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Active Transport in Biological Membranes and Stochastic Resonances
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The role of intrinsic fluctuations of the membrane electric potential (barrier height) in the ac
transport of ions through cell membranes is examined. Experimental data [D.-S. Liuet al., J. Biol.
Chem.265, 7260 (1990)] on active transport of Na1 in human erythrocytes under the influence of a
electric fields can be interpreted as the evidence of stochastic resonance between the external fi
the fluctuations of the membrane potential. The calculations show that in the considered syste
can expect also the appearance of aperiodic stochastic resonance. [S0031-9007(97)04653-X]

PACS numbers: 87.22.Fy, 05.40.+ j, 82.20.Mj
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The impact of intrinsic noise (spontaneous fluctuation
on biophysical and biochemical processes has been wi
discussed in current literature (cf. [1–3], and referenc
therein). However, as Simonottoet al. wrote in their
most recent paper [1(c)],though tantalizing, this idea
(that internal noise may serve a useful role)remains
undemonstrated in any biological experiment.

Most of the papers cited above discuss collective
havior of ensembles of neurons (brain, neuronal networ
[1]. In turn, neuronal conductance is built of the o
chestrated action of a multitude of ionic channels a
ionic pumps. Internal noise in collective behavior of e
sembles of ion channels is discussed in [2]. In this L
ter we are going to show how to link the intrinsic nois
with the measured behavior of ionic pumps. The aim
to supply an example of indirect evidence of the acti
presence of intrinsic fluctuations in biophysical proces
and to propose experimental verification of this effect [

Among various biophysical processes, of utmost vi
importance is the trafficking of two cations: Na1 and K1,
between the cell interior and the environment [5]. Lip
bilayer, which forms the basic structure of all cellul
membranes, is impermeable for electrolytes, and gradie
across the plasma membrane are built and maintai
by the operation of ATP-driven ion pumping while the
dissipation proceeds via specific ion channels.

Both these types of transport depend on—among ot
factors—membrane electric potential (which plays the r
of barrier height), and can be stimulated by both dc and
external fields. Channel currents under stimulation exh
strongly irregular character mostly of the dichotomo
type (open-closed channel, [5,6]). Active current und
stimulation by ac electric field exhibits distinct maximu
both as the function of frequency and of voltage [7,8].

Intrinsic fluctuations may also play some role in th
membrane enzymatic processes [3]. In our former
per [9] we have shown that the existing experimental d
[7(a)] on active transport of Na1 in human erythrocytes
(catalyzed by Na1-K1-ATP-ase) under the influence o
external ac electric fields can be interpreted in terms of
transfer of energy from the stochastic field (fluctuations
0031-9007y97y79(24)y4926(4)$10.00
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membrane potential) to the enzymatic system. This res
can be interpreted [10] as the stochastic resonance (
between external periodic ac field of frequencyv and the
intrinsic fluctuations (“noise”) of the membrane potentia
Figure 1 presents the ratio of the currentJ to noise inten-
sity gi (signal-to-noise ratio, SNR) vsgi for a few values
of v [12].

SR is the phenomenon of an increase of the respo
of the system to the deterministic forcing by an increa
of the noise. The most popular characteristic of th
effect commonly in use is the peak in SNR vs nois
strength, although the physics of this phenomenon is
transfer of energy into some physical process from t
stochastic field (noise) with the assistance of the regula
field (pumping, signal). SR is currently one of the mos
popular subjects in the theory of stochastic processes,
the relevant literature is vast [15,16].

The results shown in Fig. 1 look like typical SR
However, there are no experimental data which can
compared directly with these in Fig. 1. The intensity o
intrinsic noise at constant temperature is also consta
so that adjusting the intrinsic noise directly seems to
difficult [1(a)]. On the other hand, the fluctuations o

FIG. 1. Signal-to-noise ratio vs intrinsic noise intensity fo
the model of Ref. [9]; (1)v ­ 103, (2) v ­ 104, and (3)
v ­ 106 Hz [11].
© 1997 The American Physical Society
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FIG. 2. Enzyme cycle of A-R model [3,13,14].

the local membrane potential in the vicinity of an ioni
pump are caused by, among other reasons, the stocha
activity of ionic channels nearby [17]. In turn, the random
opening/closing of passive ionic channels is stimulated
external electric fields, either ac or dc [5,6]. Therefo
the increase of the field intensityVe should result in
the increase of the random currents from ionic channe
i.e., of the intrinsic noiseji. We shall now argue that
experimental data onJsVed [7(a)] can be interpreted along
these lines.

The shape ofJsvd can be fitted to an approximate
solution of a more involved, four-state model [8] withou
fluctuations. However, this model predicts monoton
dependence ofJ vs intensityVe and therefore is not able
to explain the experimental shape ofJsVed [8(b)]. These
data can be reproduced by our model [9] (cf. [12]) und
one additional assumption: that the intensitygi of internal
noise is a function ofVe, e.g., of the type

gi ­ g0 1 g1fscacd , (1)

whereg0 represents spontaneous intrinsic fluctuations,g1
represents induced ones, andcac , Ve [11]. Good fit is
found for gi ­ 1 1 4.15

p
cac. The result [11] is shown

in Fig. 3. Three types of dependence ofJ on cac are
shown: R ­ J s±d, R ­ Jygi spd, and R ­ Jycac s3d.

FIG. 3. Comparison of experimental data [7(a)] onJsVed
with the model [9] (cf. text for details). Dashed lines:gi ­
5.15; full lines: gi ­ 1 1 4.15

p
cac (similar results have

been obtained forgi ­ 3.15 1 2cac). Bars denote standard
deviation. To enable better comparison of variants, the curv
are normalized at the peak and shifted upwards with respec
each other [11].
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It is seen that the first two fit better than the third, which
seems to support the SR interpretation of these results.

To check the hypothesis stated above, we propo
to perform further measurements similar to those o
Refs. [7], with stochastic external driving. To this aim,
consider as previously [9] the Astumian and Robertso
sA-Rd model [3,13,14] with inclusion of internal and
external stochastic fields. TheA-R model, constructed for
the description of the effect of an ac electric field on the
action and efficiency of the membrane proteins, describ
the collection of identical protein molecules (enzymesE)
in a planar bilayer membrane, each oriented in the sam
way, and each able to exist in two electrically distinc
conformational states. Protein-protein interactions ar
assumed to be negligible. The overall enzyme cycl
describing the whole catalyzed process is shown in Fig.
and its kinetic equation reads

ÙE ­ 2j1 2 j2 ­ 2
X

s­1, 2

fsafsSs 1 arsdE 2 arsg .

(2)
E, fE?Sg are the probabilities for the enzyme to be in
the stateE, fE?Sg, respectively,sE 1 fE?Sg ­ 1d, S1,
S2 represent the concentrations of the substancesS1,
S2 (e.g., Na1 inside and outside the cell), andaf, s

(s ­ 1, 2, f ­ f, r) are the effective rate coefficients
in different pathways.

The most important feature of the chemical reactions o
this type is the dependence of the rate coefficientsafs on
the membrane potentialc:

afs ­ a
o
fse2Dfsc , Dfs ­ dfsDxsyRT , (3)

whereDxs is the effective charge transported across th
membrane in thesth pathway,c is the electrical potential
difference across membrane,ao are rate coefficients for
c ­ 0, df, i ­ ds, dr , s ­ 2s1 2 dsd are the apportion-
ment constants which split up the total effects ofDxic

between the forward and reverse process. In principl
this model results from the reduction of several elemen
tary processes (cf. [14]); therefore these quantities are
be treated as effective parameters.

The membrane potential is composed of static partc0,
intrinsic fluctuationsjistd, and external stochastic ac field
jestd of dichotomous character:

cstd ­ c0 1 gijistd 1 gejestd , (4)

jlstd [ hD1l , 2D2lj, kjlstdjmst0dl ­ dl, me2Ll jt2t 0j,

(5)

D1l 2 D2l ­ D0l , D1l 1 D2l ; Dl ,

D1lD2l ; D2
l ,

(6)

kj1stdl ­ 0, j2
l std ­ D2

l 1 D0ljlstd,

l, m ­ e, i ,
(7)
4927
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with 1yLl being the noise correlation time. The intrins
noise is assumed to be the same as that fitted above
therefore it is symmetrical,D0i ­ 0.

Because of relations (7), any function ofhstd can be
evaluated in a simple way:

as, k ­ faec
s, k 1 jestdaes

s, kg faic
s, k 1 jistdais

s, kg ,

a
l, b
s, k ­ ãs, k expszs, kcedfl, b

s, k ,

sb ­ c, sdãs, r ­ ao
s, r , ãs, f ­ ao

s, fSs , (8)

f
l, s
s, k ­ D21

l segl zs, kD1l 2 e2gl zs, k D2l d ,

f
l, c
s,k ­ D21

1 sD2le
glzs, kD1l 1 D1le

2glzs, kD2l d .

As in [9], Eq. (2) is averaged overji and/orje, and the
Shapiro-Loginov theorem [18] is used for the evaluati
of the resulting equations for correlation functions:

ÙW ­ 2A ? W 1 y (9)

A ­

0BBB@
acc acs asc ass

acs Li 1 acc ass asc

asc ass Le 1 ãcc acs

ass asc ãcs Li 1 Le 1 ãcc

1CCCA
(10)

Wstd ­

0BBB@
kEstdl

kEstdjistdl
kEstdjestdl

kEstdjistdjestdl

1CCCA , ystd ­

0BBB@
bcc

bcs

bsc

bss

1CCCA ,

(11)

as
bn ­

X
k

b
s, k
bn , bsk

bn ­ a
eb
s, ka

in
s, k ,

abn ­ a1
bn 1 a2

bn ,

bbn ­ b1r
bn 1 b2r

bn , ãcb ­ acb 2 acsD0e ,

b, n ­ c, s .

In the absence of external periodic ac field the statio
ary solution of the kinetic equation (9) reads

W` ­ A21 ? y , (12)

and the stationary current is

J ­ lim
t!`

k j1stdl

­ a1
ccW1` 1 a1

csW2` 1 a1
scW3` 1 a1

ssW4` 2 b1r
cc .

(13)

In numerical calculations the values of the paramet
of the model found in [9] have been used. These
ãf1 ­ 270, ãf2 ­ 5.4, ãr1 ­ 4.0, ãr2 ­ 0.11, Dx1y
RT ­ 3.48, Dx2yRT ­ 5.24, d1 ­ 0.499, d2 ­ 0.500,
giyco

ac ­ 5.15 ([11]), Li ­ 1300 s21.
Figure 4 shows the equivalence of stochastic and

riodic driving: dashed curve presents the fit [9] of th
model including intrinsic fluctuations driven by period
4928
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FIG. 4. Equivalence of periodic (dashed line) and stochas
(full lines) driving. o: experimental data [7(a),8]; bars denot
standard deviation.gi ­ 5.15, Li ­ 1300; (1) ge ­ 0.9, (2)
ge ­ 0.8. The scalingL ­ 0.4v is chosen in order to obtain
the coincidence of peaks [11].

ac field of variable frequencyv, to experimental data
(circles) [7(a)]. Curves 1 and 2 show the behavior
the same model driven by random external field (in th
case the symmetric dichotomous random signalje) with
variableLe.

The use of stochastic driving in the place of period
one also leads to the appearance of distinct maxima
the plots of R ­ Jyge, with I ­ ge (Fig. 5). These
maxima can be interpreted as theaperiodic stochastic
resonance(ASR) [16], being here the resonance betwee
intrinsic and externally induced random fluctuations of th
membrane potential.

The results presented in Figs. 3 and 4 give the indire
evidence of the constructive role of intrinsic noise i
one of fundamental biophysical processes, viz. acti
ionic transport. This evidence can be verified by furth
measurements along the lines suggested in Figs. 1

FIG. 5. Aperiodic stochastic resonance. Dashed lines:gi ­
5.15; full lines: gi ­ 1 1 4.15

p
cac. Differences between full

and dashed lines may serve for experimental verification
induction of intrinsic noise. Li ­ 1300; (1) Le ­ 400, (2)
Le ­ 4000, and (3)Le ­ 400 000 [11].
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5, by repeating experiments of Ref. [7] with externa
ac field of dichotomous character [19]. Such a field
with required characteristics (intensity, correlation time
asymmetry), is easy to construct experimentally, and h
more variable parameters than a periodic ac field. T
hyphothesis of the dependence of the intensity of intrins
fluctuations of the membrane potential on the intensi
of external electric fields via the induction of the activity
of ionic channels can be checked by the use of th
ligand and voltage sensitivityof the latter: the equilibrium
between “open” and “closed” states can be perturb
by transmembrane voltage (dc field) and/or the presen
of specific chemical substances [5]. Another check
possible by experimental setup excluding from the pictu
the influence of channels (and other ionic pumps), e.g.,
immersing a single ATP-ase in an artificial membrane.

Dependence of ASR on asymmetry of an extern
stochastic ac field and on a dc external field is n
discussed here for the lack of space. However su
dependence also can be used in the experimental ch
of conjectures formulated in this Letter.
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