational states, which are con-
ducting (open—O) or nonconducting (closed—C), with
voltage-dependent rates of transition. One consequence
of the voltage-dependent transition rates is the intrin-
sic noise an ensemble of ion-channel proteins generates:
The stochastic switching between the C-O states feeds
back, through the voltage-dependent rates, on the transi-
tion process and may lead to nontrivial dynamics. It is our
aim to understand the signature of the intrinsic noise gen-
erated by conduction fluctuations of voltage-gated chan-
nels. To gain insight into this problem, ensembles of
single-type channels must be studied using the voltage as
a free, dynamical variable (rather than the current [2]).
Recent advances in molecular biology and electrophysio-
logical techniques enable us to construct and study such
ensembles of ion channels in a patch of membrane iso-
lated from intracellular and other biochemical effects. In
this Letter we use this approach to study experimentally,
for the first time, the spontaneous transmembrane voltage
fluctuations due to the microscopic channels’ fluctuations,
in voltage-gated ion-channel ensembles. We show that
the transmembrane voltage introduces nontrivial correla-
tions among the fluctuating channels.
A simplified physical picture of this system models the

ensemble of ion channels as particles occupying an asym-
metric double potential well, with a voltage-dependent
barrier [1]. The potential wells represent the closed and
open states of the channels and the source of noise is the
thermally activated, spontaneous fluctuations of channels
across the barrier. Renewed interest in transport phenom-
ena, induced by nonequilibrium fluctuations [3], is par-
tially inspired by biology (e.g., motor proteins [4]). Much
of the recent focus is on cases in which the potential it-
self is fluctuating [5], where surprisingly rich dynamics is
found in the noisy systems; stochastic resonance [6] and
resonant activation [7] are two important examples. In

these studies, however, the potential in which the particles
reside is externally modulated. In contrast, voltage-gated
ion channels give us a unique opportunity to study fluctu-
ations in a potential that is modulated by internal events.
Our main results are that the coupling between the states
of the channels and the voltage, via the voltage-dependent
rates of transition, reduces the voltage noise in absolute
terms, with stronger effects for larger numbers of chan-
nels, and induces damped oscillations in the noise. Fur-
thermore, we show that under the experimental conditions
a two-state model of the channel is sufficient to explain
the collective dynamics. This is not a priori obvious, as
the channel proteins are believed to exhibit complex ki-
netics (reflecting many nonconducting states).
The experimental setup consists of a small patch of

membrane s,2 mm2d containing one type of voltage-gated
potassium channel [8,9]. The patch of membrane is stud-
ied, in isolation, using standard patch-clamp techniques
[10]. The voltage noise is measured under a constant ex-
ternal holding current (current clamp). The number of
channels embedded in the patch of membrane and the am-
plitude of the external holding current are the two control
parameters used in our experiments. Figure 1 shows that
the voltage-gated channels generate considerable voltage
noise due to their conduction fluctuations (trace b), com-
pared with a membrane containing no channels (trace a).
Both voltage traces were measured with zero holding cur-
rents. The arrow in trace c of Fig. 1 marks the point at
which a small positive (depolarizing) current (2.6 pA) was
applied to the membrane. This constant current forces a
small increase in the number of open channels (,7 open
channels on average) relative to that at zero current (,3
open channels on average) and leads to a reduction in the
voltage fluctuations [11]. In both cases the number of open
channels is small relative to the total number of channels
in the ensemble (,100). All the experiments presented in
this Letter are restricted to this regime.
The power spectral density (PSD) for the voltage fluc-

tuations in the ensemble of channels drops as f24 at high
frequencies, and it is flat at low frequencies [Fig. 2(a)].
These characteristics are independent of the parameters.
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FIG. 1. Voltage traces for (a) a membrane with no
voltage-gated channels; (b) a membrane with approximately
100 voltage-gated potassium channels, both at zero current; (c)
a current of 2.6 pA applied at the point marked by the arrow
to (b).

The crossover frequency depends on the number of chan-
nels, the capacitance of the system, and the holding cur-
rent. The voltage fluctuations in a membrane with no
voltage-gated channels exhibit a typical Lorentzian PSD
(inset). For the same data, Fig. 2(b) summarizes the nor-
malized voltage autocorrelation functions. The voltage
in a membrane containing no channels exhibits decaying
correlations on a time scale of a few hundred ms, irrespec-
tive of the applied current. The presence of voltage-gated

ion channels introduces decaying oscillations on much
faster time scales (of the order of 30 ms). A negative cur-
rent closes the channels, destroying the fast decay of the
autocorrelation and eliminating the oscillations. In this
case the autocorrelation decays on a time scale of approx-
imately 100 ms, which we take as the reference time scale
for the numerical simulations below.
We performed Monte Carlo simulations of the two-state

kinetics

C
asV d
:

bsV d
O ,

where the voltage-dependent rates a and b have been
measured in separate experiments [12]. The transition
probability P ≠ 1 2 e2LDt (L is the transition rate) is
computed at each time step (0.1 ms). A transition in
the state of the channel is made if P is larger than a
random number pulled from a uniform distribution. The
transmembrane potential is updated at each step by the
equation [1]

cdVydt ≠ 2fgkN0sV 2 VKd 1 gLsV 2 VLdg 1 I ,

where c is the capacity; gk is the single-channel conduc-
tivity; N0 is the number of open channels updated ac-
cording to the above kinetics; VK is the potassium Nernst
potential s297 mVd; gL is the leak conductivity; VL is the

FIG. 2. (a) Power spectral densities (PSD) for the voltage noise measured for the same patch of membrane containing a few
hundred channels: solid line—zero current, dotted—2.6 pA, dashed— s2d2.1 pA (inset: a membrane containing no channels);
(b) normalized voltage autocorrelation functions (averaged over 1 min), kViVi1wl ≠

P
i sVi 2 V d sVi1w 2 V dy

P
i sVi 2 V d2. Vi

is the digitized voltage (1 ms resolution) at point i and V is the mean voltage, for the same experiment (thin solid—for a membrane
with no voltage-gated channels at zero current, compared to a negative and positive holding currents in the inset). The same
characteristic PSD and voltage autocorrelation were observed in at least 20 patches of membrane. The voltage autocorrelation
from numerical simulations (t0 ≠ 100 ms and g ≠ 0.5) computed: (c) for 1000 channels: solid—zero current, dashed—10, thin
dashed—30, in units of the leakage current at V ≠ 250 mV; (d) for 100 channels at different t0 (in ms): dotted—500, solid—
100, thin dashed—10, dashed—5, and short dashed—1.5.
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leakage reversal potential (,29 mV), and I is the holding
current. The normalization parameters are t0 ≠ cygL and
g ≠ gkygL. Figure 2(c) shows the normalized autocor-
relation functions for 1000 channels at different holding
currents. The main experimental features are reproduced
by these simulations. The single channel’s resident time
(inverse sum of transition rates) has a sharp peak around
10 ms, of the order of the relaxation and oscillation times
in the experiments.
The capacitance time t0 and the charging power

of a single channel g determine the voltage response
time. If, for example, t0 is significantly different from
the resident time of the channels, the oscillations are
eliminated [Fig. 2(d)]. This behavior demonstrates an
interesting interplay between the time scales of barrier
fluctuations and the channel’s resident time. If the
above time scales are well separated, the dynamics is
merely relaxational. This behavior is reminiscent of other
activation phenomena in modulated potentials [5–7].
Figure 3 summarizes the behavior of the voltage stan-

dard deviation as a function of the control parameters.
Figure 3(a) shows that the voltage noise (absolute value)
diminishes for larger positive holding currents (a decreas-
ing function of the mean transmembrane voltage). The
absolute noise is also a decreasing function of the total
number of channels [Fig. 3(b)]. The behavior of the noise
in the numerical simulations agrees fairly well with the

experimental results [Figs. 3(c) and 3(d)]. Note that two
independent parameters are needed to determine the volt-
age fluctuations. The average number of open channels is
not enough; it is approximately constant in Fig. 3(b) [or
3(d)] but varies considerably in Fig. 3(a) [or 3(c)].
We model the system by a deterministic equation for

the membrane potential and a Langevin-type equation for
the number of open channels. In dimensionless form

dnydt ≠ 2sNp 1 1dn 1 Npnk 1 gI ,

dpydt ≠ 2lp 1 a 1 j ,

where n ≠ VyV0 (V0 ≠ 250 mV is a characteristic po-
tential of the kinetics), t ≠ tyt0, N ≠ gNt , nk ≠ VkyV0,
and gI ≠ IygLV0. Here Nt is the total number of chan-
nels, p is the fraction of open channels, l ≠ sa 1 bdt0
(minimal at V0), a ≠ at0 and j is the normalized noise
per channel. We assume, for simplicity, that VL ≠ 0 and
that j is a Gaussian white noise of independent channels.
Linearization is performed around the steady state: n ≠

ns 1 y and p ≠ ps 1 r, yielding the following second
order differential equation for the voltage fluctuations.

d2y

dt2 ≠ 2g
dy

dt
2 v2

0y 1 R ,

where g ≠ ls 1 Nps 1 1 and v2
0 ≠ lssNps 1 1d 1

sa,n 2 l,npsdNsns 2 nkd are the damping coefficient

FIG. 3. The standard deviation of the transmembrane voltage. Experimental: (a) membranes with different total numbers of
channels (filled squares—640, empty squares—282, filled circles—150, filled triangles—94, empty triangles, rhombus, and filled
rhombus—56), as a function of the holding current. The noise is normalized for each membrane by its value at zero current (inset:
the same data versus the mean transmembrane voltage); (b) at zero current for different membranes with different total numbers of
channels (triangles), and for the same experiments, the integrated noise (squares) in a limited bandwidth (0.1—7 Hz). Simulations:
(c) for different holding currents as a function of the mean voltage for total number of 100 channels (squares) and 1000 channels
(dots), (d) for different total numbers of channels. The empty symbols are the results of the linear model (see text), normalized at
1000 channels.
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and the natural frequency of a damped harmonic oscilla-
tor, driven by a noise term R ≠ jNsnk 2 nsd. Here a,n
and l,n are the derivatives of the kinetic parameters at the
steady-state voltage ns, and ls is l at the same voltage.
The spectrum is given by

jsnvdj2 ≠
jRvj2

sv2
0 2 v2d2 1 g2v2

,

where Rv is the spectrum of the noise. The variance is
sdyd2 ~ jRvj2ygv2

0 [13], showing that the voltage noise
is indeed a decreasing function of the total number of
channels. In particular, it decreases as 1yN for N ! `.
The coupling between the state of the channels and the

transmembrane voltage leads to a collective effect: A
phase lag between the response of the channels, determined
by their kinetics, and the dynamics of the voltage (deter-
mined by the capacitance time t0 which normalizes v0) is
the physical cause of the relaxed oscillations. When the
response times of the voltage and the channels are well
separated, the oscillations are eliminated due to the loss of
coupling. This phenomenon is reminiscent of a mecha-
nism that leads to relaxation oscillations in other physical
systems (e.g., spiking lasers [14]). The noise in the linear
model decreases faster with the number of channels than
the one from the numerical simulations [Fig. 3(d)]. In the
experimental system, nonlinear effects are important.
In summary, within a limited range of parameters,

channel fluctuations exhibit collective dynamics resulting
in damped, oscillatory voltage noise. This result is
general since the ion-channel protein used here is a typical
representative of voltage-gated ion channels that work to
relax excitable membranes.
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