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As applications of the general theoretical framework of charge transport in biological membranes and related voltage and 
current noise, a number of model calculations are presented for ion carriers, rigid channels, channels with conformational 
substates and electrogenic pumps. The results are discussed with special refcrcnce to the problem of threshold values for 
sensory transduction processes and their limitations by voltage fluctuations. Furthermore, starting from the special results of 

model calculations, an attempt is made to determine more general aspects of electric fluctuations generated by charge-trans- 
port processes in biological membranes: different frequency dependences of voltage and current noise, and dependence of 
noise intensities with increasing distance from the equilibrium state. 

1. Introduction 

In recent years most experiments on electric 
noise generated by ion transport in biological 
membranes have been concerned with the analysis 
of current noise under voltage-clamp conditions 
(ref. 1 and work cited therein). Hence, most of the 
theoretical work concerning membrane noise has 
also focussed on the analysis of current noise 
[l-3]. In a number of papers the current noise 
generated under equilibrium or nonequilibrium 
conditions has been treated for different transport 
mechanisms: hydrophobic ions, ionic carriers, rigid 
and nonrigid pores and electrogenic pumps. How- 
ever, it could be shown that all these processes can 
be treated with a general theoretical approach to 
transport noise in discrete systems developed some 
years ago [4]. Furthermore, in a preceding paper 
[5] (hereafter referred to as I) we have presented a 
corresponding general approach to voltage noise. 

In addition, we believe that it is now more sensi- 
ble to give a summarizing presentation of voltage 
noise generated by basic ion-transport mecha- 
nisms in one paper than to produce a redundant 
series of theoretical papers as applications of one 
general formalism. 

Moreover, there are no essential differences in 
the formal mathematical treatment of different 
processes such as carriers, electrogenic pumps and 
pores with conformational substates though the 
transport mechanisms themselves are essentially 
different. Additionally to voltage noise the corre- 
sponding current noise is calculated_ 

Using the results of these numerical model 
calculations in the final discussion (section 6) an 
attempt is made to determine characteristic noise 
properties and differences between (a) the differ- 
ent transport processes and (b) current and volt- 
age noise. 

In special applications, because of the com- 
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paratively large number of parameters involved in 
the model calculations with rather complex effects 
on the noise, we wish to caution against overinter- 
pretations of experimental results. On the other 
hand, we believe that our careful discussion may 
lead to a deeper understanding of electric noise 
generated by complex charge-transport processes 
in biological membranes. 

The occurrence of voltage fluctuations may be 
important for the control of processes in biologi- 
cal membranes on the molecular level. For exam- 
ple, the fluctuations give rise to a limit in the 
sensitivity of such processes. In section 6.4 we 
shall discuss the results with special reference to 
the problem of threshold 
duction processes. 

2. Ion carriers 

2. I. Basic discrete model 

One basic concept of 

values for sensory trans- 

transport through mem- 
branes is that of carrier-mediated ion transport. 
For example, valinomycin-mediated transport 
through lipid bilayer membranes has been exten- 
sively investigated (e.g. refs. 6-8). The experimen- 
tal and theoretical analysis of carrier-generated 
current noise under equilibrium and nonequi- 
librium conditions has been performed some years 
ago [9]. Recently, experiments on carrier-mediated 
voltage noise have been described [lo]. 

The mechanism as proposed 15 years ago [6,7] 
represents the minimum discrete model containing 
the essential properties of the carrier mechanism. 

[L) 

Fig. 1. State diagram for modelling carrier-mediated ion tram+ 

port. 

It is an important example, which shows the appli- 
cability and usefulness of the discrete transport 
concept. As shown in fig. 1 the four essential steps 
of the process are: (a) recombination of an ion 
M+ and the neutral carrier S at one interface, (b) 
translocation of the charged complex to the other 
interface, (c) dissociation of the complex and (d) 
back transport of the free neutral carrier. Thus, 
the ion transport (step b) is coupled to chemical 
reaction processes (recombination a and dissocia- 
tion c). 

2.2. Kinetic equations, Fokker-Planck moments 

In the case of carrier-mediated ion transport we 
will illustrate explicitly the derivation of the kinetic 
equations and Fokker-Planck moments (cf. I) un- 
der varying voltage conditions. 

The total carrier concentration No in the mem- 
brane is assumed to be constant: 

N -N’+N”+N’ +N” 0 S S MS MS? (1) 

where N,‘, N,“, N&, and N{, are the interfacial 
concentrations at the left and right interface, re- 
spectively. The time-dependent behavior of the 
system under constant-voltage conditions (cf. eq. 8 
in I) is given by the following equations [lo]: 

d(W) - = - k,c,(N,‘) + k,(Nh,) 
dt 

-ks.((%) - (W)) 
d(N,“) ~ = -kRcM(Ns”) + k,(N;,) 

dt 

-k,((&“) - (NO) 

T = kRcM(N;) - k,(N;,) 

-4dxls) + kik(NI&) 
d(Ws) ~ = kRcM(N;‘) - k,(N$,) 

dt 

- kXK.is> + J4dX.d (2) 
k, and k, are the rate constants characterizing 
the association and dissociation, respectively. The 
translocation of the uncharged, charged carrier is 
described by the rate constants k, and k&, k;,, 
respectively. 



P. SolIeder, E. Frehland/Nonequilibrium voltage fluctcralionv in biomembranes; II 149 

In case the system is not kept under constant 
voltage the voltage itself has to be taken as a 
further variable (cf. I) and the voltage dependence 
of the rate constants has to be considered. Only 
the transitions (3 -+ 4) and (4 + 3) generate a 
change of voltage because they are connected with 
the transport of a charge. The voltage dependence 
of the rate constants kh,, and k& is given by (cf. 
eq. 14 in I): 

k& = k&( V”) exp 
i&AV) 

KG = k&(VS) exp - 
i &AV) (3a) 

with the linearization for small deviations AV from 
vs: 

k& = k&( Vs) 1 + 
( ?&AP) 

Gs = kGs(VS) 
i 

l- 
gPvj (3b) 

Introducing the deviations ocL from the steady 
state Nps we obtain from eq. 2 with eq. 3b the 
linearized equations 

d(6) ~ = -/&c~((Y’s) + kD(a/MS) 
dt 

-k&G - C%‘>) 

d(G) - = - kRcM(a;) + k*(a;‘) 
dt 

-k,(M) - W) 

d(&s) 
~ = kRcM($) - M&s) - &.(al,s) 

dt 

+i&a&s) - &HAP) 

d(42 - = kRcM(ag) - k,(a&) - k&,(aG& 
dt 

+ki&h) + 2k,T -%(AV) (4) 

with 

k’ Ms = kLs(I’? 
,,r 

i,,s=K&‘-S) 

and 

The time-dependent behavior of AV under cur- 
rent-clamp is described by (cf. eq. 19b in I): 

This linear system of equations (eqs. 4 and 5) 
describes the kinetic behavior of the carrier system 
under current-clamp for small AV and serves as a 
basis for calculating the voltage noise. For the 
further treatment we use the matrix notation (cf. 
I): 

d(B) - = -K(B) 
dt (6) 

with 

(P,> = (a,> (!J= I,...,41 

CBS) = (AI? 

K follows from eqs. 4 and 5. 
Furthermore, for determination of the spectral 

density of voltage fluctuations we need the 
Folcker-Planck moments, which according to eq. 
38 in I in the case of carrier-mediated ion trans- 
port, are given by 

B,,=B,,= -ks(N,‘S+Ns’“S) 

B,, = Bsr = - ( ~,c,N~~ + k,N&) 

Bz4 = Bd2 = - ( k,c,N,“S + k,N$) 

B,,= Bd3= -9 

(7) 

The remaining elements can be derived from 

BP,= - 5 Byp (~=1,...,4) (8) 
"=l 
VfP 

and 

B,, = B,, = y,, (i=1,...,5) 



150 P. Solleder, E. Frehland/Nonequrlibrium wItage fluctuations in hiomembrarm: II 

2.3. Voltage and current noise generated by ion 

carriers 

With eqs. 6-8 the spectral density of voltage 
fluctuations can be calculated as the (5,s) compo- 
nent of the spectral density matrix (cf. eq. 41 in I) 

where # is the transposed matrix of Ii and B is 
the matrix of the Fokker-Planck moments. We 
derived two sets of equations (eqs. 2 and 6). The 
second one reduces to the first in the case where 
constant-voltage conditions are assumed. 

The nonequilibrium current noise generated by 
ion carriers has been analyzed some years ago [7]. 
Using the rate constants as determined by Benz 
and LIuger [8] for valinomycin-mediated trans- 
port, we have calculated the expected voltage and 
current noise. The results are given in fig. 2. The 
voltage noise exhibits Lorentzian behavior with 
increasing low-frequency intensity for increasing 
voltage, while the current noise shows inverse 
Lorentzian behavior which is typical for transport 
noise (cf. ref. 9 and the discussion in section 6.2). 
For both types of noise at nonequilibrium (100 
mV) the Nyquist relation is not valid. The corre- 
sponding contributions from the admittance Y(W) 

lo-‘s1 ’ 
a01 1 100 

f/S’ 

as expected from the Nyquist relations (eqs. 45 
and 46 in I) are drawn in fig. 2a and b. 

3. Rigid pores 

3.1. Discrete modelling of ion transport through 

rigid pores 

A rigid pore denotes a hydrophilic pathway 
through a membrane which is seen by the ion as a 
fixed structure not changing in time. If the hydro- 
philic pathway can be regarded as a discrete se- 
quence of ionic binding sites the transports is a 
jump-diffusion process which can be described by 
discrete models [lll13]. For the case of vanishing 
interactions between the ions, the discrete jump- 
diffusion pore models [14] are mathematically 
equivalent to the so-called compartment models 
[15,16]. 30 years ago the single-file mechanism for 
ionic transport through narrow pores was pro- 
posed by Hodgkin and Keynes [17] in order to 
explain anomalous flux ratio exponents of Ussing’s 
criterion [18]. The basic idea of single-file diffu- 
sion consists of constraining the movement of the 
ions to one dimension and of not allowing the 
ions to overtake each other. Recently, the concept 
of time-dependent transport through rigid pores 
has been extensively studied in a series of papers 

GAJ 1 f ) /A2s 

,y/ 
lo2 10s lo7 

f / s-1 

Fig. 2. (a) Voltage noise for carrier-mediated ion transport at equilibrium (1) and nonequilibrium V = 100 mV (2). 4kTRe(l/ Y) (3). 
Parameters: k,=2.9X105 M-’ s-l, k,=2.7x105 s-l, k 
A=104 pd, N,/A=lO’ pm-*, 

MS (V=O)=2.1x105 S-I, k,=3.8x104 SK’, C,=l pF/cm*, 
cM = 1 M. (b) Current noise for carrier-mediated ion transport at equilibrium (1) and nonequi- 

librium, V= 100 mV (2). 4kTRe(Y) (3). Parameters as in panel a. 
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[14,20,21]. The essential point in the discrete mod- 
elling of single-file transport is the description in 
terms of the ionic occupation states of the pores. 

In fig. 3 the discrete graphs for the one- and 
two-site pores are shown. Using these graphs the 
kinetic equations are formulated in the following. 

3.2. Kinetic equations for pores with one and fwo 
binding sites 

3.2.1. One binding site 
We will first consider the case of pores with 

only one binding site. The xate constants describ- 
ing the jumps from and to this binding site are 

K, = k’ + k” 

K, = k, + k, (9) 

N, and N2 denote the numbers of occupied and 
unoccupied pores, respectively. The total number 
N, of pores is assumed to be constant: 

N, = Nl + N, (10) 

The linearized kinetic equations for the time-de- 
pendent behavior under current-clamp conditions 

Kl a 

@z3$ 
Kr 

I1 I 

for small deviations V from Vs are 

d(a,) -= 
dt -KG%) + G(%) 

+ $-+A - Y&J&AV 

d(%) 
dt = K<%) - K,@*) 

- &Y&l - Y2MAV) 

d( AV - = $(ylk” 
dt - Y&%1) 

- $Y& -Y&)(%) 

- &Y-S1 + Y& )@T/‘) 

with 

(11) 

y1 and yz, respectively, are defined in eq. 11 of I, 
with 

Yl + Yz = 4 

(12) 

Under voltage-clamp conditions eqs. 11 reduce 
to 

d(%) -= 
dt -%a,) + K,(G 

9 = K,{or,) - K&X,) 

The Fokker-Planck moments are: 

B,, = B,, = K,N,s + E&s 

B12 = B,, = - ( El NT + K, NT) 

B,,=B,, = -&= -B,,= -$““l -Y*h) 

4, = $ (v&1 + Y;+z) (13) 

3.2.2. Two binding sites 
The matrix of coefficients K for a pore with 

b 

121 

131 

Fig. 3. State diagrams for single-file transport of one ion 
species through rigid pores with one (a) and two (b) binding 

sites. 
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two binding sites is given by 

Ki,= -Eii (i#j) 

Kjj= $kij (j=1,...,4) 
i=l 

l+J 

(14) 

where the rate constants kij denote transitions 
(j + i) at voltage Vs. The remaining elements are 

K,, = - &T (h&B + Y&3* - Y&2 1 

K,,= - &r (Y&2 - Yl+‘lb - Yd’3b) 

K35 = - &(Yl$‘b - YAJ 

I&= - gy (Y+hb - Ydd 

K55 = &+%h++‘lb) +$%2 

+Y32ha+ %J 

KS1 = $iYA - Y&l - Ylhl) 

K54 = &PI4 - Y&4) 

In eq. 15 the following 
tionary fluxes are used 

c#B~, = k,4 N,” + kdl N,” 
- - 

+n, = k,,N,S + k,,N,S 

& = k,, N: + k,, N;; 

IpJ. = k13 N; + k,, N,” 

+Yb = k,,Nd; + k,,N; 

(15) 

definitions for the sta- 

(16) 
With eqs. 16 we are able to write down the 
Fokker-Plan& moments: 

B,, = % = -42 

&,=I$, = -43a; B,,=B,,= --+~a 

%=B4z= -+3,,; B,,==&= -4lb (174 

G,vlf I/V% 

01 o-3 

32 10-3- 
1 

25.M3 

2.0 lo-3: :.._ 
7 

\ 
1.6 rO-3 ’ 

0001 01 10 1000 

f/S’ 
Fig. 4. Voltage noise for ion transport through pores with two 
binding sites at different voltages: (1) u = 0, (2) u = 2.5 and 
(3) IJ = 5, with the reduced voltage u = ql’/kBT. Parameters: 

r1= Y2 -y,=1/3 q; N,=104, C=l F, k(O) =l; q: charge of 
one ion. 

and 

BP,= - i BP,, (/A= l,...,5) 
v=l 
v*fJ 

B,, = Bs5 = 2k,T 
c Ki, (i=l,...,S) (17b) 

3.3. Vokge noise 

The voltage noise generated by rigid pores with 
one binding site has been analysed in a recent 
paper [22] with a slightly different approach, where 
instead of voltage the difference between charge 
density on the membrane surfaces is used. The 
agreement between the two approaches can be 
explicitly shown. 

A numerical example of voltage noise gener- 
ated by a system of rigid two-binding-site pores, 
calculated with the use of eqs. 14-17 and the 
general voltage-noise formula (eq. 41 in I), is 
presented in fig. 4. As for the rigid one-binding-site 
pores the low-frequency noise decreases with in- 
creasing voltage (cf. the discussion of this point in 
section 6.2). 

4. Channels with different conformational states 

4.1. Modelling of channels with fluctuating struc- 

tures 

Recent studies of protein dynamics show that 
proteins may assume a number of conformational 
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Fig. 5. Energy profile of a channel with one binding site in the 
‘normal’ and ‘polarized’ state. k’, k’, k, and k, are the rate 
constants for transfer of an ion between binding site and 
external solution in the normal state. 

states [23,24] (fig. 5). The transitions between dif- 
ferent states may occur in the time range from 
picoseconds to seconds. Different substates may 
exhibit different ionic conductances. The potential 
profiles for the example of a one-binding-site 
channel with a ‘normal’ and a ‘polarized’ substate 
are given in fig. 5. 

The special situation of channel kinetics may 
be modelled under the assumption that at least 
one state has vanishing conductance (open-closed 
kinetics)_ 

Though the situation is more complex than in 
the case of rigid single file pores, the discrete 

(31 Ua* 

b 

(LI (3) 

q 0 II 

tl 

.T$+m q 
tl tl 

Fig. 6. State diagrams for channels with one binding site and 
two conducting states (a) or with open-closed kinetics (b). p, Y. 

P* and Y* describe the transitions between the different 

conducting states. 

description may generally be used by the introduc- 
tion of additional states [5,25-271. In fig. 6a and b 
the state diagrams are shown for channel models 
with one ionic binding site and two conforma- 
tional states. In fig. 6a both states have nonvanish- 
ing conductance: in fig. 6b one state has vanishing 
conductance. In the latter case it is assumed that 
the conformational transitions strongly depend on 
the ionic occupation state: the transition probabil- 
ity into the closed state is set at zero for the 
occupied channel. This assumption seems reason- 
able because of experimental findings that the 
lifetimes of open nerve channels increase with 
increasing ionic concentrations [28]. The cotre- 
sponding finding for apical amiloride-blocked 
sodium-selective channels has recently been mod- 
elled and theoretically analyzed in an analogous 
way by the assumption of competition between 
amiloride and sodium [29]. 

The following model calculations concentrate 
on the case shown in fig. 6b. 

4.2. Kinetic equations, Fokker-Plunck moments 

We will first give the kinetic equations for 
channels with open-closed kinetics (cf. fig. 6b). 
We distinguish between rate constants /.L, Y for 
open-closed transitions. Transitions between the 
open-unoccupied and open-occupied states are de- 
termined by jumps of ions from and to the left- 
and right-hand sides of the channel, respectively. 
Therefore, according to fig. 6b 

K, = k’ + k” 

K, = k, + k, (18) 

The rate constants p and v are assumed to be 
independent of voltage. The time-dependent be- 
havior is given by 

F = -K(B) (19) 

where 

<P,> = (N,) -q (/4=1,...,3) 

(84) = (AV 

and the matrix of coefficients has the elements 
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+1 and +2 are defined correspondingly as in eq. 11 
with N,” and N: as stationary solutions of eq. 19. 
The Fokker-Planck moments are 

B,,=F,N;+K,N,S 

B,, = B,, = -B,, 

B,, =B,,=B,,=B_,3=0 

Bl,=B,,= -%= -Bciz=-$h-Wdd 

Bz2 = I?,, + ,uN;; + vN;j 

B~~=B~~=-(~N;+~N;~) 

B33 = -%3 

The transitions (2 + 3) and (3 + 2), respectively, 
do not contribute to the Fokker-Planck moments 
B,4=B4j (j=l,..., 4) because they are voltage- 
independent. 

The set of equations (eq. 19) can be kasily 
extended to channels with two conducting sub- 
states (fig. 7a). We obtain 

d(B) ~ = -K(B) 
dt 

with 

(B,) = (A’,,) -N,” (p= I,...,41 

and 

(&> = (AV 

G,, 1 f )/A*s 
3 

Fig. 7. (a) Voltage noise for a transport system of channels with open-closed kinetics at different voltages: (1) u = 0, (2) u = 2.5, (3) 
u = 5, with u = qV/k,T. Parameter: k,(O) = k,(O) = k’(0) = k”(0) = 1; Y = c = 0.01; C = I F; Iv, = 104; y1 = yz = l/2. (b) Current 
noise of a transport system of channels with one binding site and open-closed kinetics at different voltages. Parameters and voltages 
as in panel a. 
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K is given by 

K= 

where we have used the abbreviations 

and C#J~ and q!~~ as in eq. 11. 
For the Fokker-Planck moments hold the rela- 

tions: 

B,,=B,,= -(K,N,s+K,N,s) 

B,,=B~~= -(p*~:+v*~qS) 

B13=BJ2= -(pN;j+vN:) 

B,, = B,, = - ( ETNz + K,*N.) (24) 

and 

B,, = B,, = B,, = Bd2 = 0 

The remaining elements are given by 

B,+= - ; Byp (~=1,...,4) 
lJ=l 
vfp 

and 

(25) 

Bsi = Bi5 = 
2k,T 
-p& (i=1,...,5) 

The rate constants v, p and v*, p* are voltage-in- 
dependent. Therefore, they do not contribute to 
the Fokker-Planck moments Bi, = Bsi (i = 
1 ,...,S). 

(22) 

4.3. Voltage and current noise 

With eqs. 18-25 the calculation of voltage (and 
current) noise can be done as an application of the 
general approach. The numerical results presented 
in fig. I are concerned with the noise generated by 
channels with open-closed kinetics. The behavior 
of voltage and current noise as a function of 
frequency and applied voltage is similar (cf. dis- 
cussion in section 6). 

5. Electrogenic pumps 

The modelling of active transport may also be 
based on the concept of discrete systems. Further- 
more, the formal treatment is very similar to that 
for ion transport by carriers or through channels 

Fig. 8. State diagram for the most simple modelling of an 
electrogenic ion pump. 
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with different conformational substates. For ex- 
ample, the model situation of an ionic channel 
with two conformational states (fig. 6a) may be 
used as a minimum model of an ion pump if the 
energy profile is transiently modified in an ap- 
propriate way by an energy-supplying reaction 
[30,31] (cf. fig. 8). 

5.1. Kinetic equations, Fokker-Planck moments 

The time-dependent behavior of a transport 
system containing electrogenic ion pumps can be 
written in the following form 

dl 

with 

:v* + kb) 

-v* 

K= 0 

4 -v* 
c 

where 

ld 

G,,lf)/v*s 

10 

-11 

13 

15 

i'7 

c 3.001 03 10 1000 

f Is-’ 

-P* 

(tL* +kk) 

-kk 

0 

4 -- * 
cp 

0 

-kk’ 

(p+kk;; 

-c1 

0 

(26) 

The Fokker-Planck moments are: 

B,, = Bzl = - (v*N;” + p*N:) 

B,, = Bal = - (kbZv’;s + k$Vdj) 

B,,=B,,= -(k;;N:+k;;N;) 

B,,=B,,= -(pN;j+vN,s) 

The other elements of the Fokker-Planck matrix 
can be determined as described in eq. 25. One can 
define an equivalent voltage V, (cf. ref. 32) to 
show the dependence of the rate constant v* on 
the driving force. We obtain 

(29) 

-k;; 

0 

1 -V 

(V+ k;; 

0 

-L# 
2k,T 

4--9 2k,T 

0 

1 0 

q2 
2k,TC+ 

(28) 

(27) 

Gb,l f 1 /A’s 

@8 
106 

f / s-1 
lo3 lo5 

Fig. 9. (a) Voltage noise of an ion pump at different equivalent voltages: (1) VP = 0 mV, (2) V, = 50 mV, (3) Vp =I00 mV. 
Parameters: kk=k’,=k;-k;;=5x104 s-l; v*=~*=Y=~=~o~s-~; C,=lpF/cm2; A=10Spm2; N,/A-103pm-*.(b) 

Current noise of an electrogenic ion pump at different voltages. Parameter and voltages as in panel a. 
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where 

V, = (A/Z - AG)/F 

F is the Faraday constant and Afi the electro- 
chemical potential difference of the transported 
ion. AG is the Gibbs free energy of ATP hydroly- 
sis. 

5.2. Volzuge and current noise 

From the mathematical point of view the treat- 
ment of active transport raises no additional for- 
mal difficulties. The state diagram in fig. 8 is 
similar to the corresponding ones in figs. 1 and 6a 
for carrier-mediated transport and passive trans- 
port through channels with fluctuating barriers, 
respectively. The shape of the noise spectra 
strongly depends on the model parameters_ The 
parameters chosen for the numerical calculations 
presented in fig. 9 are taken from realistic assump- 
tions (cf. ref. 32). The qualitative behavior and the 
differences between voltage and current noise are 
similar as in the examples for carrier noise given 
in fig. 2. 

6. Discussion 

6. I. Dependence of noise properties on the variation 

of parameters and modification of models 

We have restricted our calculations to the pre- 
sentation of some selected model situations thus 
illustrating the general procedure of calculating 
the voltage noise generated by ion-transport 
processes which can be described by discrete mod- 
els. 

The general remarks, which have been made in 
the discussion of I, have been confirmed by these 
model calculations, e.g., the low-frequency volt- 
age-noise intensity Gdy( o -+ 0) decreases in in- 
verse proportion to the number of transport units 
involved in the process, whereas on the other hand 
the high-frequency noise intensity increases. As a 
consequence the variance of fluctuations does not 
change dramatically. Indeed, and this seems to be 
a finding which is generally valid, the variance of 
voltage fluctuations at equilibrium as well as at 

nonequilibrium states does not essentially deviate 
from the equilibrium value k,T/C (cf. section 4.2 
in I). In contrast to this finding the current-noise 
intensity is proportional to the number of (inde- 
pendently acting) transport units. 

Generally, as we have demonstrated some years 
ago with an extensive study on current noise gen- 
erated by rigid pores [13], the explicit dependence 
of noise on the model parameters of the transport 
system may be very complex and we again wish to 
caution against overinterpretation and the draw- 
ing of too specific conclusions from noise results 
on model parameters. 

Nevertheless, we shall now try to ascertain 
aspects which can be understood from a more 
general point of view than the special choice of 
model parameters and thus can contribute to a 
deeper understanding of electric noise generated 
by charge transport in biological membranes. 

6.2. Lorentzian vs. inverse Lorentzian behavior 

Regarding the presented numerical results, there 
are two models, where the frequency dependences 
of voltage and current noise are significantly dif- 
ferent: the carrier model (figs. 1 and 2) and the 
electrogenic pump model (figs. 8 and 9). In these 
cases the voltage-noise spectral density exhibits a 
typical Lorentzian behavior, decreasing with in- 
creasing frequency while current noise shows in- 
verse Lorentzian behavior, i.e., increasing with 
increasing frequency. In earlier papers [4,13,25], 
we have explained the inverse Lorentzian as a 
typical outcome of the vectorial character of cur- 
rent: a stochastic fluctuation of current is prefer- 
ably responded to by a current in the opposite 
direction, thus exhibiting a negative contribution 
to the autocorrelation function of current. Trans- 
lated into the spectral density (frequency domain) 
by Fourier transformation (Wiener-Khintchine re- 
lation) this yields an inverse Lorentzian. 

On the other hand, the voltage is formalIy 
treated in the linearized kinetic equations in the 
same way as the other scalar variables (occupation 
numbers, densities). As a consequence the voltage 
fluctuations behave similarly to scalar density 
fluctuations: a stochastic voltage fluctuation is 
responded to by a relaxation with preferably the 
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same sign. Translated into the spectral density 
behavior this yields the typical Lorentzian (cf. figs. 
2a and 9a). 

Naturally, there are situations where the cur- 
rent noise also shows a Lorentzian behavior. Such 
an example is given in fig. 7 by channel noise: the 
(scalar) fluctuations of the channels between dif- 
ferent states of conductance modulate the electric 
current and thus favor a Lorentzian behavior of 
current noise (cf. also the extensive discussion of 
these transport models in ref. 25). In the case 
where the channel state kinetics are slow com- 
pared with the transport kinetics (ionic move- 
ment), which is a realistic situation, e.g., for ionic 
channels in nerve membranes, the observed cur- 
rent noise for low frequencies is pure Lorentzian 
and qualitatively resembles voltage noise. 

6.3. Voltage dependence 

As a further result the numerical model calcula- 
tions show that there may be completely different 
dependences of noise intensity with growing dis- 
tance from equilibrium (increasing mean voltage 
or current). On the one hand, because with in- 
creasing external force (voltage) the ionic move- 
ment is forced in one preferred direction, e.g., for 
ionic movement through rigid narrow pores, this 
may lead to an ordering of the processes with the 
consequence that the fluctuations decrease. For 
the chosen parameters this effect is observed in 
fig. 4. The ordering effect of single-file transport 
interactions far from equilibrium has already been 
discussed [34]. 

On the other hand, especially in situations where 
more or less voltage-independent reaction steps 
are involved in the transport models modulating 
the electric process, the amplitude of electric 
fluctuations may increase with increasing distance 
from equilibrium yielding an increasing noise in- 
tensity. This effect is particularly clear in the case 
of channel noise but can also be seen (for the 
chosen sets of model parameters) in the carrier 
and electrogenic pump calculations. 

Obviously the voltage behavior of noise intensi- 
ties is rather complex and strongly dependent on 
the model parameters. Wowever, we believe that 
our interpretation of the effects in special models 

may also be used for interpretation of other situa- 
tions. 

6.4. Threshold values for sensory transduction 
processes 

The voltage-noise amplitude represents a 
fundamental barrier for safe signal detection in 
voltage-controlled sensory transduction processes. 
According to Fain et al. [33] the threshold values 
for synaptic transmission and generation of action 
potentials by vertebrate photoreceptors are less 
than low5 V. According to our results the vari- 
ante of voltage noise is approx. k,T/C. For 
specific membrane capacitance C, = 1 pF/cm’ 
and cell areas of approx. lo*-lo3 pm2 a mean 
fluctuation Jr;:, = lop4 V can be calculated. On 
the other hand, an effective variance may be de- 
fined by 

where f, is given by the characteristic time T, for 
the sensory transduction process. Only the slow 
fluctuations of voltage below f, cm influence the 
sensory transduction. According to our results the 
low-frequency voltage decreases with increasing 
number of transport units and the noise is shifted 
to high-frequency fluctuations which do not dis- 
turb sensory transduction. Thus, from the view- 
point of safe signal detection, a sufficient number 
of transport units seems to be favorable. 
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