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Summary. Electrical excitation is interpreted in terms of a cooperative structural
transition of membrane protomers coupled with the translocation of a permeant molecule
in a non-equilibrium environment. Equations for flow of permeant and for membrane
conformation are derived for the simple case of a single non-charged permeant. On the
basis of a few simple physical assumptions, the theory predicts several important prop-
erties of electrically excitable membranes: the steepness of the relation between mem-
brane conductance and potential, the presence of a negative conductance, and the
occurrence of instabilities following rapid perturbations of membrane environment,
giving rise to some simple cases of action potentials. Several experimental tests of the
theory based, in particular, on the comparison of the conformational transition of the
membrane with its changes of electrical properties are proposed. From a thermodynamic
point of view, an electrically excitable membrane, in its resting state, lies beyond a
dissipative instability and consequently is in a non-equilibrium state but with stable
organization, a “dissipative structure® of Prigogine. Membrane excitation following
a small perturbation of the environment would correspond to a jump from such an
organization to another stable organization but close to thermodynamic equilibrium.
It is shown how the cooperative molecular properties of the membrane are amplified by
energy dissipation at the macroscopic level.

Since the beginning of the twentieth century, considerable literature has
accumulated on the electrical phenomena which accompany electrical ex-
citation in biological membranes. In particular, from the work of Cole
(see Cole, 1955), Hodgkin and Huxley (see Hodgkin, 1964), Tasaki (1968)
and others, a clear but largely phenomenological picture of the ionic events
responsible for the electrical effects observed in the course of excitation
has emerged. However, the gap between the electrophysiological obser-
vations and a physical interpretation of the molecular events which, indeed,
account for these phenomena was emphasized very early (Nachmansohn,
1959). Several theories were proposed to {fill this gap, but most of them were
hindered by the lack of an exact understanding of the biochemical structure
of excitable membranes (Nachmansohn, 1959; Changeux, Thiéry, Tung &
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Kittel, 1967; Tasaki, 1969; Mullins, 1956; Hill, 1967; Adam, 1968; Gordon,
1968).

For years we have been concerned by the striking analogies which exist
between membrane excitation and the control of regulatory proteins by
allosteric ligands (Changeux, 1966, 1969). More precisely, chemical ex-
citation was viewed as an indirect and thus allosteric interaction (Changeux,
1961 ; Monod & Jacob, 1961 ; Gerhart & Pardee, 1962; Monod, Changeux &
Jacob, 1963 ; Koshland, 1963; Monod, Wyman & Changeux, 1965) between
two different classes of specific membrane ligands: the chemical effector
and the charged permeant (Changeux & Podleski, 1968; Changeux, 1969;
Changeux & Thiéry, 1968). On the other hand, electrical excitation was
interpreted in terms of a control of membrane permeation by the permeant
ion through highly cooperative, homotropic and again indirect interactions
(Blumenthal, Changeux & Lefever, 1970; Changeux, Blumenthal, Kasai &
Podleski, 1970). In this paper we shall concern ourselves with this last aspect
of membrane excitation.

A striking physical property of electrically excitable membranes isthatthey
function in a non-equilibrium environment (Katchalsky & Spangler, 1968);
in addition, their functioning requires this non-equilibrium situation. Indeed,
electrical excitation is coupled with a passive translocation of ions through
the membrane which permits a sustained propagation of the electrical signal:
it constitutes an irreversible process which dissipates the electrochemical
energy accumulated in the ionic gradient established across the membrane.

During the last few years, considerable progress has been made in the
thermodynamics of open systems whose spatiotemporal organization is
coupled with energy dissipation. As emphasized by Prigogine (1969), the
problem of order on a macroscopic scale, in systems submitted to non-
equilibrium constraints, is a problem of stability with respect to fluctuations.
It was shown, for instance, that chemical systems of the type found in
living organisms present a thermodynamic threshold below which processes
of structuration cannot take place. The flow of energy is then insufficient
to stabilize and amplify the lower entropy situations caused by fluctuations
of the system around its average state. On the contrary, above this threshold
point, “dissipative structures” (i.e., structures maintained by a flow of
energy or matter), which are highly improbable at equilibrium, may arise
and be stable.

Within the same framework of ideas, we present a point of view which
incorporates both the structural and environmental aspects of membrane
excitation. Our proposal is that, under physiological conditions, an electri-
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cally excitable membrane in its resting state lies beyond a dissipative in-
stability and consequently is in a non-equilibrium state but with stable
organization. Membrane excitation following a small perturbation of the
environment would correspond to a “jump” from such organization to
another stable organization but close to thermodynamic equilibrium.

Strong emphasis is placed on a number of physical aspects of membrane
structure and organization that we consider critical for the phenomenon of
electrical excitation. We shall be concerned by the following, largely un-
explained, properties of electrically excitable membranes (see Grundfest,
1966; Hodgkin, 1964).

1. They respond to brief pulses of current or rapid changes of potential.

2. The conductance or the permeability of the membrane to the selective
permeant ion(s) varies with the electrical potential and this variation is
extremely steep: in the squid axon *“an e-fold increase of sodium conductance
is brought about by a change of the membrane potential of the order of
5mV” (Hodgkin & Huxley, 1952).

Voltage clamp experiments demonstrate the presence of a negative
resistance in a given range of electrical potential. In addition, the time
course of the variation of conductance under the clamp does not follow
simple first-order kinetics. In their empirical fit of the squid axon data,
Hodgkin and Huxley (1952) assume, to account for the change of potassium
conductance, ‘““that a path for potassium was formed when four charged
particles had moved to a certain region of the membrane under the influence
of the electrical field”. If » is the probability that a single particle is in the
right place, then g, =g, n*, where g, is the maximum potassium conductance.
... For the sodium channel we assumed that three simultaneous events each
of probability m opened the channel to Na ...”. More recent curve fittings
of the same or similar data for K* suggest that a value of 25 is more adequate
than 4 for the exponent of n (Cole & Moore, 1960). In any case, it is clear
that apparent cooperative effects in the translocation of charged particles
are essential for the generation of action potentials.

3. The response to electrical stimuli is not graded but, in general, all-
or-none: there is a sharp threshold above which the electrical stimulus gives
rise to an action potential.

Our hypotheses inspired by the data and interpretations obtained with
regulatory proteins deal with two major original features of biological
membranes: (1) membranes are infinite in two dimensions; and (2) the
environment of a membrane in situ is asymmetrical, and electrical excitation
depends on, and is controlled by, this asymmetry.
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Our treatment of these hypotheses is based on the theory introduced
by Hill and Kedem (1966) for transport of nonelectrolytes through a
membrane lattice. It accounts for several important properties of electrically
excitable membranes: (1) the steepness of the relation between membrane
flux and potential; (2) the presence of a negative resistance in the current-
voltage curve; and (3) the existence of instabilities following rapid per-
turbations of membrane environment, giving rise to some simple cases of
action potentials.

Theory

1. An electrically excitable membrane is considered to be an open,
isothermal lattice system placed between two baths of different electro-
chemical potential (environmental asymmetry; Changeux, 1969), creating
a passive net flux of the permeating species, p, across the lattice.

2. The membrane lattice is made up of equivalent lipoproteic units,
or protomers, specialized in the selective translocation of p. Each protomer
carries at least two distinct specific sites for p, one on the inner face of the
membrane, the other on its outer face. The permeant therefore both binds
and permeates across the membrane. Transport takes place by a “jump”
of p from one class of site to the other.?

3. At least two conformations S and R are reversibly accessible to each
protomer, and both the affinity and the permeability of p are altered when
a transition occurs from one to another conformation. As a convention,
the R state will be more permeable and present a higher affinity for p than
the S state.?

4. Cooperative interactions are established between protomers within
the membrane lattice through a conformational coupling (Changeux ef al.,
1967; Changeux, 1969). Although we favor a continuous lattice structure
because it deals with a common physical property of excitable membranes,

1 We have considered the case where the selective translocation of the permeant
operates through some kind of “pore” mechanism. This particular assumption is not
critical as long as the proposed mechanism deals with a selective facilitated diffusion
of p. Equations have also been derived for the case of a ““ carrier ”’; the essential predictions
of the theory remain valid.

2 We consider here that several conformations of the protomer preexist to the
binding of p. This assumption, however, as opposed to an “induced-fit”’ mechanism
where the conformational transition follows the binding of ligand, is not critical either;
it is simply a more general formulation than the induced-fit mechanism (see Koshland,
1963).
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there is no obligatory requirement for continuity: the protomers might be
organized in dispersed clusters or patches as long as they interact in suffi-
ciently large numbers.

5. There exists, on both sides of the membrane, a physical medium
that we shall refer to as an ‘““equilibration layer” (see Tasaki, 1968), in
which the activity and diffusion of the ligand might be different from both
that of the bulk solution and that of the membrane phase. In this layer,
the concentration of ligand depends on its rate of adsorption on the mem-
brane surface, on its rate of transport across the membrane imposed by the
gradient, and on its rate of diffusion from the bulk solution.

Several of these assumptions were already formulated for chemical
excitation (Changeux & Podleski, 1968). The following (mentioned above)
are characteristic of electrically excitable membranes: (1) the change of
affinity for the permeant in the transition of the protomer; (2) the obligatory
requirement for cooperative interactions between protomers; (3) the presence
of equilibration layers; and (4) the obligatory requirement for environmental
asymmetry.

Equations for Flow and Membrane Conformation

We have derived equations for the case of a single permeating species, p,
which, in addition, is a nonelectrolyte.

A particularly important assumption made for the derivation of these
equations concerns the expression of the cooperative interactions between
protomers in a lattice system. For the sake of simplicity, we have used the
molecular field, or Bragg-Williams approximation (Strissler & Kittel, 1965;
Hill, 1956). Following Changeux ef al. (1967), ¢ being the energy required
to promote one protomer from S to R when all other protomers are in
state .S, we express the dependence of the free energy 4 F of the transition
upon the fraction {r) of protomers which are already in the R state by the
simple linear relation:

AF=g—n{r)

where # is a positive constant. Different treatments for cooperative inter-
actions in a lattice system have been proposed and might alternatively be
used; the general predictions of the theory will nevertheless remain valid
(see Hill, 1956).

Fig. 1 illustrates the exchanges of matter between equilibration layers
and membrane protomers according to our hypotheses.
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Fig. 1. The eight possible states of the membrane protomers. The transported solute

is represented by a circle. In the R conformation of the protomer, the solute is both bound

and transported. In the S conformation, the solute is bound but not transported. Kg,,

Kr;i, Kgo, Kg; are the equilibrium constants for adsorption-desorption of the solute
on the outer and inner site of protomers in the R or § state

By adsorption and desorption of p, each protomer conformation (R or S)
is assumed to exist under four binding states: no binding (1 & 5), binding
to the outer side (2 & 6), to the inner side (3 & 7) and to both sides (4 & 8).
Translocation through the membrane occurs when a particle jumps from
the outer to the inner site (steps 23 & 6 —7). A steady state regime is
established through the membrane when the translocation of p is compen-
sated by its diffusion between the equilibration layers on both sides of the
membrane and the bulk solutions where the concentration of p is kept
constant. For simplicity, the kinetic equations have been written for a
symmetrical protomer where the dissociation constants of p bound to its
inner and outer binding sites are equal. In addition, it is assumed that p binds
exclusively to the R conformation:

Ks/Kg=0,
where K, and K are the equilibrium constants of p with S and R conformation

and where K has the same value on both sides of the membrane. We
denote the fraction of protomers in the i® binding state, by,

N
xi‘—'ﬁ’ 1
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where N is the total number of protomers per unit of membrane area. One
has then the conservation relation:

XX, X3+ X,+x5=1; (xg=%,=x5=0). )

If A and B are the concentrations of ligand in the inside and outside
equilibration layers, respectively, the kinetic equations now become:

'idx—tz"zkanl_‘kde—kanZ+kdX4“"‘km(x2’_X3)

dxs

dt =——kan3+kdx4+kan1-—kdx3+k,,,(x2-—-x3)
dx,

dt =kan2+kaBX3_2kdX4

dxs K% —k ®)
—Eﬂ;—'— ¢ X1 cXs

dB
77=kp(Bo"‘B)+(—kan1'—kaBX3+kdx2+kdX4)N
dA |
'-Ei—=kp(Ai—A)+(—kan2_kan1+kdx3+kdx4)N

where A; and B, are the concentrations of ligand in the inner and outer
bulk solution, respectively. As a convention we shall always take B,>4;.
k, and k, are the constants of adsorption and desorption of the ligand

k, .
on the protomers (KR=7C3) , k, the ‘““diffusion rate constant” between the

bulk solution and the equilibration layer (assuming symmetrical equilibration
layers), and k,, the “diffusion rate constant™ across the membrane. Making
the molecular field approximation as previously mentioned, the isomerization
constant of a protomer integrated in the membrane lattice is:

7

P = —exp [Ble—n ()] =147 @

where

(=TT ®
X+ X+ X3+ X4+ X5

represents the fraction of protomers in the R conformation. Let us now
redefine the parameters and variables in the following way:

A4; _B,, A , B k., . ., kN_ kK,
i f’ ﬁa"‘Ka ““K;\ ﬁ—‘K’ E_—s’ kd_' K i) '}’—kmN,

Xp+x4=Y,; X +%={—Y;  X3t+x=Y; x+x3={r)-Y,

©)

25 J. Membrane Biol. 2
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and rearrange Eq. (3):
dy,

—=klBry—(B+1+8) Y+ Y] ()
LZ =kq[adry+eY,—(@+1+e) Y] (b)

b K [a 4 f Y=+ p 2 %] ©
A R I Co S A AEN) NG @
Zf kilye(a—0)—alry+(1+a) Y] ©

2 klyeb P B +A+DY]. @

Assuming fast equilibration of the protomers with their environment, i.e.,
kda kc>k:’15

Eq. (7a—d) may be divided by k, and k_ to yield a set of algebraic relations.
As a result one has:

_ [ 4a)p+e@+BI<r ®
T+ DB+D+e(atrp+2)’
Y= [A+Pate@+pI<r ©)
e+ DB+ D +e(a+B+2)

Replacing these values in Eq. (7e —f), one finds that the behavior of the
membrane in response to alteration of its environment is described by a set
of three equations. Two equations give the time change of the ligand con-
centration in the inner (do/dt) and outer (d f/dt) equilibration layers:

do _ {r>(a—p)

7 kie [ Gy e 0

i () (B—a)
=kae [W" - (a+1)(ﬁ+1)+8(a+ﬁ+2)] '

(1)

The third equation yields the fraction of membrane protomers which are
in the R conformation for given values of these concentrations:

(ry= 1 (equation of conformation). (12)

14° 1+ ey

[+ DB+ D+e(a+p+2)]

Egs. (10) —(12) are the basic equations on which our discussion will rest.

1+
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From Egs. (10) and (11), one deduces immediately the condition for the

steady state regime (%%:O, %i?=0) between the membrane and its
environment:

J=J, and o;+p,=a+p (13)
with

Ji=y(—)=y (B—B,)
and /

S (@=B)<ry
e+ DB+ D+e(e+5+2)]

(equation of flow). (14

Some General Predictions of the Theory

In this section we shall present some characteristic predictions of our
theory for nonelectrolytes. Most of these predictions are, at least quali-
tatively, valid in the case of electrolytes. In a later section, these predictions
will be compared to the experimental data presently available on the
subject.

Variation of Flow and Membrane Conformation with Gradient

It is clear from Eqgs. (12) and (14) that <r) and J,, are only functions
of the concentration of p in the equilibration layers, independent of the value
of the overall gradient (4a), between bulk solutions. In Fig. 2a, we have
plotted the flow and the membrane conformation {r) as a function of the
concentration difference 4a=a—f between the two equilibration layers.

The curves present several interesting features:

(1) Steep Variation of {r) with Gradient. Depending on the values of
[ and A, the shape of the {r) vs. 4« curve is more or less sigmoid. Below
some critical value of A (see Changeux & Thiéry, 1968), an abrupt dis-
continuity — a phase transition — occurs. The steepness of the relation
of {r) with 4« depends on the presence of cooperative interactions between
protomers. When A — 1, the protomers become independent and the curve
of variation of {r) with 4a becomes hyperbolic. According to our hypo-
theses, the permeability of the membrane is directly related to the number
of permeable protomers and consequently parallels the {r)> function. For
the general case where A< 1, we thus predict a steep variation of permeability
with gradient.

(2) Occurrence of “ Negative” Permeability. For certain values of the
parameters, there exists a region of the J,, vs. 4« curves where the flow of

25%
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Fig. 2a and b. Variation of J,,, the flux of p across the membrane, and of (+), the func-
tion of conformation, as a function of the difference of concentration 4o between the
two equilibration layers. The J,, vs. Ao curves are supposed to be analogous to the
experimental current-voltage curves. (a) Effect of the energy of interaction between
protomers (as indicated by 4) on the shape of the {r) and J,, vs. 4« curves. The negative
permeability region vanishes with decreasing cooperativity (4 —1). [ is defined in the
text; ny is the maximal slope of the Hill piot of the {r) function when A« is varied.
(b) Effect of the difference of concentration (4«) of p in the outer and inner equilibration
layers. For each curve the concentration S in the outer equilibration layer is kept constant
at the indicated value; only « is varied

permeant decreases when the gradient increases. By analogy with the
“negative conductance” of the electrophysiologists, we might say here that
there exists a region of “negative permeability .
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The occurrence of a negative permeability region depends upon the
gradient, the conformational transition of the protomers (for instance
expressed by /) and the cooperativity between protomers or channels (as
expressed by 4). As shown in Fig. 3b, when the gradient vanishes, the
negative permeability disappears. Presence of the negative permeability is
also conditioned by the value of /. More important is the prediction that
when A -1, i.e., when the protomers become independent, the negative
permeability vanishes as well: a simple ‘“‘rectification” of the membrane
remains.

Concerning the relation between membrane cooperativity and negative
permeability, two characteristic properties of our system are worth men-
tioning: (1) The occurrence of negative permeability does not require an
abrupt “phase transition” of the {r) function. It might be associated with a
graded — although steep — curve of variation of {r) with 4a. From a
mathematical point of view, treatment of the structural cooperativity between
membrane protomers according to an oligomeric model (Monod et al., 1965)
might be sufficient to yield a negative permeability region.

(2) Comparison of the variation of <r) and J,, with 4« shows that the
negative permeability occurs in the region where (r) varies steeply with 4«.

As discussed later, this simple prediction of the theory might be tested
experimentally.

Stability of Membrane Conformation Under Steady State Constraints

A characteristic and important property of the system constituted by
the membrane lattice and its equilibration layers inserted between two baths
of different electrochemical potential is the possibility of multi-steady state
regimes for a single value of the overall gradient (4a), established across
the membrane. Indeed, Fig. 3 shows that in the conditions where the
variation of <{r) as a function of the gradient is very steep, or highly co-
operative, there might exist three acceptable solutions of Eq. (4) which, for
a given value of the constraint (4a), =a;— f,, correspond to distinct values
of ligand concentration in the two equilibration layers. Three states of
regime for diffusion through the membrane are thus a priori accessible.
To test their infinitesimal stability, we carry out a normal mode analysis.
I o, B, and <{r), correspond to a set of steady state values of «, § and <{r),
and o is the normal mode, the time evolution around the steady state is
given by:

a()=a,+(@0)e”;  BO)=B,+(p)e”’ 15
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Fig. 3. Variation of J,, and <{r) as a function of the overall gradient (4«), between the
bulk solutions. For a given value of (4x),, chosen in the region of cooperative change,
three steady state solutions for J,, and {r) are possible. The definition of y is given

in the text
with
oo . oB
7; <1, B <1. (16)

If all the steady states are stable, ® should always be negative. In order
to see if w might become positive and thus some of these states be unstable,
we first linearize the Egs. (10) —(12) and for simplicity consider the case ¢ <1.
From Eq. (12):

1
O =1ITa+a) AP
and
_ . ( ba . OB
where

G =0
X ON Y ES

(18)

G here is always positive; only when InA < —4, are there certain values
of ¢r) for which G becomes negative. These values correspond to an
equilibrium phase transition of the membrane lattice, a trivial case of
instability which is not dissipative, i.e., not coupled with a flow of ligand.
In the following analysis, we consider the situation where In4 > —4; in other
words, the variation of {r) with 4« is graded. Replacing Eqs. (15) and (17)
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into Egs. (10) and (11), we get the dispersion relation for w:

o\’ o s s G(4a)’
(k_E) e (2” (+a)? A+B) (1+as)2(1+ﬁs)2) .
{r)s {r)s G(da)* _
* (” (+a)?  (A+B)7~ (1+ocs)2(1+ﬂs)2) =0.
The roots of this equation are:
@y =— k.;ET s
and
Y s s G(4a)
@ ==K (1 7 ey A Ay 20)
As a result, if the condition:
2
. s s _ G(4a) @1

T+ A8 Ura)’(+5)

is fulfilled, the system goes through a point of marginal stability. Beyond
this point, w, becomes positive and the steady state considered will be
unstable. In order to attain this critical value, it is clear that G’ must be as
large as possible. From Eq. (18) it is seen that G — 0 both for <> -0 and for
{ry—1, i.e., when all the protomers are in the same conformation. On the
contrary, G is maximal for {r)=1/2, i.e., in the region of maximal co-
operative change. Accordingly, introducing in Eq. (21) the steady state
values for o and p corresponding to state (2), it is found that state (2) is
unstable.

Dissipative instabilities associated with the translocation of a permeant
across the membrane lattice are thus possible (prediction # 3 of Theory),
even when the structural transition of the membrane is graded. Occurrence
of such instabilities is conditioned by the value of the gradient and the
presence of cooperative interactions between protomers. Interestingly, the
presence of the instability depends also on the parameter y which is pro-
portional to k,/k,, the ratio of diffusion rate into the equilibration layer
and translocation rate through the membrane. If this ratio is very high,
i.e., if the diffusional barrier of the equilibration layer is negligible, Eq. (21)
will never be attained. This illustrates the requirement for the equilibration
layer in the presentation of the model.

In contrast, introducing in Eq. (21) the steady state values for « and 8,
it is found that only the two extreme steady states (1) and (3) are stable.
Therefore, (2) corresponds to some kind of “threshold state”. In this region
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of maximum cooperativity, the concentration of ligand in the equilibration
layers is predominantly controlled by the change in membrane permeability.
Fluctuations around state (2) increase ‘“‘consumption’ of ligand by the
membrane so abruptly that its “production” by diffusion from the bulk
solutions can no longer compensate this effect. If we now consider states (1)
and (3), small subthreshold perturbations will let the system relax to the
original state, but, when state (2) is reached, the system jumps to the other
stable steady state, corresponding to a different composition of the membrane
in R protomers and thus to a different permeability. Of importance is the
fact that, whatever the magnitude of the supra-threshold perturbation, the
amplitude of the jump is a constant since the same steady states are always
reached. The theory thus predicts the all-or-none response of the membrane
to perturbations of its environment (prediction # 4 of Theory). In addition,
once disturbances have been amplified locally by the instability, it is easy
to see that this effect might spread over to the neighboring regions and
propagate through all the membrane.

Time Course of Membrane Response to Finite Perturbations

We shall restrict our study of the time course of the membrane response
to finite perturbations in the interesting domain where the values of the
constants and of the overall gradient (4 «), permit the existence of the three
stationary states. From the results discussed above, we know that two
stable steady state regimes of the membrane which correspond to states
of low and high permeability of the membrane are separated by a saddle
point. (4a), being maintained constant, a perturbation might be defined
as a change of either the value of 4¢, or of that of {r).

From Eqgs. (10) —(12) and our preceding discussion, it is clear that both
quantities are closely related. Therefore one may expect that both types of
perturbation lead to qualitatively identical behaviors.

Let us first analyze the time evolution of 4« in response to perturbation
of the steady state value of {r).

A typical example is presented in Fig. 4 where the numerical values
of the parameters selected are the following:

Bo=20; o,=3.48; A=002; [=10°; y=810"%; Kk,=10% e=10"3 (22)
The three steady states solutions are then:
), =350 o,=1678 B,=6.70 J,,=0.0257 (a)
(ry,=4.20 a,=1646 B,=7.02 J,,=0.0283 (b) (23)
(FY3=6.65 w3;=1557 B,=791 J,;=0.0351. (c)
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(¢
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0 20 40 60 80 100
time
Fig. 4. Variation of {r) and J,, as a function of time after a perturbation of {r). The
steady state value r, =0.35 is altered by a rapid perturbation, finite in time and magnitude
(maximum duration of 30 time units). Curves () & (2) correspond to subthreshold
perturbations; (3), (4) and (5) are suprathreshold. For numerical values, see text

Starting with Eq. (23a) as initial conditions, we rapidly change <r) from
{ry; to {r>, + 4<r)> and maintain it at this value. Then two situations are
possible (Fig. 4).

(1) Subthreshold Perturbations. This occurs when ), + 4{r> <<{r>, and
corresponds to curves I —2 in Fig. 4. These curves show three distinct
features: (i) the permeability increases, accompanied by a jump of the flux
to a higher value; (ii) the flux decreases; the diffusion from the bulk solution
no longer compensates the translocation of p through the membrane;
(iii) when Ao has sufficiently diminished, a new time-dependent regime
is reached. If the perturbation is then no longer maintained (a maximum
duration of 30 time units has been allowed here), the system relaxes to the
initial steady state Eq. (23a).

The amplitude of the maximal response of J,, is directly proportional
to the amplitude of the stimulation. The response is *“graded”.

(2) Supra-Threshold Perturbations. For values <{r), +A4<{r)>><r), (see
curves 3 —35), the first stage of evolution again yields parts (a) and (b).
After a given length of time, however, <{r) increases rapidly, following
high-order kinetics up to state (3). This fast increase of {r)», owing to the
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Fig. 5. Relation between the magnitude of the perturbation of {r> and the time during
which it must be applied in order to observe the all-or-none response

structural cooperativity of the membrane, overwhelms the decrease of
permeant gradient; as a result, the flux increases again. Under these con-
ditions, the flux passes through a maximum, a consequence of the fact
that the cooperative change in permeability occurs much faster than the
change in 4« by diffusion. It is of interest that, as long as the cooperative
increase of {r> has started, the system evolves spontaneously to the high
permeability state. The perturbation has no longer to be maintained. As
shown in Fig. 5, the time which elapses between the initiation of the per-
turbation and the start of the jump is directly related to the magnitude of the
supra-threshold perturbation. The plot of the time elapsed before the jump
as a function of the amplitude of the perturbation shows striking analogies
with the strength duration curves familiar to the physiologist (Lapicque,
1909; Erlanger & Gasser, 1937).

Comparison of Theory and Experiment

The present theory is strictly valid for the case of a single nonelectrolyte
species. In the majority of biological membranes, however, electrical
excitation is associated with the translocation of several, often two, some-
times three, charged species. In spite of this difficulty, it is nevertheless
instructive to compare the specific predictions of our theory with some
characteristic physiological properties of biological membranes, keeping in
mind that some of these properties critically depend more on a selective
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mechanism of cooperative transport in a non-equilibrium environment than
on the fact that the relevant permeant is charged. In subsequent papers,
we will extend the theory to the electrolyte situation but with additional
assumptions. In particular we will consider the influence of membrane po-
tential on the kinetics of interaction of the ion with its membrane site,
on the kinetics of the conformational transition of the protomer if one of
the two states is more polarizable than the other (Hill, 1967) and on the
distribution of ions in the equilibration layer on the membrane surface.

Selective Transport

An important assumption of the theory is that specific binding states
of membrane protomers are involved in the process of excitation and that
the selective recognition of a ligand is a process distinct from its translo-
cation.

The distinction between outside and inside binding sites is in agreement
with the experiment of Adelman and Senft (1968) and of Tasaki and his
associates (Tasaki, Watanabe, Sandlin & Carnay, 1968) which demonstrate
the asymmetrical behavior and thus the structural asymmetry of the squid
axon membrane. The distinction between binding and permeation leads to
the prediction of membrane effectors which might bind to the recognition
site of the protomer without being transported and thus prevent, by steric
hindrance, the translocation of the physiological permeant. This is probably
the case for cesium ions in the giant axon of the squid: cesium ions, when
added to the outside medium, block the inward current of potassium in
the axon without themselves being transported (Adelman & Senft, 1968).
Other ligands which cannot be considered as structurally analogous to the
permeating species might also control the properties of the protomer by
binding to some “allosteric™ site distinct from the recognition site for the
ion. This is possibly the case with tetrodotoxin or saxitoxin which block
sodium permeability in axons (Narahashi & Moore, 1968; Hille, 1968).

Variation of Conductance with Potential

Although our equations have been derived for a non-charged permeant,
it is nevertheless of interest to investigate what are the characteristic pre-
dictions of the theory for the relation of flux (J,,) with the chemical gradient
(4 @), assuming for the time being that such a relation parallels the relation-
ships between electrical current and membrane potential in the electrolyte
case.

As mentioned above, the curves given by the theory show a striking
similarity of shape with the current-voltage curves measured with a variety
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of biological preparations (Grundfest, 1966). We have mentioned that,
according to our theory, the negative permeability region disappears when
the electrochemical gradient across the membrane is abolished. In fact,
when a squid giant axon is internally perfused with a medium having the
same ionic composition as its external environment, the negative con-
ductance region of the current-voltage relationships is no longer present
(Baker, Hodgkin & Shaw, 1961).

Our theory is also in agreement with the observations of Dodge and
Frankenhaeuser (1959) on the “node of Ranvier” that the variation of
external concentrations of sodium promotes a change in the current-voltage
curve without changing the shape of the curve of variation of sodium
permeability with potential. Their experimental results can be fitted remark-
ably well by theoretical curves similar to those shown in Fig. 2, assuming
the sodium permeability to be proportional to our <{r) function.

Instabilities

The theory predicts that, for given values of the constants and of the
constraint, perturbation of the membrane environment or of membrane
structure might give rise to an all-or-none response. Excitation is viewed
as a “jump” between two stationary states of the membrane with different
permeabilities for the same permeating species. Such a property is highly
reminiscent of some simple cases of membrane response to a small variation
of electrical current or potential: for example, the abrupt rectangular
depolarization observed with a variety of biological membranes under
special conditions of environment (see Tasaki, 1968, p. 105; Grundfest, 1966)
or the resistive action potentials of some artificial membranes (Mueller &
Rudin, 1968).

Interestingly the kinetics predicted by the theory (Fig. 4) are strikingly
similar to those obtained with various membranes after a brief pulse of
current (or potential).

Our theory can easily be extended to fit the more complicated but classic
case of a transient action potential and, more particularly, to explain the
spontaneous reestablishement of the resting potential after the initial de-
polarization. At least two different permeating species will then be required.

From a structural point of view, it is of interest that the presence of
equilibration (or “unstirred”) layers have already been postulated for years
in the case of the axonal membrane (see Tasaki, 1968, p. 46). Fixed charges
might play an important role in controlling the diffusion of electrolytes
in the biological case (Mauro, 1962).
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Cooperative Structural Transition

An important aspect of our theory is the assignment of the changes
in the electrical parameters of excitable membranes to a characteristic
modification of membrane structure. These structural changes which have
not yet been identified unambiguously might involve both the protein and/or
the lipidic moiety of the protomers, their motion as well as their configura-
tion. However, the experimental data obtained by various workers (Cohen,
Keynes & Hille, 1968; Tasaki et al., 1968; Tasaki, Carnay, Sandlin &
Watanabe, 1969; Carnay & Barry, 1969) on optical changes accompanying
the propagation of action potentials suggest that such an identification
should be possible in the near future. Particular emphasis is given in our
approach to the distinction between the flux equations and the conformation
equations. Experimentally these two functions should be distinct; moreover,
as illustrated in Fig. 2, the theory predicts that the function of conformation
should vary steeply with the gradient in the conditions where the negative
permeability or conductance is observed. Such an experimental test of the
theory would be to some extent analogous to the comparison between state
and binding functions suggested by one of us (Changeux & Rubin, 1968)
as a clue for the characterization of allosteric transitions in regulatory
enzymes.

In order to explain membrane cooperative effects, we have proposed
a structural, or conformational, coupling between protomers or channel-
carrying elements. First of all, the precise distribution of the protomers
within the membrane is not critical as long as the protomers interact.
Although we favor a lattice model because it deals with an original structural
property of biological membranes, as mentioned above, alternative mathe-
matical treatment of the cooperative interactions between neighboring
protomers, even an oligomeric model, might give similar results. We should
mention, in relation to this point, that repeating units organized in a more
or less regular lattice structure have been well identified in several axonal
and synaptic membranes. In particular, such a structure is present in mem-
brane fragments which originate from the innervated excitable face of the
electroplax but is absent in fragments which originate from the non-inner-
vated inexcitable one (Benedetti & Changeux, unpublished observations).

A serious alternative to our structural hypothesis is that the apparent
cooperativity arises solely from a long-range, indirect electrical coupling.
The effects would be “collective” rather than cooperative. A ¢ritical pre-
diction of such an electrical coupling is that the cooperativity would be
strictly determined by the absolute value of the potential and would be
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less dependent upon the nature of the ion transported. In fact, this does not
seem to be the case with biological membranes (Hodgkin, 1964). A more
direct proof for structural cooperativity would be to show that cooperative
effects are still present at comstant electrical potential when only the ionic
(chemical) gradient is changed. This seems to be the case for potassium ions
with the electroplax (unpublished experiments). Moreover, the demonstration
of a structural coupling might come from the performance of a desensiti-
zation experiment, analogous to the desensitization of regulatory enzymes
(Changeux, 1961; Gerhart & Pardee, 1962): adequate chemical treatments
of the membrane might selectively alter the nearest-neighbor interactions
between ionophores. Correlatively, the observed cooperative effects would
be impaired and the all-or-none response might become graded.

In any case, accounting for the very high value of the electrical fields
established across the membrane, the occurrence of some long-range
electrical effects, superimposed to the structural effects, might have to be
seriously considered.

Link Between Membrane Excitability and “Dissipative Structure”

In this section, we would like to make more explicit, from the thermo-
dynamic point of view, the relation between the properties of a membrane
under equilibrium and non-equilibrium conditions. Therefore it might be
worthwhile to make a brief comparison with other examples of unstable
systems in biology. Indeed, it has been reported (Prigogine, Lefever, Gold-
beter & Herschkowitz-Kaufmann, 1969) that some enzymatic systems seem
to function beyond a dissipative transition under physiological conditions.
More precisely, instabilities are present beyond which part of the energy
dissipated by the chemical processes can be transformed into internal order,
in time, in space, and from the functional point of view. These phenomena
illustrate how the microscopic properties of enzymes, (e.g., activation,
inhibition, cross feedback or autocatalysis, etc.) can be magnified by the
flow of energy into order at a macroscopic level. The concept of “dissipative
structures” was therefore introduced by Prigogine (1969) to describe this
type of structuration processes which, at least to some extent, might be
considered as the “building steps”” of biological order.

In the same way, the results reported here indicate how the cooperative
molecular properties of membrane units can be amplified by energy dissi-
pation and account for the phenomenon of membrane excitability. If we
go back to the behavior of the system under equilibrium conditions, Eq. (12)
which gives the conformational state of the membrane reduces immediately
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Fig. 6. In the plane corresponding to thermodynamic equilibrium (i.e., for fy=«)),
we have plotted {r) as a function of «;, the normalized concentration of p in the inner
bulk solution. Only one value of {r) is then accessible to the membrane for a single
value of «;. In a plane perpendicular to the plane of the figure, we have plotted {r)
as a function of the overall gradient (4«), for a given value of «;. The figure shows
how the behavior of the system is modified when the membrane is brought into
environmental asymmetry

to the one derived by Changeux et al. (1967):

1
14
I aTar

(ry=

with a=8=8,=ua;.

One sees immediately then, for example, within the framework of
numerical values considered here for A4 (4<4,), that at equilibrium no
multiple states for {r) are possible for a single value of «, and consequently
there is no threshold state or instability. As shown in Fig. 6, a multivalued
{r» function appears here as the result of the “functioning” of the system
inserted in a concentration gradient. The system possesses the freedom to
leave the equilibrium plane where §,=«; and to find new working conditions
more adapted to its environment. As a result we see that when the deviations
of the overall gradient from equilibrium are small, the conformational
curve {r) corresponds to an extrapolation of the equilibrium situation.
One may therefore say that the membrane state lies then on the “thermo-
dynamic branch”.? On the contrary for bigger values of the gradient, the

3 This is in agreement with the well-known experimental fact that, at the peak
of the spike, the electrochemical potential difference for sodium ions across the membrane
is not far from zero.
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membrane, in our model, exhibits a low conductance and is in its resting state.
The membrane organization or conformation would then lie on the other
branch which corresponds to a “dissipative structure”. This again ex-
emplifies the fact that the constraints imposed by the outside world on
biological systems bring them to a state where their properties can no longer
be understood solely on the basis of an extrapolation of the equilibrium
situation (for more detail, see Prigogine & Nicolis, 1967; Lefever, Nicolis &
Prigogine, 1967; Prigogine & Lefever, 1968; Lefever, 1968). Here we see
that the resting state of the membrane corresponds to a molecular orga-
nization which is separated from its excited state, obtained by gradual
deviation from equilibrium, by a discontinuity; a jump across this dis-
continuity following small perturbations constitutes the membrane excitation
process. Since such a process is based on the coupling of a cooperative
structural transition of the membrane with a downhill translocation of
ions, we might qualify membrane excitation as an ‘““assisted phase tran-
sition””.

We thank Professor 1. Prigogine for his stimulating encouragment, discussion and
interest in this work and Drs. P. Ascher, A. Katchalsky, T. R. Podleski, T. I. Shaw and
B. Lavenda for helpful advice. The work of R. B. was supported by an E. M. B. O.
fellowship and that of R. L. by the Fonds de la Recherche Scientifique Fondamentale
Collective. We acknowledge the financial support of the U.S. National Institutes of
Health, the Délégation Générale a la Recherche Scientifique et Technique, the Centre
National de la Recherche Scientifique and the Commissariat 4 ’Energie Atomique.

References

Adam, G. 1968. Theorie der Nervenerregung als kooperativer Kationenaustausch in
einem zweidimensionalen Gitter. 1. Ionenstrom nach einem depolarisierenden Sprung
im Membranpotential. Z. Naturforsch. 23b:181.

Adelman, W. J., Senft, J. P. 1968. Dynamic asymmetries in the squid axon membrane.
J. Gen. Physiol. 51:1028S,

Baker, P. F., Hodgkin, A. L., Shaw, T. 1. 1961. Replacement of the protoplasm of a
giant nerve fibre with artificial solutions. Nature 190:885.

Blumenthal, R., Changeux, J. P., Lefever, R. 1970. Une théorie de I’excitation électrique
des membranes biologiques. Compt. Rend. Acad. Sci., Paris 270D:389.

Carnay, L., Barry, W. H. 1969. Turbidity, birefingence and fluorescence changes in
skeletal muscle coincident with the action potential. Science 165:608.

Changeux, J. P. 1961. The feedback control mechanism of biosynthetic L-threonine
deaminase by L-isoleucine. Cold Spring Harbor Symp. Quant. Biol. 26:313.

— 1966. Responses of acetylcholinesterase from Torpedo marmorata to salts and
curarizing drugs. Mol. Pharmacol. 2:369.

— 1969, Remarks on the symmetry and cooperative properties of biological membranes.
In: Nobel Symp. No. 11, Symmetry and Function of Biological Systems at the
Macromolecular Level. A. Engstréom and B. Strandberg, editors. p. 235. John Wiley,
New York.



Membrane Excitability and Dissipative Instabilities 373

Changeux, J. P., Blumenthal, R., Xasai, M., Podleski, T. 1970. Conformational tran-
sitions in the course of membrane excitation. In: Ciba Foundation Symposium,
Molecular Properties of Drug Receptors. (in press)

— Podleski, T. R. 1968. On the excitability and cooperativity of the electroplax
membrane. Proc. Nat. Acad. Sci. 59:944.

— Rubin, M. M. 1968. Allosteric interactions in aspartate transcarbamylase. 11I. Inter-
pretations of experimental data in terms of the model of Monod, Wyman and
Changeux. Biochemistry 7:553.

— Thiéry, J. 1968. On the excitability and cooperativity of biological membranes.
In: Regulatory Functions of Biological Membranes. J. Jarnefelt, editor. BBA Library,
Vol. 11. Elsevier, Amsterdam.

— — Tung, Y., Kittel, C. 1967. On the cooperativity of biological membranes. Proc.
Nat. Acad. Sci. 57:335.

Cohen, L. B., Keynes, R. D., Hille, B. 1968. Light scattering and birefringence changes
during activity. Nature 218:438.

Cole, K. S. 1955. Ions, potentials and the nerve impulse. In: Electrochemistry in Biology
and Medicine. T. Shedlovsky, editor. p. 121. John Wiley, New York.

— Moore, J. W. 1960. Potassium ion current in the squid giant axon: Dynamic charac-
teristic. Biophys. J. 1:1.

Dodge, F. A., Frankenhaeuser, B. 1959. Sodium currents in the myelinated nerve fibre
of Xenopus laevis investigated with the voltage clamp technique. J. Physiol. 148:188.

Erlanger, J., Gasser, H. S. 1937. Electrical signs of nervous activity. University of
Pennsylvania Press, Philadelphia.

Gerhart, J. C., Pardee, A. B. 1962. The enzymology of control by feedback inhibition.
J. Biol. Chem. 237:891.

Gordon, R. 1968. Steady-state properties of Ising lattice membranes. J. Chem. Phys.
49:570.

Grundfest, H. 1966. Heterogeneity of excitable membranes: Electrophysiological and
pharmalogical evidence and some consequence. Ann. N.Y. Acad. Sci. 137:901.

Hill, T. L. 1956. Statistical Mechanics. McGraw-Hill, New York.

—~ 1967. Flectric fields and the cooperativity of biological membranes. Proc. Nat. Acad.
Sci. 58:111.

— Kedem, O. Studies in irreversible thermodynamics. III. Models for steady state
and active transport across membranes. J. Theoret. Biol. 10:339.

Hille, B. 1968. Pharmacological modification of the sodium channels of frog nerve.
J. Gen. Physiol. 51:199.

Hodgkin, A. L. 1964. The Conduction of the Nervous Impulse. Liverpool University
Press, Liverpool.

— Huxley, A. F. 1952. A quantitative description of membrane current and its appli-
cation to conduction and excitation in nerve. J. Physiol. 117:500.

Katchalsky, A., Spangler, R. 1968. Dynamics of membrane processes. Quart. Rev.
Biophys. 1:127.

Koshland, D. E. 1963. The role of flexibility in enzyme action. Cold Spring Harbor
Symp. Quant. Biol. 28:473.

Lapicque, L. 1909. Definition expérimentale de I’excitabilité. Compt. Rend. Soc. Biol.
67:280.

Lefever, R. 1968. Dissipative structures in chemical systems. J. Chem. Phys. 49:4977.

— Nicolis, G., Prigogine, I. 1967. On the occurence of oscillations around the steady
state in systems of chemical reactions far from equilibrium. J. Chem. Phys. 47:1045.

Mauro, A. 1962. Space charge regions in fixed charge membranes and the associated
property of capacitance. Biophys. J. 2:179.

26 J. Membrane Biol. 2



374 R. Blumenthal, ef al.: Membrane Excitability and Dissipative Instabilities

Monod, J., Changeux, J. P., Jacob, J. 1963. Allosteric proteins and cellular control
systems. J. Mol. Biol. 6:306.

— Jacob, F. 1961. General conclusions: Teleonomic mechanisms in cellular metabolism,
growth and differentiation. Cold Spring Harbor Symp. Quant. Biol. 26:389.

— Wyman, J., Changeux, J. P. 1965, On the nature of allosteric transitions: A plausible
model. J. Mol. Biol. 12:88.

Mueller, P., Rudin, D. O. 1968. Resting and action potentials in experimental bimolecular
lipid membranes. J. Theoret. Biol. 18:222.

Mullins, L. J. 1956. The structure of nerve cell membranes. In: Molecular Structure and
Functional Activity of Nerve Cells. p. 123. American Institute of Biological Sciences,
Washington, D.C.

Nachmansohn, D. 1959. Chemical and Molecular Basis of Nerve Activity. Academic
Press, New York.

Narahashi, T., Moore, J. W. 1968. Neuroactive agents and membrane conductance.
J. Gen. Physiol. 51:938S.

Podleski, T. R., Changeux, J. P. 1970. On the excitability and cooperativity of the
electroplax membrane. In: Fundamental Concepts of Drug-Receptor Interactions,
Proc. 3rd Ann. Buffalo-Milan Symp. on Mol. Pharmacol. August 28th, 1968.
F. Danielli, J. F. Moran and D. J. Triggle, editors. 93. New York Academic Press.

Prigogine, I. 1967, Introduction to Thermodynamics of Irreversible Processes. Inter-
science Publ., New York.

— 19694a. Structure, Dissipation and Life. In: Theoretical Physics and Biology. M.
Marois, editor. North Holland Publishing Co., Amsterdam.

— 19695. Dissipative structures in biological systems. Report at the 2nd Intern. Conf.
on Theoret. Phys. & Biol. Institut de la Vie, Versailles, July, 1969. To be published
by North Holland, Amsterdam.

— Lefever, R. 1968. Symmetry breaking instabilities in dissipative systems II. J. Chem.
Phys. 48:1695.

— — Goldbeter, A., Herschkowitz-Kaufman, M. 1969. Symmetry breaking instabilities
in biological systems. Nature 223:913.

— Nicolis, G. 1967. On symmetry breaking instabilities in dissipative systems. J. Chem.
Phys. 46:3542,

Strissler, S., Kittel, C. 1965. Degeneracy and the order of the phase transformation
in the molecular field approximation. Phys. Rev. 139: A 758.

Tasaki, I. 1968. Nerve Excitation: A Macromolecular Approach p. 201. C. Thomas,
Springfield, IIL.

— Carnay, L., Sandlin, R., Watanabe, A. 1969. Fluorescence changes during conduction
in nerves stained with acridine orange. Science 163:683.

— Watanabe, A., Sandlin, R., Carnay, L. 1968. Changes in fluorescence, turbidity,
and birefringence associated with nerve excitation. Proc. Nat. Acad. Sci. 61:883.



