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ABSTRACT Active sodium transport across epithelial membranes has been analyzed by
means of linear nonequilibrium thermodynamics. In this formulation the rates of ac-
tive sodium transport Jy, and the associated metabolic reaction J, are postulated
to be linear functions of both the electrochemical potential difference of sodium — Xy,
and the affinity 4 (negative free energy) of the metabolic reaction driving transport.
Experimental studies in various epithelia demonstrate that both Jyy, and J, (oxygen
consumption) are indeed linear functions of Xy,. Theoretical considerations and ex-
perimental studies in other systems suggest the likelihood of linearity in A4 as well. If
s0, A may be evaluated. Several observations indicate that the quantity A evaluated
from the thermodynamic formalism does in fact reflect the substrate-product ratio of
the metabolic reaction which supports transport. This is in contrast to measurements
of mean cellular concentrations, which may not reflect conditions at the site of trans-
port. Associated studies of isotope kinetics permit the distinction between effects on
the permeability of the active and passive transport pathways. With these combined
approaches, it may prove possible to characterize both the energetic and permeability
factors which regulate transport. The formulation has been applied to an analysis of
the mechanism of action of the hormone aldosterone.

In discussing the nature of active transport from a thermodynamic point of view it is
in a sense superfluous to acknowledge the influence of Aharon Katchalsky. I will only
say that this work, which was carried out in close collaboration with Roy Caplan, was
begun when we were both working in Ora Kedem’s laboratory in Aharon’s Polymer
Department at The Weizmann Institute of Science. Our debt will be evident through-
out.

The energetics of active transport is commonly discussed in terms of active sodium
transport. There are two reasons for this. For one, sodium transport is very wide-
spread in animal tissues, perhaps ubiquitous. Secondly, very convenient experimental
systems are available for the study of this process. Thanks to the work of Ussing with
frog skins (1, 2), and later Leaf with toad bladder (3), we have available two relatively
simple epithelial membranes which can be used as experimental model systems. When
either of these membranes is mounted in an experimental apparatus of the sort shown
in Fig. 1, and exposed to physiological saline solutions at each surface, an electrical
potential difference is generated. This is the consequence of active sodium transport
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FIGURE | Apparatus for the simultaneous measurement of electrical parameters and oxygen
consumption. OE, oxygen electrode; PC, polarographic circuit; R, recorder.

from the outer surface of the frog skin (or the urinary surface of the toad bladder)
across the tissue into the body fluid. In appropriate species, essentially only sodium is
transported actively. Consequently it is possible to manipulate the electrical potential
by the use of appropriate circuitry, and to measure the rate of active sodium transport
instantaneously and continuously with an ammeter. In this way the effect of experi-
mental manipulations, for example the addition of drugs or hormones, can be ob-
served promptly.

It is easy to understand why so convenient an experimental apparatus has been
widely used in study of the energetics of active transport. Unfortunately, however, the
classical approach to this subject, it seems to us, has suffered from fundamental con-
ceptual shortcomings. First of all, studies of the energetics of active sodium transport
have often laid emphasis on interpretation of the “flux ratio,” the ratio of the two
“unidirectional” sodium fluxes across the tissues (1, 2). By analogy with simple pas-
sive systems it has been considered that the flux ratio gives a measure of the magnitude
of the forces responsible for transport. Various considerations make this point of view
suspect, but these would take too long to discuss in detail (2, 4). To mention only one
factor, pointed out by Ussing, the epithelial tissues we are considering comprise not
only active transport pathways but also parallel leak pathways (1, 2), both physio-
logical and artefactual. Obviously, to the extent that transport occurs by way of pas-
sive pathways, and not merely by way of active channels, the unidirectional fluxes can-
not reflect the influence only of energetic factors. A second shortcoming of standard
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treatments of energetics is that they assume a unique stoichiometric ratio, i.e. a unique
ratio of sodium transport to metabolism (e.g. oxygen consumption) irrespective of the
specific tissue under study (2, 5, 6). It has been shown however that this is not the case:
different frog skins show different Na:O ratios (7). A third consideration relates to the
magnitude of the metabolic energy available for the maintenance of transport. This is
generally deduced from measurements of the energy released by the metabolism of
substrates under conditions differing greatly from those existing in vivo. Most calcula-
tions utilize a “calorific value” of oxygen derived from measurements of the heat re-
leased in the course of oxygenation of glucose (2, 5, 6). The pertinent variable however
is the Gibbs free energy made available by metabolism in the tissue under con-
sideration.

For these reasons and others it seems useful to consider a self-consistent theoretical
treatment of active transport which might permit its analysis under a variety of condi-
tions. Hoshiko and Lindley have presented a comprehensive formalism which facili-
tates the analysis of active salt and water transport in single salt and bi-ionic systems
(8). Caplan and I have preferred to restrict ourselves to systems with active transport
of only one ion, uncoupled to the flows of other species (9). I will discuss this formula-
tion briefly, but will concentrate mostly on pertinent experimental considerations. The
theoretical basis for our work is an extension of the linear nonequilibrium thermo-
dynamic treatment presented originally by Ora Kedem (10).

In analyzing the energetics of active sodium transport it is of course necessary, as in
other areas, to start with a simple model. I have already mentioned that in frog skins
and toad bladders of appropriate species there appears to be only one significant active
transport process, that of sodium, and thus only one significant output for our thermo-
dynamic system. We assume further, despite the great complexity of metabolic pro-
cesses in biological tissues, that we can isolate one metabolic process which “drives”
the active transport process. This model is represented in Fig. 2. Here one input pro-
cess, the metabolism of substrate, is linked to one output process, the transport of
sodium. In this representation the consumption of M and N to produce P and Q pro-
vides the free energy which brings about the active transport of sodium from the left
side of the membrane to the right side of the membrane.

Similarly, we take a simplified view of the histology of the system (Fig. 3). The pro-
cess of active transport takes place in the rectangular box. Although it is not necessary
for our analysis, in accord with many experimental observations we represent the outer
region as a simple passive barrier across which sodium moves down its electrochemical
potential gradient. At the inner or basolateral surface is the mechanism responsible for
active sodium transport, the so-called sodium “pump.” Since the active transport
process transports only sodium ions, whereas the tissue as a whole reabsorbs sodium
chloride, it is necessary for there to be a pathway across which chloride can move. This
is represented as a simple passive channel in parallel with the active transport pathway,
which is presumably accessible more or less to all of the ions in the bathing solutions.

Since we have considered active transport to be a two-flow process there are two
pertinent flow equations to be considered, one for sodium transport, which we rep-
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FIGURE2 General scheme for the coupling of metabolism to sodium transport.
FIGURE 3 Model of composite transport system.

resent by Jy,, and one for metabolism, which we represent by J,:

JNa = LN.XN. + LNnA’ (1)

J, = LyyXn, + LA 2)

Here Xy, is the negative electrochemical potential difference of sodium, and 4 is the
affinity of the metabolic reaction which is driving sodium transport. Under the condi-
tions of these experiments the affinity is equivalent to the negative Gibbs free energy
change —AG of the driving reaction. The L’s are phenomenological coefficients. For
simplicity we assume the validity of linear nonequilibrium thermodynamics. Jy,, the
rate of active sodium transport, is of course a function of the negative electrochemical
potential difference X,, but to the extent that it is coupled to metabolism it is also a
function of the affinity 4. J,, the rate of metabolism, here taken as oxygen consump-
tion, is of course a function of 4, but to the extent that it is linked to transport it is
also a function of X,. By analogy with a variety of transport processes in nonliving
systems (11, 12) the validity of the Onsager reciprocal relation is assumed, and so the
cross-coefficients in the two equations are set equal. It may seem optimistic to rep-
resent a complex active transport process in such simple terms. Nevertheless, it seemed
useful to do so in an attempt to systematize the analysis of the process, to correlate
function in different states, and to evaluate the effectiveness of active transport. The
appropriateness of the simple thermodynamic formulation can be defended on various
theoretical grounds, but I would prefer rather to consider experimental evidence bear-
ing on this point.

Our first study examines the behavior of the transport process. For the use of iden-
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tical solutions at each surface there is no concentration difference across the mem-
brane. Thus the electrochemical potential difference for sodium is given by FAVY,
where & is the Faraday constant and AV is the electrical potential difference across the
membrane. If indeed the rate of active sodium transport is a linear function of the
forces promoting transport, one might expect to find linear current-voltage relation-
ships. Linear current-voltage relationships have in fact been described for epithelial
tissues, but their significance has been unclear because of the possibility that an ap-
preciable fraction of transport was by way of leak pathways. Obviously, to the extent
that this is the case linear current-voltage relationships are of little interest, since they
are to be expected in dilute aqueous electrolyte solutions. For our purpose it was im-
portant to study tissues in which transport by way of leak pathways was minimal. This
was accomplished by care to avoid edge damage in mounting the tissues and by the use
of a tracer isotope technique for the measurement of passive ion fluxes. This permitted
the choice of tissues in which a high fraction of total conductance was by way of the
active pathway. The results of such studies, carried out by Doctors Toshikazu Saito
and Philip Lief in the toad bladder, are shown in Fig. 4. For the seven tissues rep-
resented, an average of some three-fifths of the total conductance was attributable to
the active pathway. The finding of a steady-state linear normalized current-voltage
relationship in these tissues strongly indicates that the rate of active sodium transport
Jna Was in fact a linear function of the electrical potential difference (13). (I would
point out that in order to demonstrate such linearity we observed the tissues under
quasi-steady-state conditions some 15-30 s after the perturbation of A¥. The observa-
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FiIGURE4 Normalized current-voltage relationship in the toad bladder.
FIGURE 5 Dependence of the rate of oxygen consumption J, on the electrical potential dif-
ference AV in the frog skin.
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tion of transients, on the one hand, or perturbations for many minutes, on the other
hand, may well give different results.) The demonstration of linearity of the active
transport process is consistent with the use of Eq. 1, and indicates that the phenomeno-
logical coefficients and the affinity are unaffected by perturbations of A¥ of the mag-
nitudes and duration employed.

Studies by Dr. Francisco Vieira of the rate of oxygen consumption J, in the frog skin
are represented in Fig. 5 (14). I will not discuss the technique except to mention that it
employs an adaptation of standard Ussing-Zerahn chambers permitting the utilization
of oxygen electrodes. Again there was striking linearity, with steady-state J, being a
linear function of A¥ over a range, in this instance, of +160 to —160 mV. The finding
of linearity of J, in AV is consistent with the validity of Eq. 2, and again indicates
constancy of phenomenological coefficients and invariance of the affinity with the per-
turbations of A¥ employed.

The studies which I have just described examined the influence of only electrical
driving forces on transport and metabolism. Recently, Doctors Danisi and Vieira, of
the University of Sdo Paulo, have reported the effects of concentration driving forces.
In studies of toad skins in which the transmembrane electrical potential difference was
nullified it was found that the rates of both active transport and oxygen consumption
were linear functions of the chemical potential difference of sodium across the mem-
branes (15).

Thus, the experimental results to date are consistent with the validity of a linear non-
equilibrium thermodynamic approach, but of course the experiments cited have tested
only the effects of variation of the electrochemical potential difference. The experi-
mental techniques presently available do not permit a systematic study of the effects of
variation of the affinity. Here however theoretical and experimental observations of
others are pertinent. It is true that, for an isolated chemical reaction, linearity requires
A < RT, where R is the gas constant and T the absolute temperature. However, as was
pointed out by Professor Prigogine years ago, biochemical reactions with large A often
consist of a large number of elementary reactions in series (16). In such cases the A’s
of the elemental reactions may be sufficiently small that the elemental reactions show
linearity. Since in the steady state all series reactions occur at the same rate, J, may
then be linear in the overall affinity, which is the sum of the affinities of the individual
reactions. A further consideration is the fact that under certain circumstances the
kinetics of enzymatic reactions are compatible with linear nonequilibrium thermo-
dynamic equations over an appreciable range (17).

Dr. Hagai Rottenberg has recently studied these matters in some detail from both a
theoretical and experimental point of view (18). Rottenberg showed that for the case
of mitochondrial oxidative phosphorylation the rates of both oxidation and phos-
phorylation are linear functions of both the affinity of the oxidation reaction and the
affinity of phosphorylation in regions quite far removed from equilibrium. Further-
more, his system provided a striking example of the validity of the Onsager reciprocal
relation.

Given the above support for the possibility of linear phenomenology from two
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theoretical points of view, and Rottenberg’s experimental results, it seems reasonable
to pursue the possibility that active transport in epithelial tissues might indeed show
linearity in both the electrochemical potential difference of sodium and the affinity of
the metabolic driving reaction. If so, we can evaluate an “apparent” affinity by use of
the two phenomenological equations above:

A = ~1,/(dJ,/dAY). 3)

Here the numerator represents the current measured in the absence of both an elec-
trical potential difference and a concentration difference across the membrane, the so-
called *‘short-circuit current,” and the denominator is the slope of the plot relating the
rate of metabolism J, (here oxygen consumption) to the electrical potential difference
AV, In this model A represents the free energy change (per mole of O,) for a char-
acteristic region of the metabolic chain for which 4 remains constant on perturbation
of AW, Admittedly, for the present this affinity is a rather vague quantity, being evalu-
ated only in abstract thermodynamic terms. Nevertheless, it is of physiological in-
terest, since it must reflect the substrate-product concentration ratio of some critical
reaction in the metabolic pool which supports the active transport process. This is in
contradistinction to estimates of substrate-product concentration ratios derived from
chemical tissue analyses; although attempts have been made to study the driving forces
for transport by this means, concentration ratios applicable to the tissue as a whole
may well depend importantly on tissue functions other than transepithelial transport.

Clarification of the significance of the affinity calculated by the thermodynamic
method above must await experiments correlating thermodynamic studies with a
variety of biochemical procedures. Meanwhile, several experimental studies appear to
support the validity of attempting to evaluate the affinity by the means described. The
first, a phenomenon studied by Dr. Vieira in the frog skin, has been termed a *““mem-
ory” effect (14). This involves the observation of the short-circuit current /, and the
concomitant rate of oxygen consumption J,,, before and after perturbation of the
electrical potential. If we perturb the potential so as to much enhance sodium trans-
port for an extended period, we find that on return to the short-circuit state both I,
and J,, are less than initially. These results are shown by the open circles of Fig. 6.
As you see, after permitting the skin to function at A¥ = —160 mV for some 15-20
min, which substantially enhances the rates of transport and metabolism, on return to
the short-circuit state, I, and J,, have decreased (i.e. Al, and AJ,, are negative). The
black circles show the converse effect, noted after temporarily setting A¥ at +160 mV,
thereby depressing transport and metabolism. Both of these sets of observations are
consistent with the interpretation that although brief perturbations of A¥ have rela-
tively little influence on tissue metabolite levels, sufficiently long perturbations of sig-
nificant magnitude change substrate and product concentrations appreciably. The
resultant change in the substrate-product ratio, and thus presumably in the affinity,
manifests itself on return to the short-circuited state by alterations in the magnitudes
of Iyand J,,.
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FIGURE 6 Effect of electrical potential perturbations on subsequent values of short-circuit cur-
rent I and oxygen consumption J, in the frog skin.
FIGURE 7 Effect of amiloride on short-circuit current in the frog skin.

A second study employs the diuretic amiloride. This pharmacological agent in-
creases the excretion of salt by depressing the reabsorption of sodium from the kidney
filtrate. Studies in the toad bladder demonstrate that amiloride depresses active so-
dium transport by interfering with the passive entry process at the outer (urinary)
surface (19, 20). In our view of the mechanisms influencing the metabolic pools, we
would anticipate that marked depression of passive entry would cause a continuing
accumulation of the intermediary metabolites which drive transport, with a gradual
increase in the value of the affinity. On removal of the drug this might be expected to
cause an “overshoot,” with higher rates of transport than prior to exposure to amilor-
ide. Such overshoot has in fact been reported (21). Fig. 7 shows this effect again in our
studies (22). Here the open circles represent “control” tissues and the solid circles rep-
resent paired ‘“‘experimental’ tissues to be treated with amiloride. For each pair the
control and experimental tissues are derived from the same animal, assuring good
matching of function prior to administration of the drug. Before the administration
of amiloride the magnitude of I, is the same in the paired tissues. Following initial
observations, amiloride was applied to the outer surface in concentrations sufficient to
depress I, to about a third of the initial level for 4 h. On subsequent removal of the
amiloride, , in the treated tissues rose to a level significantly higher than in the initial
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period and higher than observed simultaneously in the paired tissues. The question as
to whether this behavior can be attributed to effects on the affinity is considered in
Fig. 8. Before the administration of amiloride the apparent affinity “A4” was the same
in the control and experimental tissues, just as was the case for /,. 1 h after the ad-
ministration of amiloride “A4” was not affected demonstrably. 4 h after the adminis-
tration of amiloride, however, “A4” in the treated tissues was significantly greater than
initially and significantly greater than simultaneously in the paired control tissues.

A third study uses the cardiac glycoside ouabain, an inhibitor of the sodium-
potassium-ATPase generally identified with the sodium pump. When ouabain is ad-
ministered in a concentration adequate to eliminate active sodium transport there is,
as expected, abolition of the dependence of oxygen consumption on the electrical po-
tential difference. Since ouabain should have no direct effect on tissue metabolite
levels, it would not be expected to have a prompt effect on the affinity. This prediction
was recently tested by Dr. Albert Owen, in studies of frog skin (23). In order to apply
our formulation for the evaluation of the affinity, it is necessary to depress active
sodium transport substantially, but not completely, so that the quantity 4 in Eq. 3 will
remain determinate. This was accomplished by the use of a low concentration of
ouabain, 10-7 M. Within 23 h of exposure to this concentration of ouabain the short-
circuit current in the treated or “experimental” hemiskin had gradually fallen to a level
about half that in the paired ‘“control” hemiskin. This was accompanied by a sig-
nificant depression of the sensitivity of oxygen consumption to perturbation of AV, as
is shown in Fig. 9, representing a typical result in nine experiments. As might be ex-
pected, incomplete inhibition of sodium transport for a relatively short period was not
associated with a significant effect on the affinity.

Finally, Dr. Owen studied also the effect of 2-deoxyglucose, an inhibitor of carbo-
hydrate metabolism (23). In view of its effects in other tissues, 2-deoxyglucose might
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FiIGURe 8  Effect of amiloride on the apparent affinity ““4” in the frog skin.
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be expected to depress the affinity of the metabolic reaction driving sodium transport.
In 10 studies of frog skins exposed to 1 mM glucose, a concentration of 16 mM
2-deoxyglucose depressed active sodium transport, as measured by the short-circuit
current, to an average of 589, of the control level. As expected, this was associated
with a significant decrease in the affinity, in this case to 53% of control level.

The various lines of evidence which I have just discussed give us some tentative con-
fidence in our interpretation of the nature of the metabolic pools driving transport and
the significance of the affinity. On this basis it seems appropriate to utilize the thermo-
dynamic formalism to investigate the mechanisms of action of substances which in-
fluence transport by unknown means. An appropriate substance for first studies is the
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important hormone aldosterone. Aldosterone promotes substantial and stable en-
hancement of the rate of active sodium transport for extended periods. Because of its
considerable importance much study has been directed at the mechanism of its action.
Three main possibilities which have been considered are pictured in Fig. 10, adapted
from Fanestil et al. (24). Mechanism 1 is facilitation of sodium movement across the
outer passive permeability barrier. This mechanism has been suggested by Sharp and
Leaf, Crabbé, and others (25, 26). Mechanism 2 is facilitation of the linkage between
oxidative metabolism and the phosphorylation of ADP, resulting in enhancement of
the ATP/ADP ratio. In our terms, enhancement of the ATP/ADP ratio (or the ratio
of some other pair of appropriate reactants) corresponds to an increase in the affinity.
Mechanism 3 involves a direct effect of aldosterone on the active transport mechanism,
resulting in the more rapid pumping of sodium.

The results of studies of Dr. Saito concerning the mechanism of aldosterone action
in the frog skin are shown in the next two figures. Prior to the administration of al-
dosterone, the short-circuit current in paired control and experimental tissues was the
same. Following overnight exposure to physiological concentrations of aldosterone,
I, in the control tissues was much the same as initially, whereas I, in the treated
tissues was appreciably greater. These resuits are essentially the same as described by
many others. Fig. 12 shows the effect of aldosterone on the apparent affinity. As with
Iy, the value of “A4” was initially the same in control and experimental tissues. Fol-
lowing overnight exposure to aldosterone, “A” was appreciably greater in the treated
tissues than in the untreated tissues. These results suggest that one means whereby
aldosterone may enhance the rate of active sodium transport is by increasing the affin-
ity of the driving metabolic reaction, as in mechanism 2 above.

This does not appear however to be the sole means by which aldosterone can in-
fluence transport. It has been pointed out previously by Civan and Hoffman that al-
dosterone increases the electrical conductivity of toad bladders (27). This effect is
shown in Fig. 13, representing the results of studies of Saito in the toad bladder (28).
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FIGURE 10 Model of the active sodium transport system; possible mechanisms of regulation of
transport (adapted from Fanestil et al. [24]).
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FIGURE 11 Effect of aldosterone on short-circuit current /, in the frog skin.
FIGURE 12  Effect of aldosterone on the apparent affinity “A4” in the frog skin.

Paired control and experimental tissues showed closely similar values of electrical
conductance « during the 3 h prior to the administration of aldosterone. Some 2 h
after the administration of aldosterone, at a time when stimulatory effects on the cur-
rent were observed, the conductance of the aldosterone treated tissues had increased
comparably. These increments in current and conductance increased progressively
during the final 6 h of the experiment. This observation is of interest, since thermo-
dynamic analysis indicates that it is unlikely to be attributable to any increase in the
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FIGURE 13  Effect of aldosterone on the electrical conductance of the toad bladder.
FIGURE 14  Effect of aldosterone on the passive conductance of the toad bladder.
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affinity which might be occurring concurrently. Rather it suggests an independent
effect on permeability factors.

In order to determine whether the observed effects on conductance are in fact at-
tributable to movement of sodium by way of the active pathway it was necessary to
evaluate the effect of aldosterone on the conductance of the passive pathway x?. Such
studies were carried out by means of isotopic techniques, «? being evaluated from pas-
sive tracer sodium permeability (—J*/Ac*)n,. The results are shown in Fig. 14. The
passive conductances of paired control and experimental tissues were identical both
before and after the administration of aldosterone. Thus the influence of aldosterone
on conductance must be attributed to effects on the active pathway. This is demon-
strated in Fig. 15. At the time when aldosterone enhances sodium transport there is
enhancement of the active conductance x? in the treated tissues, but not in the control
tissues.

In attempting to relate these effects of aldosterone on conductance to its earlier dem-
onstrated effects on the affinity it must be remembered that the two studies were car-
ried out in different tissues, and at different intervals following the administration of
aldosterone. Nevertheless, the results suggest that aldosterone may have a dual effect
on the active sodium transport mechanism, acting to increase both the affinity and
permeability. This possibility has been suggested by Lipton and Edelman on the basis
of measurements of sodium concentration in isolated epithelial cells of the toad blad-
der (29). Presuming that there is indeed a dual effect, it is of interest to speculate
whether this is a specific manifestation of aldosterone function, or an example of a
more general phenomenon such that any factor which alters pump function will pro-
duce parallel effects on permeability, thereby regulating entry into the sodium active
transport pool. Such a mechanism might serve to stabilize intracellular sodium. We
are now doing experiments to clarify this matter.

In summary, our results to date lead us to the tentative conclusion that it may be
possible to characterize active sodium transport in representative model tissues in
terms of a simple linear nonequilibrium thermodynamic treatment. If further studies
establish this to be the case we may be able to gain important insights which are un-
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FiGuRE 15 Effect of aldosterone on the active conductance of the toad bladder.
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available with present approaches. Obviously, if we are to have confidence in our
ability to do so, we must obtain a variety of information correlating biochemical and
thermodynamic considerations.

Although many fundamental questions remain, we can be confident that our even-
tual understanding will be enhanced by Aharon Katchalsky’s earlier devotion to these
matters. (Tragically, subsequent to the presentation of this paper it has become most
appropriate to acknowledge a similar debt to the organizer of this symposium, Peter
Curran.)

I am grateful to Doctors S. R. Caplan and R. C. DeSousa for comments on this manuscript.
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