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Voltage dynamics of single-type voltage-gated ion-channel protein ensembles
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Isolated ensembles of single-type voltage-gated potassium ion-channels are studied. The density of channels
and the input current to the system are two control parameters in the experiments, while the voltage is the
dynamical observable. The voltage fluctuations exhibit distinct behaviors in dense and dilute ensembles of
channels. In dense ensembles, voltage fluctuations are constrained and exhibit relaxed oscillatory behavior,
typical of a simple two-state system. At the other extreme of dilute ensembles, the complex many-state kinetics
of the channel induces large-amplitude broad-spectrum voltage fluctuations. The effective number of channels
that can respond to the voltage field is a dynamical variable, which determines the voltage stability and
fluctuations and depends on the control parameters and the ensemble activity. The ensemble can move dy-
namically between two regimes of behavior with large and small effective numbers of channels. We study in
detail these two regimes and the transition between them and show both by numerical simulations and by a
simple analytic model how the coupling between the transmembrane voltage and the kinetics of channels leads
to the observed dynamicgS1063-651X97)00607-7

PACS numbds): 87.15~v, 05.40:+j, 82.20.Mj

I. INTRODUCTION matic, three-state mod@d] to represent a voltage-gated po-
tassium channel: C—~ O+« I, whereC represents the closed
Voltage-gated ion channels are transmembrane proteirstates,O the open state, anidthe inactive states.
that work as sophisticated selective stochastic switches for Voltage-gated channels are usually studied by controlling
ionic currents in nerve and other excitable and nonexcitabléghe transmembrane voltage and monitoring the current
cells[1]. The voltage-dependent switching of these channel$voltage-clamp techniqug?2]. A different view of this sys-
between conducting and nonconducting states is a major fatem is achieved by studying the transmembrane voltage as a
tor in controlling the transmembrane voltage. In recent yearsjynamical variablgcurrent clamp, coupled to the kinetics
the fruitful combination of advanced molecular biology andthrough the voltage-dependent rates of the transition. The
electrophysiological techniques has enabled us to study iexistence of inactive states, coupled to the open state via
detail the kinetics of voltage-gated channels. In particularyoltage-independent rates, may lead to nontrivial dynamics:
the invention of the patch-clamp technique allows singleThe channel population in the«~ O branch is depleted as
channel recording, thus connecting directly measured macranore channels fall into the inactive states, from which their
scopic currents with single channel kineti&. An impor-  relaxation is stochastic and very slow. The depletion process
tant family of ion channels, the potassium-selective voltagebecomes increasingly dominant with higher channel activity:
gated channels, are ubiquitous in cellular membranes. Thihe longer a channel spends in the open state, the more
family is of particular interest because of its important role inlikely it is to inactivate. Since the channel distribution among
stabilizing the transmembrane voltage. Detailed studies havihe states determines the transmembrane voltage, it is clear
shown that many members of this family exhibit complexthat the variety of time scales arising from the multiplicity of
kinetics, indicating the existence of many states and transistates(in particular, the inner structure of thestate$ leads
tion rates, some of which are voltage dependent and some modulations of the transmembrane voltage as a function of
that are only weakly coupled to the transmembrane voltagéhe channels’ history of activity.
or completely indifferent to if1]. In an isolated biological system, composed of one species
Generally, most of these potassium channels can be def ion channels, one can ask the following question: How do
scribed by two separate branches of kinetics. One brancthe many microscopic functional degrees of freedom of the
consists of closednonconducting states coupled to one underlying proteins interact with the macroscopic field that
open(conducting state viafast voltage-dependent rates of couples them? Put differently, the ion channels, in a simpli-
transition. Here “fast” means on the millisecond time scale.fied system, are identical stochastic elements whose collec-
On the other hand, the open state is also coupled, viéive interaction with the macroscopic voltage field depends
voltage-independentor weakly voltage-dependéntslow  on the microscopic functional configurations available to
rates of transition, to inactivénonconductiny states[1]. them. How these microscopic degrees of freedom show up in
These inactive statgsisually referred to a€-type inactiva-  the macroscopic dynamics is the focus of this paper. In this
tion [3]) can be distinguished from the closed states by theipaper we summarize a set of experiments designed to study
wide range of relaxation times that extend well beyond thethe voltage dynamics in ensembles gifigletype voltage-
millisecond regime. In this paper we use a simplified, schegated ion channels. Combining molecular biology and patch-
clamp techniques, controlled ensembles of single-type
voltage-gated potassium channels are constructed and stud-
* Author to whom correspondence should be addressed. ied in isolated patches of membramgtached from any in-
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we have shown that in an isolated ensemble of single-type

the ensemble and the external current stimuli to the mem-
brane are used as control parameters.

The present study follows two recent publications, where L g g

k L

potassium channels one can link directly the kinetics of the ¢
underlying channels to the transmembrane voltage and its T \s
fluctuationg 4,5]. The main observations can be summarized T j—
as follows. ¢

(i) Above a certain number of channgldetermined by \ A ——\
the various parameters of the sysjerhe transmembrane
voltage is stabilized around a typical value, set by the B \M - Amp
voltage-dependent kinetics of the closed-open transitions. - )

The voltage fluctuations are constrained by a feedback
mechanism between the voltage and the kinetics and exhibit

tracellular or biochemical effectd'he number of channels in l I
(V)
Vi

relaxed oscillations that are identified in the power spectrum 1+
and the voltage autocorrelation function. A direct interpreta- b
tion of these results leads to a simple model that presents the 081t
voltage fluctuations in an ensemble of voltage-gated chan-
nels as a damped harmonic oscillator driven by white noise 06f
[5]. The voltage response of a dense ensemble of channels to A
small-amplitude sinusoidal current stimuli exhibits relaxed 0.4+
oscillations with characteristic time scales comparable to
those measured from the noise autocorrelation at a zero hold- 0.2+
ing current.
(ii) When the number of channels in the ensemble is small 0! 60 40 0 0 20
(defined more accurately belpythe complex kinetics of the V (mV)

channel, including the stochastic transitions into and out of

the inactive states, plays a significant role and the transmem- FIG. 1. (a) Schematic description of the experimental setup and
brane voltage exhibits large-amplitude, broad-spectrum flucan equivalent electrical circuit containing membrane capacitance
tuations. ¢, leak conductivityg, , channel conductivitg,(V), and two volt-

(iii) The stability of the transmembrane voltage, even forage source¥, andV, determined by the leak and potassium rever-
dense ensembles of channels, is, however, only marginal. sal potentials and set by the ionic concentration gradients across the
large enough external input current, forcing an increase irmembrane. The concentration gradients are between the pipette so-
the number of open channels, may lead to a continuous driftition A and the bath solutioB (see the experimental methods in
in voltage. This instability is due to loss of channels into thetext. I is the holding current set by the patch-clamp amplifier in the
inactive states, from which the relaxation is much slowercurrent clamp mode(b) Steady-state fraction of open channels
than the characteristic time scale of voltage dynamics. Sub®/(a+8) computed with the rates given|ii4] as a function of the
ject to a sufficient high holding current, the inactive statesransmembrane voltage.
work as a sink for channels, causing an ensemble with Iarr?%,‘lﬂ is expressed in the membrane okanopusoocyte(a
numbers of channels to behave as if it has only a small nu

veloping frog’s egp This channel is a mutant of the origi-
ber of channels. Thus, as we elaborgte bEIOW’ the numper %fgl delayed-rectifieBhakerchannel and does not exhibit the
channels in th&€«— O branch of the kinetics compared with f

. ) ast inactivation existing in the latter. In addition, a point
the number of open channels determines the dynamics rathgl o F425G was introduced in i7]. This particular
than directly the total number of channels in the ensemble.

Thi ot | ed foll n s I channel was chosen because it can be expressed in a very
IS _mar;ascnp IS org?rilze thasd Olovés' nIII ec.d_ WE wide range of densities without any apparent effects on the
summarize the experimental metnods. In Sec. 11l We dISCUSRpatics  The channel exhibits typical fast-activating and

the transmembrane volyage and its fluctuations. In Sec. | lowly inactivating behavior. To prepare an ensemble of ion
We.study ensembles with a _Iargg nhumber of channels anghannels, cRNA coding for the channel, at various concen-
their response to exte_rnal stimuli. In Sec. V the othgr &Xirations, is injected into Xenopusoocyte. Methods of DNA
treme of ensembles _W'th a S”?a" number of chann_els IS P'€nd cRNA preparation are standard molecular biology tech-
sented. We summarize and discuss these results in Sec. iques[8]. Oocytes are harvested from matutenopusfe-
males and dissociated in 2 mg/ml of collagenasg3igma.
Il EXPERIMENTAL METHODS Stage V-VI defolliculated ceII; are then injecteq with 0.4—-40
nl of mMRNA (~1 mg/ml). Injected cells are incubated at
The experimental setUsee Fig. 18)] consists of a small 18 °C for up to 7 d infrog Ringer's solution. The variability
patch of membrane~2 um?) containing a certain density in expression of channels among different membranal re-
of single-type voltage-gated potassium channels. A samplgions of a single oocytéat which only a small patch of
preparation is described in detail elsewhigtk we give here membrane is used in a single experiment; see belkvd
only a brief summary of it. between different oocytes enables us to scan more than three
The potassium-selective voltage-gated chai8telker IR decades of channel densities.



854 HANNA SALMAN AND EREZ BRAUN 56

All the experiments presented here were carried out on
detached patches, using standard patch-clamp techniques. By

using glass pipette§AM Systems Inc., WA, No. 7052 -207] a
pulled and polished to a micrometer sigeith a typical re-
sistance in the range of 3—5M), a small patch of mem-

brane can be detached from the oocyte after the establish-
ment of a tight sealresulting in 10—100 @ leak resistange

In that way, the experiments reflect processes that are inher-
ent to the ensemble of channels, dissociated from intracellu-

lar effects. The capacitance of the system is largely deter- ;>a
mined by the glass pipette, and it was reduced-tbpF by &
exposing the glass to the bath solution only at its tip. The

pipette solution containedin mM) 96 NaCl, 2 KCI, 0 3 1 6 3 10

1 CaC}, 1 MgCl, and 10 Hepes. The bath solution con- t [min]

tained 95 KCI, 5 NaCl, 1 EGTA, and 10 Hepes. Both solu-
tions were apH 7.5. All the experiments were performed in  FIG. 2. Voltage traces, 10 min long, at zero holding currents for
the inside-out configuration at room temperature. An Axo-patches of membrane with different numbers of voltage-gated ion
patch 200 A amplifieAxon Instruments, Foster City, QA channels. The membranes cont@n19, (b) 40, and(c) 4000 chan-
was used with its output filter set at 5—-10 kHz. The biagnels for traces, b, andc, respectively.
current of the amplifier under a current clamp is 0.3 pA and
is stable during and in between experiments. The data wefgansmembrane voltage almost saturates arod mV.
recorded using a pulse-code modulatieuro Data Instru-  This characteristic number of channels depends on the vari-
ments, model DR-390, 14 bit ous parameters of the system, especially the leak conduc-
A detailed StUdy of the kinetics of this channel was car-tance. In our system, it has a value of approxima’[e|y 50
ried out under a voltage-clamp and was published elsewherghannels(conductivity of 0.46 pA/mV [4]. The sharp drop
[4]. The number of voltage-gated channels in the patch ofn potential for small numbers of channels and its saturation
membrane, in each experiment, was measured in the voltagfyr large numbers of channels is a direct consequence of the
clamp mode by monitoring the maximal conductivity of the yoltage-dependent kinetics of the channels. It follows the
membrane(the slope of thel-V curve betweent+50 and  steady-state fraction of open channels as a function of trans-
+70 mV) and dividing it by the single channel conductivity membrane voltage, which has a sharp increase above
gx of 0.013 pA/mV[9]. The leak conductioy, was mea- ~ —50 mV and an exponential tail at lower values of voltage
sured in the voltage-clamp mode at the beginning and end ¢kee Fig. 1b) for the description of this functidn For the
each experiment to verify the stability of it. In all the experi- model system used in our experiments, with single-type po-
ments presented here it had values in the range 0.01-0.Qdssium channels, it is easy to show the direct connection

pA/mV. between the single channel’s kinetics and the transmembrane
potential.
[ll. THE TRANSMEMBRANE VOLTAGE Figure 2 shows three voltage traces, at zero external hold-
AND ITS FLUCTUATIONS ing currents, for three patches of membrane with different

numbers of channels. In tra@ethe number of channels is
n<‘f:'pproximately 19 and is so low that the resting potential is
Stabilized around the leak reversal potential and escapes from
it stochastically to more negative valuésy more than 20

Voltage-gated potassium channels stabilize the membra
resting potential in many excitable and nonexcitable cell
(see[4] and references thergirLet us first describe the be-

havior of the transmembrane voltage and its fluctuations fOFnV) due to opening of channels. In tralsehere are approxi-

a patch of membrane with different _numbers of VOItag.e'mater 40 channels, some of which are always active, but the
gated potassium channels at zero holding current. In addltlc%[?n

otential exhibits large, irregular fluctuations, with slow
to the voltage-gated channels, the membrane possesse ddulations. Trace has been recorded from a patch of

constant leak conductance that is voltage independent. Fiﬁ’ﬁembrane containing approximately 4000 potassium chan-

ure. I(@ presents an eguivalent eIectrian circuit for t'he ®Xhels so the transmembrane voltage is stable and exhibits low-
pe”_mef‘ta' system. Without e_xternal stimuli, the_restlng po'amplitude fluctuations. Note that the average number of open
tential is determined, dynamically, by the requirement for

total zero current. which is translated into a balance betweeChannels is, in all three cases, small compared to the total
z u » which | ! i Aumber of channels in the ensemble. In tradbere are 2—3
the leakage current and the channels current:

open channels, in trade 3—4 open channels, and in trace

9 [V=V, 1=9V)[V—-V,], ¢ around 10 open channels. Thus, what determines the dy-

namics is not the total number of channels, which is always

whereg, ,g.(V) are the leak and voltage-dependent conduciarge compared to the number of open ones, but rather the
tances, respectively, and, ,V, are the leak and potassium number ofavailablechannels, i.e., those in tli&— O branch
reversal potentials, respectively. We have shown recentlpf the kinetics, compared to the required number of open
that the resting potential drops sharply to more negdtiye  channels. We shall see that for a large number of available
perpolarized values as the number density of voltage-gatedchannels the transmembrane voltage fluctuations reflect the
potassium channels in the ensembile is increpgpd\bove a  fast, voltage-depende@« O transitions. In contrast, for a
certain characteristic number of channels, the steady-statamall number of available channels the slow, voltage-
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10° o ‘ . nels. Under these conditions, the complexity of the inactive
a states does not influence the dynamics significantly. We have
shown recently that such a system can be described by a
104 L 3 two-stateC«+— O model and exhibits characteristic spectral
properties that reflect the feedback between the transmem-
1000 brane voltage and the voltage-dependent rates of the transi-
b E E . . .
= tion [5]. To summarize briefly, the channels are modeled as
% particles occupying an asymmetric double-potential well,
100 L 4 which represents the closed and open states. The barrier is
voltage dependent and represents the opening and closing
ol ] transition rates. The main result is twofold. First, a fluctua-
tion in the distribution of channels between the wells is
coupled to the height of the barrier and causes the voltage
1 . noise to exhibit relaxed oscillations. Second, the amplitude
0 _ of the voltage noise is reduced, absoluteterms, when the
' ' ' ' ' ' b number of channels in the ensemble is increased or when a
i positive dc current is applied to the membrane forcing a
10% | 4 small increase in the average number of open channels.
We begin with two coupled first-order differential equa-
tions for the transmembrane voltage and the fraction of open
§ 1000 ¢ E channels. Linearizing these equations around their steady-
L state values yields a picture of the ensemble’s voltage fluc-
® 100} . tuations as a damped harmonic oscillator, driven by a noise
: term.
A two-state kinetic model for the voltage-gated ion chan-
10F 3 nel
1 . a(V)
c=0 @
10° ; ; ; : B(V)
C
ot L ] leads to the equations
i cdV/dt=—[gifNp(V=V) +g (V-V)]+I, (2
@ 1000 . .
=
% dp/dt=a(V)—A(V)p+E. 3
100 L 4
Here V is the transmembrane voltage,is the membrane
ol | capacitancegy is the single channel conductivityy is the
: total number of channels in the ensemlgds the fraction of
open channelgthe same as the probability of a single chan-

1 : : ‘ : : nel to be in the open statd is the external holding current,
80 70 60 50 40 80 20 10 MV)=a(V)+ B(V) is the relaxation rate of the two states
V(mV) (shown in the inset to Fig.)4 and ¢ is a noise term, of
thermal origin, which in principle may depend on the mean
FIG. 3. Histograms of voltage fluctuations for the three voltagetransmembrane voltage and the kinetics and is assumed here
traces of Fig. 1. to be Gaussian and white. Thus we note that the equation for
the fraction of open channelsvhich is proportional to the
independentO«1 kinetics intervenes with the fast transi- potassium conductivity of the membrare modeled here as
tions and lead to large fluctuations with complex spectral Langevin equation. The introduction of the noise term
characteristics. Figure 3 shows voltage histograms computegyith the dimensions of rajén this form isad hoc No noise
for the traces of Fig. 2. The first two are typically wide and term is added to the voltage equation since we have shown
multi-peaked, while the last one fits a narrow Gaussian dlSES] that the V0|tage noise in a patch of membrane Containing
tribution. We now discuss in detail the two extremes of largeng voltage-gated channels is at least two orders of magnitude

and small numbers of voltage-gated channels. smaller than the voltage noise generated by conduction fluc-
tuations of voltage-gated channels. Thus contributions from
IV. LARGE NUMBERS OF AVAILABLE CHANNELS Johnson and other sources of noise are negligible compared

to that of the channels. The channels are assumed to fluctuate
independently between the two states, so that the only corre-

The dynamics is considerably simplified by working with lations are introduced through the coupling of the kinetics to
ensembles containing large numbers of voltage-gated chathe voltage.

A. Two-state model
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The noise term is related to the damping term in the dy- f1o=—0N75 [ Vs— Vi,
namic equation for the fraction of open channels and can be (12
computed under certain assumptions. In particular, for small fo=—\ ,psta,,
fluctuationsp=p+ p, wherep is the mean fraction of open ' '
channels andip|<p, Eq. (3) yields foo= — g,

dp/dt=—X(V)p+é&. (4 wherea, and\ , are the time derivatives of the transition
rates at the steady-state voltagg=C/g, is the character-
istic capacitance time of the membrane, ang-g; /g, is

the normalized conductivity of a single potassium channel.
Without loss of generality, we také, =0. Finally, we com-
Yine the dynamic equationid0) and(11) into one equation
for voltage fluctuation$5]

The noise term is assumed to Beorrelated( £(t) (t+ 7))
=Ad4(7) with zero mean and\ can be computed by com-
paring the solution of the macroscopic equation with a direc
calculation of independently fluctuating channels at stead
state. A similar calculation was presented 19]. The solu-
tion of the dynamic equatiof¥) gives

t dzv_ dov
p0= [ e g marpe Y, @ FraRN AT
0

The voltage fluctuations perform damped harmonic oscilla-

where the last term is the decay of initial conditions and canigns  with a damping coefficient and a natural frequency
be neglected for asymptotically long times. The variance Ofgiven’ by

fluctuations is then

— wgv—k R. (13

A Y= 751[§kNps+ 1]+,
P(t)zzﬁ (1-e 2\, (6)

(14)
wé= 7'6 1({§kN[Vs_ Vk]}{a,v - )\,v ps} + )\S[akN ps+ 1])'

On the other hand, a direct calculation Mfindependently  driven by a noise term
fluctuating channels gives

R=—TuN7o '[Vs— ViJE. (15

1
p(t)?= N P(1—p). () An intuitive feeling for this behavior is provided by the
following argument. A fluctuation in the distribution of chan-
Finally, a comparison of the long-time behavior gives nels between the closed and open states, decreasing the num-
_ ber of open ones, causes an extra current that charges the
2\ (V) — membrane and leads to an increase in the transmembrane

A=—y  P-P). (8 voltage. This in turn affects the distribution of channels with
a crucial phase lag, which results in oscillatory behavior,
Thus the voltage dependence of the noise is expressed #igmped by the relaxing nature of the potassium channels
terms of the relaxation rate of the two states and the averadée., driving the voltage back to lower valyesimilar be-
fraction of open channels. Though very weak, this depenhavior can be found in other physical systems. In some la-
dence may nevertheless introduce nonlinearity in the modegers, for example, the phase lag between the buildup of the
Assuming small fluctuations around steady statep, ~ Photon population inside the cavity and the pumping rate

+p andV=V¢+v, where leads to relaxed oscillations when the laser is switched on
[11]. In our case, the conduction fluctuations of the channels
— ag continuously drive these relaxed oscillations. As shown in a
P=Ps=3 > previous publication5], the capacitance time, and the

° 9 charging power of a single chanrgl determine the voltage
g NPV + | response time. The interplay between the bgrrier ﬂu_ctuations

S, (determined by voltage dynamjcand the residence time of
9 Nps+9L channels in the potential wells is reminiscent of other activa-

tion phenomena in modulated potentiflZ2)].

The solution to the problem of a Brownian particle bound
to the origin by a harmonic force is standard and appears in
many textbookgsee, for exampld,13]). We summarize here

we can linearize the modgEqgs.(2) and(3)]. The dynamics
of fluctuations is determined by

d ) X .
av_ fv+fo0p, (100  the main features of this model and then discuss these results
dt in the context of voltage-gated potassium channels. The au-

q tocorrelation function for voltage fluctuations is given by
p

a=f21v+f22p+ f (ll) 7TRw_ y . -

(v()v(0))= —= | cosw t+ =— sin w t|e” "2
H Yy 2w,
ere (16)

f13=— 75 [N ps+1], where
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FIG. 4. Normalized voltage autocorrelation function averaged 0.05 O ‘ T iy
over 80 sec for a patch of membrane containing 3600 channels at 0 1000 2000 3000 4000
zero holding current. The solid line is the best fit to the data ob- N
tained from the autocorrelation of a damped harmonic oscillator 0.035 . ———— . . . —
[Eq. (16)] with 27w; *=32.6 msec and/~*=6.5 msec. The inset [ eb
shows the relaxation time X~ 1] «(V) + B(V)] versus the trans- 0.03 [ h
membrane voltage, calculated with the valueklil. Note the peak [
of this function at around 9 msec and50 mV, which is at the o 0025 [ ]
relevant window for the ensembles of channels in the experiments &
E o0m2le j
2\ 1/2 =z [® °
2_ Y B
wl:(wo— Z) a7 & 0015- o ]
~ e
. . . 8 0.01 3 L ]
is the characteristic oscillatory frequency and;= F e
—f1,A/27 is the power spectrum of the noise. The power 0.005 ® L .
spectrum of the voltage fluctuations is then given by e ]
Ry O o0 000 3000000
2_ w
v = , 18
|( w)| (wg_w2)2+72w2 ( ) N
with the variance FIG. 5. Characteristic time scaléa) y and (b) w4/27 for dif-
ferent patches of membrane containing different numbers of chan-
5 TR, nels at zero holding currents. The time scales are computed by
(v)= 2 19 fitting the measured voltage autocorrelation to the one derived from

Yo the model of damped harmonic oscillafdtq. (16)].

We now use these results to analyze the experimental mea-

surements of voltage fluctuations. channel’s kineticginset of Fig. 4 of about 9 msec. Figure 5

summarizes the dependence of the damping time scatel

the oscillatory time scalev,/27 on the total nhumber of

) ) . voltage-gated channels in the membrane. The large variabil-
A typical voltage autocorrelation function measured for &y in the results reflects the differences in capacitance times

patch of membrane containing 3600 voltage-gated channels; ihe different patches of membrane. In general, all the char-

at a zero holding current is shown in Fig. 4. The autocorre,cieristic time scales become smaller with the increase in the

lation function is computed by direct summation of a digi- humber of channels in the ensemble. Figuré® and &b)

B. Experimental results

tized voltage trace show the dependence of the characteristic time scales on the
— — number of channels and the capacitance time, respectively,

(ViVi, )= Ei(Vi—V)(Vi_W—V) _ (20) for the linearized moddIEqgs.(14) and(17)]. The character-
¢ Si(Vi—V)2? istic time scales decrease with the number of channels. This

sensitivity is greatest in the lower range of numbers of chan-
HereV; is the digitized voltage at poiritwith a millisecond  nels, which is the relevant range for the experiments. The
resolution andV is the mean voltage. The autocorrelation istransition between underdampeg>y?/4 and overdamped
averaged over 80 sec. The solid line is the best fit to thes3< y?/4 behavior is possible only for very larder very
autocorrelation of a damped harmonic oscillator, predictedmall, se€[5]) capacitance timefw; goes to zero in Fig.
by the linearized model aboé&g. (16)]. The voltage fluc- 6(b)]. Such a transition marks a time-scale separation be-
tuations exhibit relaxed oscillations with characteristic timetween the voltage dynamig¢barrier fluctuationsand the ki-
scales of 2Ta)1_1=32.6 msec andy '=6.5 msec, which netics(channel resident timeand is typical of similar acti-
can be compared with the characteristic time scale of theation phenomeng5,12]. The oscillatory frequencw, and
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autocorrelation function for a simulated voltage trace, fitting
it with the autocorrelation of a damped harmonic oscillator
[Eq.(16)], and extract the characteristic time scales predicted
by the nonlinear model. The oscillatory frequencigsthus
computed are shown by dots in Figah Although the num-
bers are not exactly the same as in the linearized model
above, the general dependence on the number of channels is
approximately reproduced by the nonlinear Monte Carlo
simulations. The small deviation of the characteristic time
scale predicted by the linear model and the one computed in
the simulations indicates the existence(afeak nonlinear
effects in the system. The same conclusion was reached in
[5] by comparing the variance of voltage fluctuations com-
puted from Monte Carlo simulations with the one predicted
by the linear model.

The two-state model presented above assumes the dynam-
ics as determined by a deterministic part plus a stochastic
term. This division lies at the basis of the Langevin ap-
proach. There is, however, no fundamental basis for it in the
case of ion channels. In order to obtain more insight into the
relation between the deterministic and stochastic sources of
the dynamics, the response of the ensemble of channels to
external periodic stimuli was studied and its time scales com-
pared to the ones computed from the spontaneous noise au-
tocorrelation. Figure (&) shows part of a long voltage trace
(solid line), measured under a current-clamp condition, for a
patch of membrane containing 300 voltage-gated potas-
sium channels and driven by an external sinusoidal current of
2 pA rms amplitude at 3 Hzdotted ling. Compared to the
leakage current at steady state3.4 pA), this stimulus may
be considered as a small perturbation. Only the upper trace is
shown; the lower part follows a sinusoidal curve in phase lag
with the current stimulus. Note that due to the steep depen-
dence of the kinetics of channels on voltdggs function is

FIG. 6. () Characteristic time scaleg (squares and w1/2m  shown in Fig. 1b)] there is only a relatively narrow window
(circles calculated from the linear model, as explained in the text,of time in which channels respond to the stimulus. Thus,
as a function of the number of channels in the membran&  githough the stimulus frequendg Hz) is low compared to
divided by 5 to bring it to the same scale ag/2m. Shown with 0 yransition rates of channdis the kilohertz regimg it is
dots are thaw,/27 obtained by fitting the autocorrelation function still marginal. Higher frequencies, as we shall see, compete

of the damped harmonic oscillator to the one computed from the_ . o :
voltage fluctuations of a Monte Carlo simulation of 100 (:hannels(?/\”th the kinetics. The voltage peaks observed in response to

with two states C—0O). The parameters of the simulations are ;?eeqjganclij(lauss v?/ﬁﬁ;?]a(rj(;onQ?Ynetelrr\r/i%lél?/Cit?]hﬁseeiingggssg:‘ntﬂgs
70=100 msec,g,=0.5 in units of the leak conductivity, and the ! .
rates as irf14]. (b) Characteristic time scaleg (dashed ling and Channels’_at least three separate VOIt,age peaks can be dis-
w (solid line) calculated from the linear model, as a function of the cerned. Flgur_e (b) shows the phase _hlstogra(rh_=0 when
capacitance time,=C/g, . Note thatw; goes to zero above, the current st|mulus_ crosses zero with a positive sldpe
~900 msec, marking the transition between underdamped ant® same trace as in Fig(&], computed over 80 sec. The
overdamped systems. first peak is always relatively narrow and synchronized with
the stimulus, while the second and third peaks are wider.
the friction coefficienty can be computed by solving E)  This is a clear signature of the stochastic response of the
numerically with the kinetics described in Ed). By using  channels. As we shall see below, although the voltage re-
a Monte Carlo simulation the noise is automatically takensponse to the external low-amplitude driving current is very
care of and nonlinear effects are included. The probability ohoisy, the average time lapse between the peaks represents a
each channel to make a transition out of its state, at the timevell-defined deterministic response of the system.
intervalt, t+dt, is computed byP=1—e % wherek is Increasing the stimulus frequency beyond 3—4 Hz leads to
the relevant rate of the transitidi4]. This probability is  strong intervention with the kinetics of channels. Figu(a 8
compared to a random number, pulled out of a uniform disshows the average time lapse between the first and second
tribution[15], and a transition is made if the random numberpeaks as a function of the stimulus frequency for different
is smaller. A voltage trace is simulated by solving a differ- patches of membrane containing different numbers of
ence equation derived from E¢R) betweent and t+dt, voltage-gated channels. The mean time lapse between the
using the fraction of open channels derived from the procepeaks drops sharply with the frequency for frequencies above
dure above at each time step. We then compute the voltag®-4 Hz. Figure &) shows the ratio between the number of
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FIG. 8. (a) Mean time lapse\,, between the first and second
Beaks andb) ratio between the number of second peaks to the
number of first peakd , from voltage traces of patches of mem-
ek}rane containing large numbers of channels and stimulated by sinu-
soidal currents of 2 pA rms, as a function of the stimulation fre-
quency. The different patches of membrane contain (fild

FIG. 7. () Small section of a voltage trace recorded from a
patch of membrane containing 300 channels and stimulated by
sinusoidal current of 2 pA rms and a frequency of 3 (dptted

half of the voltage response is shown; the lower half follows the
i ith h Iy Ph hi f th ) . ) .
current input with a constant phase l&g) Phase histograms of the riangles, 206 (circles, 282 (diamonds, 300 (empty trianglek

first (solid line), seconddashed ling and third(dotted ling peaks i
computed from an 80-sec voltage trace, part of which is shown 352 (filled squarel 1803 (dotg, and 2216empty squargschan-

(a). Note that the second and third peaks are wider than the firsrfels' Note the large changes in the frequency range 3—4 Hz.

one. The phasé) is measured relative to the zero CrOSSing point Ofto the fact that at h|gher frequencies there is less time in the
the input current with a positive slope. relevant voltage window for the channels to respond. At high
enough frequencies, the peaks that do show up synchronize
second peaks to the number of first peaks, for different frewith the stimulus. At low frequencies, the average time lapse
quencies. It leads to the same conclusion: Above 3—-4 Hpetween the first and second peaks in the experiments was
there is a sharp drop in the occurrence of a second peak fiound not to depend sensitively on the amplitude of the
the trace, implying that at higher frequencies the stimulusstimulus. We conclude that at frequencies up to 3 Hz and at
competes with the kinetics and strongly affects the respons¢he low-amplitude driving currents used in these experi-
This behavior is not due to the voltage at the peaks, as can bents, the average time lapse between the first and second
seen in Figs. @ and 9b), which show the average voltage peaks in the voltage respons& ] can be taken as a reliable
of the first peak and the average ratio between the voltages afieasure of the characteristic time-scale response of the en-
the first and second peaks, respectively, as functions of theemble of channels to external stimuli, independent of the
stimulus frequency. Thus the reason for the decrease in th&imulus itself. For a linear response, we expect to find
separation of peaks and the number of times it appears is due2 7/ w; .
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FIG. 10. (a) Comparison between the time scale for the response
f the ensemble of channels to sinusoidal current stimulaticend
O:Le characteristic oscillatory time scaler2v, derived from fitting
the measured voltage autocorrelation function, at zero current, with
the ones of the damped harmonic oscilldt&g. (16)]. Each patch

scaleA, of the channels response to a sinusoi@Hz) cur- of membrangwith number of channels as marked measured at
¢ zero current for at least 1 min and then stimulated by a sinusoidal

lretnt Stflmu|tL.JS to t‘%/wl Computtefd f:{pm th? rlj]0|se fautocc;)rre- input current at different frequenciéap to 3 H2 and 2 pA rms
ation function at zero current, for ive patches of mem raneamplitude. The error bars represent the standard deviatian.itb)

with different numbers of voltage-gated channels, as Indl'Same as in@), but for Monte Carlo simulations of 100, 1000, and

cated. In each experiment the patch of membrane is first helgly oo channels having the two-state kinefib4]. The inset shows

at a zero current and its voltage fluctuations are monitoreghe ayerage time separatidn between the first and second peaks
for at least 1 min. This measurement is used to compute th@om a numerical solution of the modEgs. (2) and (3)] with no
VOltage autocorrelation function and hence derlizyﬁ The noise term, as functions of the Capacitance tifae C/gL .

same patch of membrane is then stimulated with a sinusoidal

current of 2 pA rms at different frequencié@gp to 3 H2 for  different numbers of channels, as indicatedr (

a few minutes. The voltage response of the system is re=100 msec). In the simulation, there is a linear relation be-
corded and then used to compute the averageetween the tween the two characteristic time scales. It shows that the
first and second peaks that are identified in the voltage tracelifference in the number of channels cannot be the cause of
The noticeable fact is that whild, is almost constantp;  the behavior depicted in Fig. {&. The inset to Fig. 1)
varies between the different patches of membrane by morshowsA; computed by solving numerically the dynamical
than a factor of 3. Figure 1B) shows the same comparison two-state model[Egs. (2) and (3)] with no noise (i.e.,
betweenA; and 27/ w, derived from Monte Carlo simula- ¢=0) and with a sinusoidal3-Hz) driving current, as a
tions, as explained above, with a 3-Hz current stimulus forfunction of the capacitance time scale. Comparing the depen-

FIG. 9. (a) Voltage of the first peak anth) ratio between the
voltage of the first to the second peak for the same patches
membrane as in Fig. 8, as a function of the stimulation frequency

Figure 1Ga) compares the characteristic oscillatory time
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dence on the capacitance time &f to that of 27/w, [see  with single closed and inactive states. Just as in the two-state
Fig. 6(b)] shows that the latter is more sensitive to it. Themodel, theC« O kinetics interacts with the transmembrane
different patches of membrane in Fig.(@0may have differ-  voltage and channels residing in these states are available for
ent capacitance times since they are determined by the glagsis interaction. The channels in thestates, however, are
pipettes and the exposure of the glass tips to the sol@e® ynavailable to respond to transmembrane voltage modula-
the experimental methods abowend thus are not well con- tions. Whenl is significantly more populated than the avail-
trolled. The difference in the sensitivity of the characteristicgp|e states each channel that relaxes to the available pool will
time scales tor, may explain the large variation @b, in  cause large fluctuations in the transmembrane voltage. In the
Fig. 10(@), but because each pair of measurements was donghposite situation, a large population @O ensures sta-
in the same patch of membrane, having the same parametefgiity of the voltage and small fluctuations due to the feed-
the discrepancy betweenn2w; and A, in the experiments  pack mechanism explained above. In fact, the sensitivity of
reflects the same deviation &®ore than a factor of)20b-  the voltage to relaxation of channels fromto C—O is
served in the simulationg=ig. 1Qb)]. enhanced the larger the population lirrelative to that in
The exact value of\; depends somewhat on the driving c.,0. The transition fromC<« O to | occurs only through
current amplitude for the range of amplitudes used in thghe open(conducting state of the channel, so the depletion
numerical deterministic solution and the Monte Carlo simu-gf channels in the available states is more severe for small
lations (we use a 5-pA amplitude in the numerical calcula-tota| numbers of channels since a larger fraction of them
tion), but the dependence on the capacitance time is thgaye to be open at any time to balance the leakage current.
same. AccordinglyA; from the numerical calculation devi- Figure 11a) shows the voltage histogram from a Monte
ates from the experimental results because of the differencqSarlo simulation of 20 channels with the above kinetic

in capacitance times and amplitudes of driving curréh6. schemgEq. (21)] of the three-state model. The probability
Note that both the numerical deterministic solution and theyf each channel to make a transition out of its state, at the

agree fairly well. Thus the average time lapserepresents jty js compared to a random number, pulled out of a uniform
the deterministic response of the system. This deterministigistribution, and a transition is made if the random number is
measure is a noticeable effect, appearing to be stronger in thgnajler. If the channel is in the open state, another random
experiments than in the simulations, which marks an ennymper is used to determine to which state the transition is
hancement of the deterministic response of the system cominade by using the ratio of the transition rates to the closed
pared to the noise when driven by an external periodic stimuang inactive statd®.g., a transition to the closed state occurs
lus. The fact that even for the simulation there is nojf the random number is smaller thgi(B+ y)]. The histo-
agreement betwegn the time scale appearing in f[he respongéam was computed with high resolutidd.6 mV/bin to
to the external stimulus and the one characterized by thgnhow the sensitivity of the voltage to channel fluctuations
noise implies that a nonlinear effect takes over and deteramong states. Figure () shows the population of channels
mines the response time scale. We have checked by integrafr the available states as a function of voltage for the same
ing the deterministic equations numerically that for a very-simylation. The simulation confirms the result that the poten-
low-amplitude stimuli.A; indeed converges tord w; of the 3| change due to the inactivation of a single channel in-
noise trace. These low amplitudes do not allow us to extracgreases with the population of channels in the inactive states.
the deterministic response out of the noise in the Monte=ach peak in the histogram represents a step in sensitivity of
Carlo simulations or experiments. We conclude, thereforeghe transmembrane voltage to the number of available chan-
that the two-state system presented above exhibits nonlinege|s, which can affect and respond to the voltage. This ex-
amplification of the deterministic response when driven byample demonstrates that teéectivenumber of channels is
an external stimulus, although the range of voltage amp"actually adynamic variable
tudes of the deterministic response and that of the spontane- \what determines the transmembrane voltage is then the
ous noise are similar. distribution of channels between th@«—O and | states
rather than the total number of channels. Figuré@jl&hows
a voltage trace recorded from a patch of membrane contain-
V. SMALL NUMBERS OF AVAILABLE CHANNELS: ing many voltage-gated potassium channel$40). At the
INACTIVATION DOMINANCE beginning of the trace, the holding current is zero and the
So far we have seen a relatively simple picture of thetransmembrane voltage is stabilized aroun@0 mV with

system when there is a large number of available channelg?w'amp“mde fluctuations. At the point marked by the ar-
In contrast, when the number of available voltage-gatedOW: & POsitivel17] (8.3-pA, compared to 2-pA leakage cur-
channels is small, each branch of the kinetics may becom ng de current was applied 1o the membrane. This current
important in determining the voltage dynamics. The result |dOrC€S an increase in the average number of open channels
that the dynamics of transmembrane voltage reflects th€fOmM ~4 open channels at zero current+@0 at 8.3 pA.

complex kinetics of the underlying channels. Let us lookAS & result, the transmembrane voltage steadily drifts to
closely at the three-state model more positive(depolarizeglvalues, initially at an almost con-

stant ratd Fig. 12b)]. This steady change in the transmem-
brane potential reflects a steady loss of channels into the
(V) unavailable states of inactivation. Note that as the loss of
C = 0o=l, (21 channels progresses, the voltage drift is accelerated and the
B) & amplitude of fluctuations is increased. The accelerated loss
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FIG. 11. (a) Histogram of voltage fluctuations calculated from a
Monte Carlo simulationsee the text for detaijlsof 20 channels, FIG. 12. (a) Voltage trace measured from a patch of membrane
av) v containing 640 channels. At the time marked by the left arrow the

i _ — 0= =
each with a three-state modeCl;(—v)O:I, where y=5 holding current was changed from 0 to 8.3 ftAe leakage current

% 10°3 msec! and s=1x 103 msec! are the rates of transition there is around 2 pAand as a result, the voltage starts to drift to
into and out of the inactive state respectively, and the voltage- higher values due to the loss of channels into inactive states. After
dependent rates(V) and8(V) are the same as [14]. The restof @ few minutes, practically the whole pool of channels was inactive
the parameters in this simulation age=0.1 in units of the leak and the voltage exhibits large-amplitude fluctuations around the
conductivity (i.e., g.=1) and the membrane capacitancg leak reversal potentig0 V), a behavior that mimics a membrane
=100 msec(b) Number of available channels, i.e., channels in theWith a low density of channels. Note the acceleration in the voltage
voltage-dependent state€ 4 0), as a function of the transmem- drift and in the increase of voltage fluctuations. At the right arrow
brane voltage from the same simulation agan the external current is set back to zero and the voltage relaxes back
to low values due to a gradual relaxation of channels from the

) inactive states(b) Initial drift in (a) enlarged to show that the
of channels can be understood from the previous argumenfiitage drift starts at a constant rate.

Increasing the voltage forces a larger fraction of channels to
open, thereby increasing the loss rate. Actually, this meanshanged from zero to a positive value, depends on the total
that even if we start with a large pool of available channelspnumber of channels in the membrane and the amplitude of
a positive input current can effectively reduce them to verythe holding current. For larger numbers of channels, the ini-
small numbers. This loss of channels into the inactive stategal rate of voltage change is smaller and it increases with the
is reversible, as shown by setting the external holding curreramplitude of the applied current. The hierarchy of time
back to zero at the second arrow and monitoring the relaxscales is such that the voltage-dependent transitions between
ation of the transmembrane voltage. the closed and open states are faster than the characteristic
The above example shows clearly that the ensemble dfme of voltage adjustment&apacitance time of the mem-
channels can move dynamically between the different rebrang, which in turn is much faster than the relaxation time
gimes of high numbers of available channels to low numbersf channels from the inactive states. As a result, any change
in a way that depends on the system’s activity and the conin the transmembrane voltage is instantaneously responded
trol parametergtotal number of channels and input curfent to by the available channels. Therefore, the channel distribu-
The initial rate of voltage change, as the holding current igion among the available states can be considered as in
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FIG. 13. () Power spectral densitie®SDs for the voltage FIG. 14. Normalized voltage autocorrelation function, on a

noise at zero holding currents, measured for patches of membrangmi-logarithmic scale, averaged over 10 rfsee the text for de-
containing 75(dotted ling, 130(dashed ling and 5000solid ling) tajls), for a patch of membrane containing 75 channels at zero hold-

channels. Note the change in the spectral characteristics at low frghg current. The inset shows the PSD for the same measurement.
quencies as the number of channels is varied. Inset: summary of

slopes of PSDs at low frequencies for different patches of mem-
brane as a function of the number of channels. The spectrum co
verges to approximately a flat fortwhite noise for large numbers
of channels.

lso clearly observed in the voltage autocorrelation function
or an ensemble with a small number of channels. The nor-
malized voltage autocorrelation function for a patch of mem-
brane containing 75 channels at zero current is shown in Fig.

steady state. If we force a certain average number of opeh?: The autocorrelation function is computed as beféig.
channelgby the external holding currensome channels are (20)], averaged over 10 min. It exhibits relaxation processes

lost into the inactive states at a constant rate and a larg&lVer @ wide range of time scales and cannot be fitted with a
fraction of available channels open. The voltage trace, then?'”gle exponential. Note the dramatic difference between this

follows the steady-state fraction of open channelf« autocorrelation and the one presented in Fig._4, f_or a large
+B), which is linear for low enough voltagdsee Fig. number of channels. We conclude that the kinetics of the
1(b)]. The actual slope is determined by the total number of'nactive states and the relaxation of channels between the

channels and the holding current, both of which determinénd theC— O states exhibit a wide range of transition rates,
the actual fraction of open channels at any given moment. Which affect the voltage dynamics. The power law at the
The spectral characteristics of voltage fluctuations fofOW-frequency regime of the spectruishown in the inset for
small numbers of channels reflect the competition betweef)® Same patch of membranieads us to the same conclu-
the fast, voltage-dependent rates of transition and the slowpion. Similarly, the current relaxations, measured for this
voltage-independent ones. Figure 13 compares the pow&fannel in voltage-clamp experiments, cannot be fitted with
spectral density of voltage fluctuations, for three patches of Single exponentidH]. In principle, one needs to introduce
membrane containing different numbers of voltage-gatednore than one state with a_W|de range of time scales to fit
channels at zero holding currents. In the high-frequency rethe measured autocorrelation f'unctlon. The actual micro-
gime the spectrum falls &, independently of the number SCOPic structure of the channel is not known, so such a de-
of channels(see the power spectrum predicted by the two-tailed description is |mp05_5|ble. Figure 14 demonstra’Fes,
state mode[Eq. (18)] in the high-frequency limjt and re- however, that whgn the available pool is depleted, many time
flects the fast, voltage-dependent kinetics. The “knee” thatScales show up in the voltage fluctuations andelatively
cuts this behavior is determined mainly by the capacitance gietailed microscopic description of the underlying channel is

the system. The noticeable difference between the differerfié®ded in order to determine the macroscopic dynamics
spectra in Fig. 13 is at the low-frequency regime; an en-This stands in sharp contrast to the two-state model pre-

semble containing a large number of channels typically exSented above for large numbers of channels, where only very

hibits a flat spectrum at low frequencies, while one with acrude mformanon on the microscopic stgtes is needed in or-

small number of channels exhibits a power-law spectrumder to describe the macroscopic dynamics.

with larger slopes for smaller numbers of channels. The inset

to Fig. 13 shows that the _slopes of the power spectra at low V1. DISCUSSION

frequencies vary over a wide range, ug tdor low numbers

of channels, and exhibit approximately flat spectra for large Controlled ensembles of voltage-gated ion channels pro-

numbers of channels. vide us with an opportunity to study the collective dynamics
The fact that the voltage dynamics for low numbers ofof proteins. On the one hand, these proteins live in a Brown-

available channels exhibits a wide range of time scales igan noisy world and interact with the solution around them.
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On the other hand, they are not free particles but are corchannels is dynamically coupled to the electrical activity of
strained within a membrane and are strongly influenced by itthe system demonstrates an important feature of biological
The main field that couples the channels is the transmensystems: a direct coupling between the macroscopic phenom-
brane voltage, but secondary effects could come from thena and microscopic kinetics of the underlying proteins, on
membrane itselfe.g., mechanical modesOur experiments many scales. An intriguing fact is that the ensemble of chan-
detach the ion channels from any biochemical or intracellulanels can move dynamically between the different regimes,
effects, so the above-mentioned means of coupling are thgepending on its history of activity. A natural cell containing
only ones possible. We have not found any important coumany different ion channels has a much richer range of pos-
pling between the channels, other than the voltage. It is possibilities. The biological system can, by choice, use its avail-
sible, however, that the type of experiments performed herable phase spadéhe microscopic degrees of freedom of the
are not sensitive enough to detect other modes of couplingunderlying proteinsor apply constraints on it so that only a
In the ion-channel system it is impossible to go to thefew degrees of freedom interact with the macroscopic field.
thermodynamic limit. Finite-size effects are always impor-This ability of the biological system enables it to fulfill its
tant. By varying the number of channels in the ensemble wéunction. The fact that the details of the single protein kinet-
are able to study the connection between the single-channis are important in the description of large-scale phenomena
kinetics and the voltage dynamics, which reflects the collecof cells (and networks of cel)sposes a nontrivial challenge
tive response of the ensemble. There are two distinct phaseis. our quest to grasp biological phenomena.
At high numbers of available channels, only two states of the
channel pllay S|gn|f|c§1nt roles and single-channel fluqtua_tlons ACKNOWLEDGMENTS
are amplified collectively to show up as relaxed oscillations
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