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Abstract The steady-state diffusion of ions through sep-
arate, selective channelsis described according to irrever-
sible thermodynamics. lon fluxes thus obtained are the
same as those in the parallel conductance model. The
equivalent electric circuit set up to describe the system has
its electromotive forces expressed by the chemical poten-
tials of the diffusing ions. The expression obtained for the
potential differs from the Goldman-Hodgkin-Katz for-
mula, and is reputed to be more accurate. In order for the
passive diffusion flows to remain steady, active transport
mechanisms must pump the ions up their electrochemical
potentials. Such pumps have been incorporated into the
equivalent circuit. They supply energy lost in the dissipa-
tion caused by preexisting passive forces without affect-
ing the potential, which can thus hardly be called passive
diffusion potential. lon pumps can also create an electric
potential in excess of that by passive forces, especially
when secondary active transport is involved. The same
equivalent circuit is, however, able to describe the whole
range of seemingly different situations —from passive dif-
fusion of an electrolyte to active extrusion of anions from
theliving cell. It has been applied to explain the measured
plasma membrane potential of cells, especially those
whose potential does not behave as the potassium elec-
trode.

Key words Potential generation - Parallel conductance
model - Equivalent circuit - Diffusion potential -
Pump potential

Introduction

In many instances the resting potential of living cells is
found to be equal or near the Nernst equilibrium potential
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of acertainion, mostly the potassium ion. Then one would
tend to think that the ion in equilibrium has the largest
permeability constant and its intracellular and extracellu-
lar concentrations determine the resting potential of the
cell.

At timesthe potential could not be accounted for by the
ratio of concentrations of aparticular ion, but it wasfound
responsiveto ion pump inhibitors. Henceit was concluded
that electrogenic ion pumps generated the plasma mem-
brane potential of some animal cells (e.g. Bashford and
Pasternak 1984).

There are also many attemptsto account for the plasma
membrane potential of living cells by saying that itissim-
ply adiffusion potential brought about by all the ions per-
meating through the membrane. There are claims that the
potential could be calculated by using the Goldman-Hodg-
kin-Katz (GHK) equation if only we knew the permeabil -
ity constants and concentrations of all the ions involved.
Alternatively, the same could be achieved by measuring
membrane conductances for all the ions and their equilib-
rium concentration distributions. Here the so-called par-
allel conductance model is involved. However, that ap-
proach has also had its difficulties, and cannot do without
invoking contributions from ion pumps.

In general, the approach has been such that an ion is
sought whose distribution could account for the membrane
potential when using the Nernst formula. If such an ion
cannot be found, the potential is said to be created by sev-
eral ions diffusing down their electrochemical potentials,
i.e. by the diffusion potential. More often than not, both
the above interpretations have to ascribe a part of the po-
tential, although usually asmall one, to the action of an ac-
tive transport system (Dawson et a. 1989; Gerard et al.
1994).

Taking into account the multitude of experimental and
theoretical works that have appeared on the subject, it
seems fair to say that the above-mentioned approach has
not been successful. Scrutiny of the current el ectrophysio-
logical literature leaves us with no understanding of the
mechanism which creates the cell membrane potential, in
particular of the role of the so-called electrogenic pumps,



the membrane permeability properties toward the respec-
tive ions, and their concentration distribution. This does
not mean that thereisany lack of seemingly plausible mod-
els which are able to reproduce experimental dataif only
fed with a sufficient number of skillfully chosen parame-
ters (Siegenbeek van Heukelom 1994).

In order to have a sound basis, and for compl eteness of
the description, we start with steady-state diffusion of ions
using, first, themethod of irreversiblethermodynamicsand
then the equivalent circuit method based also on irrever-
sible thermodynamics. Thetwo methods proveto yield the
same result, which is the so-called “parallel conductance
model”, but with a difference with respect to the model
known so far. Also, the simple steady-state difffusion sit-
uation has been made more realistic by incorporating ion
pumps into the circuit, in the form of pump electromotive
forces, in order to keep the diffusion steady.

The equivalent circuit proposed hereis able to describe
the wholerange of seemingly different mechanisms of po-
tential generation: from the simple diffusion potential,
where chemical potential differences of the diffusing ions
cover energy lost on dissipation; via the Nernst equilib-
rium potential of one of the ions, where the other ion must
be pumped up its chemical potential; up to the genuine
pump potential set by the EMF of the pump without in-
volvement of ion diffusion, where the energy on dissipa-
tion comes from the affinity of a chemical reaction. This
unified description indicates a unique mechanism of po-
tential generation, which is a slight charge separation oc-
curring at the membrane (by the distance of the Debye
length ~10~° m) dueto achemical potential gradient of the
ions diffusing (or staying at thermodynamic equilibrium)
or caused by aforce originating from the affinity of apump
chemical reaction driven by ATP. In the former case the
potential is said to be adiffusion potential (or equilibrium
potential) and in the latter is a pump potential. This work
shows that the physics in both the cases is the same. The
only reason for distinguishing between the active and the
passive is the way the energy needed to cover dissipation
is supplied.

Besides having asound basis, whichisirreversiblether-
modynamics, being consistent, and universal, the present
approach provesto be effective for interpreting the results
of electrophysiological experiments, asisshown at theend
of this paper.

Steady-state diffusion:
irreversible thermodynamics treatment

The most fundamental and safe way of describing steady
flows of matter is to assume that any flux, J,, can be ex-
pressed as alinear function of forces, X,, in the following
way: J.=2Ly X;, where the phenomenological coeffi-
cients L, are independent of the forces.

Since the cell membrane is known to have separate
channelsfor therespectiveions, the description can besim-
plified even further by dropping the cross coefficients.
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Thus we have J,. =L, X, for the kth ion, where the force
X =—grad p,, with p, being the electrochemical potential
of thekthion. Integrating the flux equations over the mem-
brane thickness, Ax, we get

J=- (1)
Now employing the expression p,=pup +RT Ina, +z FY
for the electrochemical potential of an ion of valency z,
and activity a,, we obtain the expression:

__i% a H
= Ax Tlna{(+szAwE

where Ay =y'" —' is the electrical potential difference
between the two sides of the membrane. Hence the follow-
ing expression results for the electric current, |, ,=z FJ,,
carried by theion:
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Since the membrane potential E, is defined as
E, =y —y" =-Ay, wefinaly get
le = gk (Em—Ei) (4)

where g.=L,(Fz)%Ax is the conductance and
E.=(RT/z.F) In(&/ay) =Ap /7 F isthe kth ion’s chemi-
cal potential difference expressed in volts that contributes
to or detracts from the flow caused by the membrane po-
tential E,,,. From the condition of global electroneutrality,
i.e. 21, =0, using Eq. (4) wefind that E,,=2g, E,/>g,, an
expression known as Hodgkin-Horowicz equation.

Equation (4) represents the way of describing the pas-
sivediffusion of ionsacross membranesknown asthe* par-
allel conductance model”, where the passive diffusion of
ions across membranes having separate channels for indi-
vidual ionsismodeled asaset of parallel resistorsR, =1/gy,
through which electric currents, I, are driven by the dif-
ference of electromotive forces, E,,—E,.

A steady-state operation of such a system is possible
only when no electric current is being transferred across
the membrane. Otherwise, there would be an accumula-
tion of charges on both sides of the membrane “which is
physically and biologically senseless” (Schoffeniels and
Margineanu 1990). In order to satisfy this global electro-
neutrality condition, we haveto consider at | east two cur-
rents of opposite charges flowing in the same direction
or of the same-sign charges flowing in opposite direc-
tions. Thus, the minimum circuit to consider isthe onein
Fig. 1a

Equivalent circuit treatment

Now, let us make a new attempt at describing the steady
diffusion situation, forgetting about the results of the pre-
vious description. To begin with, let us take the simplest
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Fig. 1 Equivalent circuit for an electrolyte diffusing downhill its
chemical potentia (a), and the mechanism of potential generation
(b). Also the equivalent circuit for an electroneutral cation-anion
symport, or cation-cation antiport, or anion-anion antiport

Fig. 2 Electric energy diagram for the equivalent circuit in Fig. 1,
with potential difference V across the membrane

situation possible, namely steady-statediffusion of an el ec-
trolyte across a membrane permeableto it. If it isan acid,
say HCI, protons tend to go ahead of the anions and a po-
tential difference develops as indicated in Fig. 1b. An
electrical representation of this situation is the circuit
shown in Fig. 1a, where | is the current carried by pro-
tons and |, that by chloride anions (current of negative
charges to the right is the same as current of positive
charges to the left).

Anenergy pictureof thecircuitisshowninFig. 2, where
V isthe voltage that develops on the membrane as aresult
of the electromotiveforces (E; and E,) and potential drops
on the resistors. From Fig. 2 we obviously have

LR =B, -V O 1;=0:(E;-V)
LR, =E;+V 0O I;=0,(E;+V) %)

There is, of course, no electric current across the mem-
brane when an electrolyte diffuses across it, so that
I,=1,=1, where | is the electric current in the circuit. On
substituting expressions (5) into this double equation, we
get

| = 092 (E1+E2), V:glEl_ngZ
qto Gt

Now, we have to identify the electromotive forces E; and
E,. For that purpose let us be guided by something tan-
gible and reliable, i.e. the expression for the dis-
sipation function of irreversible thermodynamics:
> X J=0T=0, where X, =—grad p,.. Thisis quite legiti-
mate, since we are describing a passive, spontaneous
process, for which the entropy production ¢ must be

(6)

positive. For our system in the steady state we consider
thismeansthat (—Ap4 J; —Ap, J,) >0. Sincethetwo fluxes
are positive and downhill the respective electrochemical
potentials, both terms in the dissipation function are pos-
itive and equal to the work dissipated in each of the resis-
tors:

-ApyJ; =1,(E;-V)

—ApyJ, =1,(Ex+V) (7)

These equations establish energetic equivalence between

ionic diffusion and the electric circuit of Fig. 1a
Employing now the expression for the electrochemical

potential of anion, g, =y + p+z FY, andputting F J; =1,

and FJ,=I, into Egs. (7), we get:

__DAm _RT,. a4
E]_— 7F —7F In "
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These expressions together with expressions for the cur-
rents [Egs. (5)] are completely equivalent to Eq. (4) and
the respective expressions for E,., which can be easily ver-
ified when noting that E; ,=-E, and E,,,=-V.

Comparing with results of the previous section, we see
that the straightforward thermodynamic descriptionisfully
compatible with that given by the parallel conductance
model asrepresented by the equivalent electric circuit. The
two are equivalent both with respect to fluxes and energy.
However, thisis not the well-known model revisited. An
important fact has emerged from our way of treating the
subject. Namely, that the electromotive forces E, are not
the Nernst equilibrium potentials of the respective ions,
but ion-motive forces established by chemical potential
differencesof theions. Fromtheexpression |, =g, (En—Ey)
it is seen that 1, =0 when E,,=E,. However, E,,=-V, and
thus we get V =—E,.. This means that the kth ion remains
at equilibrium because its motive force E is balanced by
the membrane potential V, i.e. the two are equal but of op-
posite sign. Since, by convention, the cell membrane po-
tential E,,,=—V, thegenerally practicedidentification of the
cell equilibrium potential with E is technically correct.
However, it becomes very awkward and misleading when
one tries to understand the physics of membrane potential
generation. For thisreason it ismuch better, at least for the
purposes of this work, to use the ion-motive forces as de-
fined by Eq. (8).

Besides removing the above-discussed difficulty, the
present treatment has the advantage of not making any as-
sumptions (aside of stationary and separate channels for
theions) that could restrict its application scope and/or im-
pair its accuracy.

We can now compare Eq. (6) withthewell-known GHK
expressionfor thetransmembraneresting potential . For our
simple situation of the electrolyte diffusing across a mem-
brane, the GHK equation says that

v =R, Bias+Raag

9
F o Rai+Ryag ©)



From the parallel conductance model we have [on substi-
tuting Egs. (8) into Eq. (6) for V]:

V= RT In %@Qﬁgz Dac| DQL+92 E

The two formulas, (9) and (10), look to be incompatible,
and no wonder, for the GHK formula was derived under
the assumption of constant electric field and linearity of
concentration within the membrane. The two assumptions
may impair itsaccuracy. Infact it wasfound (Offner 1991)
that measured 1/V curves depart very far from those pre-
dicted by the Goldman equation which was used for deriv-
ing the GHK relation. Therefore, the parallel conductance
model was considered to be more accurate (Offner 1991),
as well as simpler and more representative (Hodgkin and
Horowicz 1959; Djamgoz 1987).

(10)

Steady-state diffusion with pumps

Theequivalent circuit considered so far modelselectrolyte
diffusion, which isalwaysazero-current flow. In order for
it to be applicable to the living cell, the circuit has to rep-
resent not only the zero-current but al so the zero-substance
flow situation. Steady diffusion cannot exist unless there
isan agent which restores theion concentration difference.
This can be accomplished either by adding electrolyte to
the higher-concentration compartment and removing if
from the other compartment, or installing a pump inside
the membrane that would return theionslost by diffusion.
Pumps operating at a rate just sufficient to overcome the
effect of leakage have been suggested (Djamgoz 1986). So,
to be more realistic, we have to include ion pumps, E} and
E5, in the equivalent circuit, as shown in Fig. 3.

It is very helpful to draw the energy profile for the
circuit (Fig. 4a), from which it follows that E;+ E%:
I,R +I,R,, and EP=I,(R;+R}) and ES:I&(R2+R2),
where E} and ES are pump EMFs and Rf and R}, are inter-
nal pump resistors. Because of the resistors, the pump
EM Fs have to be greater than the effective EMFs, defined
as Ef' =EP-I; RP, Where i=1or 2. In terms of the effec-
tive forces, E,+E,=Ef +ES' =EJ|, which is graphically
representedinFig. 4b. Theflgureand thelast equation say
that the effective pump EMFs just balance the passive
forces E; and E, set on the membrane by the chemical po-
tential gradients of the diffusing ions. Now, using the last
equation and Egs. (8) for E; and E,, we get for the pump
effective EMF:

_RT | aha _ ~Bpna

ES ="l n = 11
§ =t s == (11)
where a, =aya¢ isthe activity of the acid. Thus, the ef-

fective pump EMF has been expressed by the chemical po-
tential difference of the electrolyte. Hence we conclude
that the pump has to work against the chemical potential
difference of the electrolyte. In fact, owing to the internal
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Fig. 3 Equivalentcircuit for Na*—K* antiport with electrogenicion
pumps. The elements delimited by the dashed line represent the
Na,K-ATPase

(a) (b)

Fig. 4 aElectrical energy diagramfor thecircuitinFig. 3. Thepump
EMFs are represented as vertical jumps of energy, whereas potential
drops in their internal resistors are extended as inclined segments.
b The effective pump EMFs sum up to give the sum of the electro-
motive forces that drive passive diffusion

resistance of the pumps, the work done by them is greater
than E5' and equal to E,=E§ +1, R0+, RY.

Thecurrent | can also be expressed in aconsistent way,
namely, using Eq. (6) for | we have

Eef

_EB+E _
R+R

So the current is proportl onal to the effective pump EMF,
with the membrane conductance for electrolyte gy being
the proportionality coefficient. This current, however, cir-
culates within the membrane only. The cation and anion
fluxes due to passive diffusion of an electrolyte across the
membrane are equal to each other for monovalent ions
(J;=J,) and equa to the electrolyte flux J=I/F. Using
Eq. (12), then Eq. (11), and the relation gy =L F%/Ax (see
above), we obtain

3= L (-Opa) (13)

where L is the thermodynamic phenomenological coeffi-
cient and [ stands for gradient. Thus the flux of an elec-
trolyte is proportional to the gradient of its chemical po-
tential, asirreversible thermodynamicsrequires. Thisflux

=gy Ef (12)
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is also returned by the pumps, so that effectively the elec-
trolyte does not flow. The steady diffusion potential given
by Eq. (10) is, however, created.

Now, let us see whether the presence of pumps affects
the membrane potential V given by Eq. (6). To thisend we
calculate V without usi ng Eq. (6) but operatl ng Wlth the
effective pump EMFs; ES' El—l RY and ES'=ES-1,R).
Then from F|g 4a we have Ef =11R; and E5'=I,R,.
Hence ES/ES =0/g, becausel; =1,. The second equatl on
that we need in order to flnd that ESf —[g]e4(91+gz)]
(E1+Ep) isE +Ey= ES+ES' (see Fig. 4b). E' thus ex—
pressed when substituted into the equation V E,-EY,
which follows from Fig. 44, gives us Eq. (6) for V. Thus,
the pumps do not affect the diffusion potential V. Anyway,
they have been designed so asto sustain the potential with-
out affecting it.

The Na,K-ATPase

It isworth noting that the equivalent circuit just discussed
can model other seemingly different transport situations,
such as aredox reaction working in symport with a proton
pump, an anion-anion antiport, and a cation-cation anti-
port.

The last case iswell represented by the Na,K-ATPase,
known to be responsible for the plasma membrane poten-
tial of most animal cells. The current |, (seeFig. 3) would
then be carried by potassium ions flowing out of a cell,
and |, would be the current carried by sodium ions flow-
ingintothecell. Boththecurrentsarereturned by the pump
electromotive forces E} and E5. Thus the part of the cir-
cuit delimited by the dashed line in Fig. 3 represents the
Na,K-ATPase. Since the currents are returned by the
pump, the global electroneutrality condition is automati-
cally satisfied and the condition I,=1, can now be
dropped, thetwo currents being coupled by the membrane
voltage only. Otherwise they are separate and indepen-
dent. So the pump stoichiometry may have any value, i.e.
also the experimentally found 2: 3 value. However, even
though 2 potassiumions are exchanged for 3 sodiumions,
the pump is not electrogenic in the sense of net charge
transfer, because 2K* and 3Na* leak back at the same
time. Denoting the pump stoichiometry by r, we have
I,=rl,. Hence, with Eq. (5) for I, and I,, we obtain
(Mullins and Noda 1964):

-9E-repE

qtro

Thusthe membrane potential assumesadefinitevalueonly
when arelation between the two currents, i.e. stoichiome-
try, isset. The above formulatells usthat the potential can
have any value from within the interval V=E; =E,, with
r=0, and V=—E,=—Ey,, With r =co (r =0 means that po-
tassium isin equilibrium, and r =co means that sodium is
in equilibrium). Thisformulagivesonly afew percentim-
provement over the onefor an electroneutral pump (Eqg. 6).
So the electrogenity of the pump haslittle effect on the po-

(14)

A

(a) (b)

Fig. 5 a Electric energy diagram when the first ion is at thermo-

dynamic equmbnum (E;=V) and the second is kept at steady diffu-

sion by a pump’s electromotive force E2 b When thefirst ionis at
thermodynamic equilibrium and there is no chemical potential dif-

ference of the second ion

tential, unless the stoichiometry changes widely. No won-
der: because of the leak currents, the electroneutrality of
the pump is ensured no matter what the stoichiometry. If
it is different from unity, it only means that the turnovers
of thetwo ions are different. We may also note that the po-
tential assumes a zero value when E;/E,=rg,/g,;, even
though the pump is electrogenic in the sense r #1.

From the energy profile (Fig.4a) we see that
E,-V=1;R;. Hence, |;=(E;-V)/R;=[-Ap,/F-V]IR;
=—Ap,/FRy; likewise |,=—Ap,/FR,. Thus, the currents
are just the passive currents determined by differences (or
gradients) of the electrochemical potentials of the respec-
tiveions.

Itisinteresting to see what values the pump EM Fs must
have in order to keep up the membrane voItage V. Usi ng
the energy proflle again, we get E{=E;—V+I;R}
——Apl/F ~V+1; Rl =—(Ap, + FV)/F +11 Ry ——ApllF
+1,RY. lee'\lee Eb=—Ap,/F+I,RS. Thus each pump
works against the difference of the electrochemical po-
tentials of the ion and the drop of potential on the pump’s
internal resistance. Combining the above expressions
with those for the currents (I, —Ap, /FR)) we obtain
EP=—1,(R,+RY) and ES=—I1,(R,+R}), i.e. the pumps
have to supply energy equal to that dissipated on the
membrane resistors and their internal resistors, so that
they cover dissipation fully, just like the EMFs of galvanic
cells.

It is often found that the Na,K-ATPase operates with
potassium ions at/or near equilibrium. Let us see how the
circuit behavesunder such acondition. Putting Apz; =0, we
obtain V=(RT/F) In{[K*]"/[K*]°} =Ek. The circuit con-
firms this result. So the membrane potential has to have a
definite value, i.e. that given by the Nernst formulafor po-
tassium. Obviously, |, =Ap,/FR; =0, and E} =0. However,
|2:—Ap2/F Rzz—Aple RZ +V/R2 :—A}lle R2 + Ek/R2
=(E, + Ez)/Fe2 Hence
o [Nal°® [K]
" INaJ'[K]°

|
2- |=R2

(15)



Now, substituting the above expression into Eb=
I,(R,+Rb), we obtain

P o} i
EP= RT R+R in INal’[K] (16)

F R [Na]'[K]°
which, for Rb<R,, becomesES = Ey, + E . Theenergy pro-
file then assumes the form in Fig. 5a. Thus, the pump has
to work with a definite intensity in order to supply energy
dissipated by the sodium ions diffusing down their elec-
trochemical potential, even though the equilibrium distri-
bution of potassium requires no energy to maintain.

The distinction between diffusion potential
and pump potential, between passive diffusion
and active transport

Under the conditions just described, of equilibrium distri-
bution of potassium, the Na,K-ATPase becomes a sodium
pump. It fully covers dissipation on R, and RS, which are
the membrane resistances for sodium ions. The magnitude
of the dissipation (P=1,V=V?/R,) depends on the mem-
brane resistance for sodium. For infinitely great resistance
the dissipation becomes zero. The pump does not perform
work any longer and we get a Donnan equilibrium situa-
tion, where one positive ion (potassium) is free to move
while another one (sodium) is kept fixed by the membrane.
In such a situation a Donnan potential occurs, of magni-
tude determined by the equation Apy =0, which resultsin
V=E;=Apy/F (see Fig. 5a), i.e. the Nernst equilibrium
potential for potassium. Thetransition R, - c was accom-
plished without any change in the membrane potential.
Hencethe steady state of twoions, one being at equilibrium
and the other steadily pumped up its electrochemical po-
tential difference, just to compensate for leakage, is equiv-
alent to the Donnan equilibrium situation as far as mem-
brane potential generation is concerned. This can be gen-
eralized for any number of ions kept at steady diffusion by
primary active transport mechanisms and one ion left free
to traverse the membrane via an open pore channel.

Such away of generating membrane potentials seems
to be commonin living cells. Thus, muscle cells and neu-
rons respond to extracellular potassium concentration as
a potassium electrode, because no potassium can enter or
leave the cell when the fluxes of all the other ions con-
form to global electroneutrality, i.e. 21, =0 except for po-
tassium. An influx or efflux of potassium would make
bulk areas of the cell or its surroundings electrically
charged, whichis, asalready indicated, physically and bi-
ologically senseless. The tendency of potassium to flow
in or out of the cell upon variation of its concentration or
channel opening/closing must be balanced by the electric
force in the membrane, i.e. changes in the membrane po-
tential. Cells whose potential is not equal to E, depolar-
ize or hyperpolarize when a potassium ionosphere is ap-
plied. A very lucid example of such a behavior can be
seen in Bashford and Pasternak (1984), where on addi-
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tion of valinomycin to a Lettre cell suspension a distinct
hyperpolarization is observed.

Figure 5b showsthe energy profilefor the case of equal
concentrations of sodium on either side of the membrane,
indicated by the level position of the energy change
E,=Ap,/F=0. Thecurrent I, that then occursissolely due
to the sodium pump electromotive force E5, although the
potential V may be regarded as created by the equilibrium
distribution of potassium. Itsvery existence, however, de-
pends on the operation of the sodium pump, and can thus
be called the sodium pump potential. In this caseit is ev-
ident that three factors participate in the creation of the po-
tential: equilibrium distribution of one cation, electromo-
tiveforce of asecond cation, and its steady-state diffusion.
So, the distinction between diffusion potential and pump
potential disappears here. No wonder, because the mech-
anism of electric potential difference creationisalwaysthe
same, i.e. a slight displacement of positive and negative
charges with respect to each other.

Equilibrium distribution of potassium and its concom-
itant potential, like that of electronsin the case of the con-
tact potential between two metals, cannot sustain any
electric current. That iswhy we may happen to find, espe-
cialy in textbooks, the assertion that contact potential, or
electrode potential, is unmeasurable or even nonexistent.

With a sodium concentration difference present, i.e.
E,#0 (Fig. 5a), the situation is not much different. Only
the sodium motive force E> must cover additionally dissi-
pation caused by E, and isthusbigger than previously. The
potential V is still the sodium pump potential, E; and E,
being then passive elements that play the role of capaci-
tors and voltage dividers only.

When V is smaller than E,, aflow of potassium devel-
ops such that E; —V =1, R;. That current must be returned
by the pump and we have a situation represented by the
graph in Fig. 4a and b. The effective EMFg¢ = (E})e +
(ED)ers, and thus it is now a sodium-potassium pump.

Though the potential can be calculated from formulas
applicable to passive diffusion, it can hardly be called dif-
fusion potential becauseit is maintained by primary active
transport. However, this crude way of potential generation
seems not to be utilized by theliving cell becauseitisvery
dissipative.

The active transport of Fig. 5b may be called pri-
mary active transport because the sodium motive force
(SMF=Eb) works on sodium dissipation. However, the
same scheme can al so represent a quite different situation,
namely, the SMF can be switched off and E, i.e. Apy /F,
made to work on the transport of sodium ions. This will
occur when the permeability of potassium is much bigger
than that of sodium (Px >Py.). Then potassium will stay
at equilibrium and supply energy for sodium ions diffus-
ing down the electric potential V, provided the potassium
chemical potential iskept constant by making up for every
potassium that hastraversed the membrane. The potassium
chemical potential difference can of course be replaced by
a potassium motive force coupled to a chemical reaction.
Then the scheme of Fig. 5b, without E5 and R, represents
agalvaniccell that drivespositive charges(potassiumions)
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Fig. 6 Energy diagram for secondary active transport of bicarbo-
nate anions, driven by a sodium pump via the proton electromotive
force (pEMF = V) and thechemical potential difference of theanions
(plots 1 and 2) and solely by pEMF against the chemical potential of
the anions (plot 3), with resultant potential V'

up the electric potential and the work thus performed dis-
sipates on the transport of sodiumions. Thismode of trans-
port iscalled secondary activetransport, whose main char-
acteristicsisthat work performed by an active force on one
ion is driving the transport of another ion, and net trans-
port of both ions occurs, subject to the electroneutrality
condition 1, =1,.

The assumption E, =0, meaning that there is no sodium
concentration difference, was made just to make the situa-
tion morelucid and in closer semblancetothegalvanic cell,
and can now be lifted. Higher sodium concentration on the
right sidefavorsitstransport adding up to EY, asseeninthe
scheme of Fig. 5a. For secondary active transport we thus
get the electric energy profile which is the same asthat for
passive diffusion antiport of ions of the same sign and sym-
port of ions of opposite signs (Figs. 1, 2).

Passive diffusion of an electrolyte may, indeed, realize
a secondary active transport. A close look at diffusion of,
say, H,CO5 should help us accept this apparently wrong
statement. Aswe saw earlier, such diffusion is adequately
described by theequivalent circuit of Fig. 1 andtheelectric
energy profile of Fig. 2. The profile shows that the chem-
ical potential differenceof protons, E; =Apy, /F, coversdis-
sipation by the diffusing protons (1, R;) and partly dissipa-
tion by anions (i.e. that part driven by V). The rest of the
anion’s dissipation is covered by E,. So thisis a case of
partial secondary active transport of the anions. Assuming
now that the permeability constant P> Pycq;, we get a
situation where protons are at equilibrium (almost)
while anions are driven by the potential V created by pro-
tons only. However, E; can be replaced by a proton EMF
and Apy, assumed equal zero, while Apyco;#0, provided
other ions are present. Such a situation can be represented
by the energy diagram of Fig. 6, to be used in the last s
ection.

Thus the same membrane potential V can be generated
by either passive or active forces, or both occurring simul -
taneously, and the distinction between diffusion potential

and pump potential seems to fade away. The only distinc-
tion left is the source of the energy needed to cover dissi-
pation. When dissipation is covered by energy coming
from the chemical potential difference of anion (at equi-
librium or not), the potential may be called a diffusion (or
equilibrium) potential. It is accompanied by net substance
transport and zero electric charge transport. The transport
of the counterion may then be, partly or totally, what is
called secondary active transport. When the energy needed
to moveions up the electric potential (which could already
be created by passive forces) comes from achemical reac-
tion directly, a primary active transport can be accom-
plished, with zero net flux of the working ion and zero
charge flow. The potential thus maintained may be called
the pump potential.

Thegeneral conclusionthat emergesfrom the aforemen-
tioned observations is that there is no difference between
the physics of the so-called active and passive phenomena.
Membrane potential created in the process of passive dif-
fusion (or at equilibrium) of ions can be identified with the
so-called pump potential. Passive diffusion of an electro-
lyte, or an ion-ion antiport, effects what is a kind of secon-
dary activetransport. The only difference between the pas-
sive and active isin the way of supplying energy to cover
dissipation associated with transport processes.

Application

Before applying the presented description of membrane
potential generation for the interpretation of electrophys-
iological experiments, we have to make allowance for yet
another device, besides the primary and secondary active
transport, that the living cell operates in order to control
its electric potential. That device is the electroneutral ion
exchange. Asindicated before, the straightforward way of
potential generation with the use of the diffusion potential
mechanism represented by the circuit in Fig. 3, and its
energy diagram in Fig. 4, would be very dissipative. The
asymmetrical distribution of sodium and potassium across
the plasma membrane, which is necessary to ensure os-
motic balance, would be a great burden on the Na,K-AT-
Pase, with small or even zero electric potentials when the
permeabilities of the two ions are close to each other. One
way out of the problem is to have one ion at equilibrium
and the other with very little permeability. Such a solution
isindeed commonly found in muscle and nerve cells, and
was briefly discussed in the beginning of the previous sec-
tion. There are, however, other classes of cells (e.g., neu-
trophils and Lettre cells) where potassium is not at equi-
librium, and where a sodi um-potassium exchange mecha-
nism is found to operate. This mechanism provides an
energetic relief for the pump, allowing the ions pumped to
return back without dissipating energy in friction. Thus
much of the return current is nondissipative and in our
equivalent circuit.

According to the energy diagram in Fig. 4a the SMF
has to balance chemical and electrical forces, i.e. SMF=



ES=E,+V =Apy/F +V (neglecting the pump’sinternal re-
sistance RY). This equation allows us to explain the fol-
lowing experimental finding on Lettre cells (Bashford and
Pasternak 1984): addition of nigericin, an ionophore that
catalyzes 1: 1 sodium-potassium exchange in excess of the
native one, causestheions’ concentration gradientstolevel
off and even to reverse, and is accompanied by a hyperpo-
larization that follows the intracellular sodium concentra-
tion. Since the SMF, like the EMF of a galvanic cell, is
constant, diminishing Ap, must result inincreasing V ac-
cording to the equation SMF=V +Apy../F.

As aready indicated, owing to the native sodium-po-
tassium exchange, the sodium pump can perform electric
work only. That work can be spent on a useful purpose,
which could be the extrusion of organic anions. Inthe case
of Lettre cellsthese are bicarbonate and lactate. The trans-
port of these ions can be coupled to sodium transport only
electrically. The pump is charging the membrane capaci-
tor while bicarbonate anions are discharging it. Of the 3: 2
stoichiometry of the Na,K-ATPase, it isenough to consider
the one odd sodium only as doing electric work, since the
other two sodiums are balanced by the backflow of two po-
tassiums. The unbalanced sodium ion isdriven by the SMF
up the electric potential while another sodiumisdrivenin
oppositedirection by the electric potential, transmitting its
energy toaprotoninafrictionlessNa"—H™* exchange. This
is as proposed by Bashford and Pasternak (1985) for po-
tential generation in Lettre cells. Thus the electric part of
the sodium pump becomes effectively a proton pump, its
EMF (pEMF) being equal to V=SMF-Ap,./F (see the
start of the second paragraph of this section). The sodium-
driven proton flux isthen coupled to anion transport by the
secondary active transport mechanism introduced previ-
oudly. Its energy diagram is shown in Fig. 6, where
PEMF =V and the former E, =Apy,co;/F. This mechanism
operates at the thermodynamic equilibrium of the active
forces, exactly like in the case of the galvanic cell, hence
the equality pEMF=V. When the HCOj concentration dis-
tribution is like that in the normal diffusion of carbonic
acid, i.e. in accord with H* concentration, the electric en-
ergy profilein Fig. 6 isgiven by dashed lines 1 and 2, in-
dicating that no change in membrane potential occurs up
to when equal concentrations of bicarbonate are on both
sides. Going over to reversed bicarbonate concentrations
gradients, i.e. extracellular greater than intracellular, we
get diminishing potentials (curve 3 and V'). Ultimately,
with the opposite bi carbonate gradient just balanced by the
electromotive force pEMF, we get zero value for the po-
tential. This prediction isin line with the experimental re-
sults (Bashford and Pasternak 1984), where at concentra-
tions above 15 mm both lactate and bicarbonate depolar-
ize cells by 60 mV per decade.

337

The scheme of Fig. 6 becomes easy to understand if we
recall the mechanism of secondary active transport ex-
plained in terms of the equivalent circuit in the previous
section. The pEMF transmits energy from the SMF of AT-
Pase to bicarbonate ions diffusing out of cell up the mem-
brane electric potential. However, the potential as such
cannot perform work on the anion unlesstheionisaccom-
panied by a cation pulled up the electric potential by an
electromotive force (ultimately by the SMF). Aslong as
the chemical potential gradient of the anion favors its
movement (graph 1in Fig. 6), the electric work coversthe
anion’s dissipation only partially. With Apyco;=0, bicar-
bonate extrusion is due to electric force only. When are-
versed bicarbonate gradient is present, it generates an
electric potential of its own, which opposes the pEMF;
hence the membrane potential V decreases, becoming zero
when thetwo potential s balance each other. The membrane
potential V'<V=pEMF is no longer set by the NaK-
ATPase alone, and this must result in disturbance of the
operation of the sodium pump. With constant SMF and de-
creased V there must be an additional drop of potential on
the pump internal resistance, which means increased dis-
sipation inside the pump.
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