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Summary. Measurements of electrical current and oxygen consumption were carried 
out concurrently under voltage clamp conditions in 11 toad hemibladders. Inhibition of active 
transport with amiloride then permitted evaluation of the passive conductance and the rate of 
basal oxygen consumption J~, allowing the simultaneous determination of the rates of active 
sodium transport J~, and suprabasal oxygen consumption jfb. j ~  and Jff were linear functions 
of the electrical potential difference over a range of _+ 80 mV. This allowed the comprehensive 
application of a linear nonequilibrium thermodynamic formalism, leading to the evaluation 
of the affinity A (negative free energy) of the metabolic reaction driving transport, all pheno- 
menological coefficients, and the degree of coupling q relating transport to metabolism. Values 
of A determined by two techniques were A~=56.0_+5.8 and A2=58.2+6.5kcal per mole. 
Values of q determined by two techniques agreed well and were less than 1, indicating in- 
completeness of coupling, and hence lack of fixed stoichiometry between Na transport and 
02 consumption. The affinity and the electromotive force of sodium transport ENa are not 
closely correlated, reflecting the fact that ENa comprises both kinetic and energetic factors. 
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affinity of metabolic reaction (kcal. mole-1) 
electromotive force of sodium transport (mV) (= (A ~)J~a= 0) 
Faraday's constant (kcal. mV i.  Equiv 1) 
electrical current (~tA. cm 2) 
rate of active sodium transport (pmoles- cm 2. s-l) 
rate of oxygen consumption (pmoles-cm 2. s-l) 
rate of suprabasal oxygen consumption (pmoles. cm 2. s-l) 
rate of basal oxygen consumption (pmoles. cm-2.  s-1) 

phenomenological coefficients (~tmoles 2 �9 cm-2.  s-l-kcal-1) 

degree of coupling LNa ' r/(LNa Lr) 1/2 relating active transport and metabolism 
total conductance (mmho �9 cm 2) 
active conductance (mmho �9 cm-2) 
passive conductance (mmho. cm 2) 

A 0 potential difference (0 ...... i - -  Ip  . . . . . .  1) (mV). 

The subscript zero indicates measurements made at A ~ = O. 
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In a previous publication [4] a formulation was presented for the 
analysis of epithelial active sodium transport as a coupled two-flow linear 
process. In this view the rates of both active sodium transport and the 
associated oxidative metabolism are linear functions of the electrochemical 
potential difference of sodium across the epithelium and the affinity 
(negative free energy) of the metabolic driving reaction. Various aspects of 
this approach have been separately tested in frog skin [19], toad skin [3] 
and toad bladder [15]; we present here a more detailed analysis in the 
toad bladder. The formulation allows the evaluation of phenomenological 
(kinetic) coefficients and energetic parameters under a wide variety of 
operating conditions. In particular, the data permit a calculation of the 
degree of coupling between transport and metabolism, and a comparison 
of the energetic parameters of the nonequilibrium thermodynamic 
representation and the classical equivalent circuit model. 

Materials and Methods 

The following is a brief summary of techniques which have been reported elsewhere [8]. 
Isolated urinary bladders of Bufo marinus (Dominican Republic) were mounted in Lucite 
chambers of 7.1 cm 2 cross-sectional area, and bathed by glucose-Na Ringer's solution contain- 
ing gentamicin sulfate. The electrical potential difference A r across the bladders was regulated 
automatically, and the current I was recorded continuously. Oxygen consumption was 
measured with Clark electrodes [8, 18, 19]. After equilibration for 2.5 hr, A @ was clamped 
sequentially at 0, _+40, _+ 80 mV for 6-rain periods. Measurements were made during the final 
2 rain, when the tissues were in a steady state, as indicated by near-constancy of the current 
and the rate of Oz consumption. Following two such series, 1 • 10- 5 M mucosal amiloride 
(Merck, Sharp & Dohme, N.J.) was used to depress the short-circuit current I0(I~=0) to 
near zero and oxygen consumption was again measured. 

Measurement of  the Rate of  Suprabasal Oxygen Consumption, Ji b 

Ji b is that part of the total rate of oxygen consumption Jr related to transepithelial active 
sodium transport, the rate of basal oxygen consumption jb being related to all other activities 
[8]. Since there is a linear relationship between Jro(Jr at A @ = 0) and I0, whether these param- 
eters vary spontaneously or following amiloride, the intercept at I0 =0 is taken as jb, and 

j s b = j  _ Sb. (I) 

Measurement of  Passive Conductance, ~C 

~c p was evaluated by the use of amiloride, which depresses I 0 by selectively blocking the 
active conductance, so that 

~c p = (~C)~o 0- (2) 

The conductance ~: was evaluated by setting A0 alternately at _+ 10 mV for 5 sec and 
applying Ohm's law [15]. 
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Measurement of the Rate of Active Sodium Transport, J~a 

For Dominican toad bladders mounted in chambers the only significant transepithelial 
active ionic transport is that of sodium [9, 10, 11], and the current-voltage relationship is 
linear, both in the absence and presence of 10- 5 M amiloride [8]. Accordingly, I = FJ~a - ~cPA qJ, 
and so 

J~, = (l/F) (I + ~:PA 0). (3) 

In carefully mounted toad bladders •P remains constant for some 2-8 hr [14], so that ~P is 
conveniently determined at the conclusion of the experiment. 

Interpretation of Data 

With identical solutions bathing both sides of the tissue the nonequilibrium thermo- 
dynamic representation for active sodium transport in toad bladder takes the form of two 
linear equations: 

J~a = LNa(-- FA •) + LNa, r A, (4) 
j~b = LN,, r(-- FA ~k) + Lr A, (5) 

Here A is the thermodynamic affinity of the driving process, and the L's are phenomenological 
coefficients representing kinetic factors. 

Standard statistical procedure were used [16], and results are presented as mean values 
• standard errors of the mean (SE). 

Results 

Dependence o f  J~a on A ~  

Linear i ty  of the rate of active sodium t ranspor t  J~, in the electrical 

potent ia l  difference A 6  was inferred in a previous s tudy from linear 

current-vol tage relat ionships in tissues in which a high fraction of to ta l  

conductance  was a t t r ibutable  to the active pa thway  [-15]. In the present  

s tudy J~a was evaluated according to Eq. (3), employing the amilor ide  

technique described in Me thods  to measure  x p. An example of the rela- 

t ionship between J~, and A ~ is shown in Fig. 1 a. A linear relat ionship 

over a range of +_ 80 mV was observed consistently. Values of dJ~Jd(A 6) 

and the l inear corre la t ion coefficient r are given in Table 1. 

Dependence o f  J~ on A ~b 

Measurements  of the rate of oxygen consumpt ion  Jr were carried out  

s imul taneous ly  with the above measurements  of J~a" Again a linear 
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Fig. 1. Relationships between (a) J~, and A 0, and (b) Ji b and A ~ (tissue ~ 5) 



Thermodynamics of Sodium Transport 

Table 1. Relationships between J~a, Jr, and A ~ for 11 hemibladders" 

23 

tissue ~ -dJ~jd(Atp) -dJr/d(At~) 

pmoles �9 cm- 2 .  S 1 . m Y -  1 - -  r pmoles - cm -2 - s -1 �9 mV -1 - r  

1 2.50 0.994 0.068 0.945 
2 1.39 0.995 0.062 0.999 
3 3.12 0.954 0.142 0.967 
4 2.09 0.999 0.100 0.980 
5 1.88 0,999 0.077 0.978 
6 1.68 0.945 0.081 0.913 
7 1.42 0981 0.070 0.858 
8 4.22 0.999 0.231 0.997 
9 1.65 0.999 0.129 0.998 

10 2.63 0.996 0.189 0.999 
11 3.77 0.999 0.221 0.999 

~• 2.40_+0.29 0.125_+0.019 

" r is the correlation coefficient. 

relat ionship with A ~ was observed over a range of ___ 80 inV. The behavior  

of the hemib ladder  of Fig. 1 a is shown in Fig. 1 b. This dependence was 

previously shown to hold  for frog skin [-12, 19]. Values of dJ~/d(A tp) and r 

are shown in Table 1. 

Determination of A 

Values of dJr/d(A ~) combined  with values of the short-circuit  current  

Io permit  the evaluat ion of the affinity A [4, 19], here designated AI: 

Aa = - Io/(dJr/d (A 0)). (6) 

The measurement  of Io = FJ~,o and dJ~a/d(A ~) permits  also the calculat ion 

of (A O)j~,= o and, with dJ~,/dJ~, another  set of values of the affinity, 

designated A2: 

A 2 = (dJ~,/dJ~)A F(A 0)s~, = o. (7) 

The good agreement  corresponding values of A1 and A2 (Table 2) indicates 

the consis tency of  the techniques  employed.  

Calculation of q 

The use of amilor ide to depress active t ranspor t  to near-zero allows not  

only the evaluat ion of the passive conductance  ~c p, but  also the es t imat ion 
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Table 2. Calculation of the affinity A in 11 hemibladders, evaluated by two different methods ~ 

tissue # Io (A @)jg~= 0 dJ~a/dJr A1 A2 
gA, cm-Z mV mole Na.  mole 02~ kcal. mole- 

1 23.6 98 37.8 83.4 85.1 
2 18.1 135 22.5 69.3 69.8 
3 34.5 115 23.0 57.8 60.7 
4 22.3 110 21.4 52.9 54.1 
5 18.2 100 24.6 56.1 56.6 
6 26.7 165 22.3 77.7 84.5 
7 22.9 167 23.1 78.4 88.9 
8 38.2 94 18.2 39.3 39.3 
9 17.8 111 12.8 32.8 32.8 

10 23.9 94 14.1 30.1 30.3 
11 35.8 99 17.1 38.7 38.8 

~_+SE 25.6_+2.2 1 1 7 - - + 8  21.5_+2.0 56.0_+5.8 58.2-+6.5 

a I0 (= FJ~ao) for Eq. (6) and (A O)s~a= o (equivalent to ENa ) for Eq. (7) were evaluated from the 
line relating J ~  and A ~, at A ~ =0 and J~, =0, respectively (see Fig. 1 a). 

of the rate of basal oxygen consumption J~, and thus the rate of suprabasal 
oxygen consumption Ji b associated with trans-epithelial active sodium 
transport (Table 3). This in turn permits the evaluation of the degree of 
coupling by either of two methods [4]: 

[ tjsb, ]l/2 
ql= 1 t ~ ) J N . = ~  gg (8) 

la ~lab -11/2 aNaO/arO .| 
q2 = a sb �9 (9) [dJ~JdJ; ] 

The good agreement between corresponding values of ql and qa again 
indicates the consistency of the techniques employed (Table 3). 

Calculation of LNa, LN .... Lr 

Two of the phenomenological coefficients are given directly by data 
presented above: 

LNa = ( - -  1/F) (dJ~a/d(A ~'/))A ' 

L y a ,  r = ( - I/F) (dJ~b/d(A 0))A. 

(The linear relationships between J~a, Ji b, and AS 
invariant on brief perturbation of A ~b.) The availability of a means for the 

(lO) 
(11) 

indicate that A is 
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Table 3. Calculation of the degree of coupling q in 11 hemibladders, evaluated by two methods" 

tissue # J~ jfo b tj~b~ t ~ IJ~=o ql q2 

pmole .cm a . s  

1 20.6 17.1 10.5 0.62 0.59 
2 6.3 19.2 10.7 0.66 0.64 
3 37.1 21.8 5.4 0.87 0.82 
4 24.4 11.4 0.3 0.99 0.91 
5 17.2 13.0 5.3 0.77 0.75 
6 23.3 15.6 2.1 0.93 0.84 
7 20.4 13.9 2.2 0.92 0.80 
8 42.5 39.0 17.3 0.75 0.76 
9 23.2 13.2 - 1.2 1.04 1.09 

10 22.2 16.1 - 1.7 1.05 1.08 
11 30.5 18.9 - 2.8 1.07 1.09 

~___sE 24.3_+2.9 18.1+_2.3 4.4_+ 1,9 0,87_+0.05 0.85-t-0.05 

a ( j s b ]  a t r u~.= o was calculated by extrapolating the line relating jfb and Y~a to the point where 
a --  J~a--O. 

Table 4. Calculation of phenomenological 

Tissue 

coefficients in 11 hemibladders a 

LNa LNa, r L r  

ixmole 2 . cm-2 .  s-1.  kca1-1 

1 108.4 2.93 0.203 
2 60.3 2.70 0.276 
3 135.3 6.17 0.367 
4 90.6 4.35 0.213 
5 81.5 3.35 0.230 
6 72.9 3.55 0.192 
7 61.6 3.02 0.166 
8 183.0 10.04 0.991 
9 71.6 5.60 0.402 

10 114.1 8.20 0.533 
11 163.5 9.58 0.487 

2_+SE 103.9+12.5 5.41_+0.83 0.369+0.073 

a In the calculation ofL r with Eq. (12), A was taken as the mean of A1 and A 2. 

m e a s u r e m e n t  o f  j b  a n d  J i  b a l l o w s  a l s o  t h e  e v a l u a t i o n  o f  Lr :  

L tjsb~ / " (12) r =~, r fAO=O/A" 

V a l u e s  o f  LNa, LNa, r, a n d  L~, c a l c u l a t e d  f r o m  the  a p p l i c a t i o n  o f  Eqs.  (10), 

(11), a n d  (12), r e s p e c t i v e l y ,  a r e  g i v e n  in T a b l e  4. 
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Discussion 

Various aspects of linearity of the thermodynamic flows in the electro- 
chemical potential difference have been tested previously [-3, 15, 19]. It 
should be noted that in the previous study in toad bladder [-15] the delinea- 
tion of the current-voltage relationship involved perturbations of A 0 for 
some 15-30 sec. In this study, in order to conform to the protocol for the 
measurement of rates of oxygen consumption, A r was varied for periods 
of 6 rain. ~ The demonstration of linearity of Jr in A ~p in toad bladder is 
particularly interesting in that the measurements were performed simul- 
taneously with the measurements of J~a" 

In claiming linearity in the toad bladder over a range of __+ 80 mV, we 
are referring only to the specific conditions of our experiments. Measure- 
ments were made well below the EN,, and it is conceivable that in tissues 
with a lower EN,, the range of linearity might well be compressed. However, 
this is of no significance for the application of the thermodynamic formula- 
tion. 

The above demonstrated linearities provide a partial test of the validity 
of the nonequilibrium thermodynamic formalism. It has not yet been 
possible to test linearity in the affinity A and the validity of the Onsager 
reciprocal relations. Presuming that the formalism is valid, the affinity A 
of the metabolic driving reaction can be determined by either of two 
modes of calculation [,Eqs. (6) and (7)]. The agreement shown between 
these two determinations speaks for the self-consistency of the techniques 
employed. 

The determination ofJ  b and ~c p by the use of amiloride allows a complete 
thermodynamic characterization of the system, comprising the affinity and 
the three phenomenological coefficients. 

In terms of the phenomenological coefficients the thermodynamic 
degree of coupling is given by [6] 

q = LNa, r/(LN, Lr)F2 ; (13) 

as a consequence of the second law of thermodynamics, Iql < 1. The degree 
of coupling is a measure of the interdependence of transport and meta- 
bolism. In the case of complete coupling (q2 = 1) there is a unique stoichio- 
metric ratio between J~, and Ji b under all conditions of operation, that is 

I a  / l s b  la /lsb is independent of A O/A. When q is zero, on the other hand, ~'Na/Or ONa/Or 

1 Because of the square wave response on perturbation of A r in the presence of amiloride ~P 
was conveniently determined from 5 sec perturbations. 
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is proportional to AO/A;  the two processes are independent and each 
flow is proportional only to its conjugate force. As can be seen in Table 4, 
coupling in the toad bladder is incomplete. This demonstrates that fixed 
stoichiometry cannot be expected. Although J~a/J sb measured at "level 
flow", i.e., in the absence of an electrochemical potential difference for Na, 
depends only on the kinetic parameter LNa, r/Lr, away from level flow the 
apparent stoichiometric ratio is a function of both kinetic and energetic 
parameters [8-1. 

Clearly our ability to evaluate the degree of coupling accurately depends 
on the reliability of our estimates of J~ and hence 3~ b. The appropriateness 
of employing amiloride for tSis purpose is suggested by the finding else- 
where that J~ao/J~bo appears~onstant over a wide range of J~ao [8]. If, 
however, amiloride acts diredtly only on the mucosal surface, so that the 
pump achieves a static head, J~ and q were overestimated. Nevertheless, 
q is demonstrably less than 1 (p < 0.025). The same conclusion was reached 
by Lahav et al. in studies of frog skin [7]. 

Finally, it is worthwhile to consider the relationship between the linear 
two-flow formulation and the classical equivalent circuit model [17]. 
While the two treatments are not inconsistent, the latter deals only with 
output parameters, whereas the former considers input parameters as 
well. 

The quantity A may be considered a fundamental energetic parameter 
on thermodynamic grounds [4]. This point of view is supported by recent 
experimental findings [12]. In contradistinction, the electromotive force 
for Na transport of the equivalent circuit model, ENa, reflects both kinetic 
and energetic factors. This is seen by considering that at A c = 0, from Eq. (4): 

EN, = (A O) j~a = o = (1/F) (LN~ ' r/LNa) A. (14) 

A correlation exists between ENa and A in the eleven tissues studied, but 
this correlation is loose (r=0.63) (Table 2). Also, recent work indicates 
that EN, and A are influenced differently by different agents [5, 12]. 

It is pertinent to ask what insight the above thermodynamic analysis 
can provide into the nature of the active sodium transport process. The 
significance of the thermodynamic affinity is evident: presuming that the 
linear thermodynamic formulation is valid, A repr~sents the negative 
Gibbs free energy of a metabolic reaction driving the transport process, 
and is thus a fundamental parameter in evaluation of the effectiveness of 
energy utilization [4]. Furthermore, measurements of A in the presence 
of agents influencing the rate of sodium transport will help to distinguish 
between effects on energetic and kinetic parameters. 
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The utility of the phenomenological  coefficients is less evident. Accord- 
ing to the currently accepted model of the sodium transport system, sodium 

enters the cells passively at the mucosal (apical) surface and is extruded 

by a N a + - K + - A T P a s e  at the serosal (basal-lateral) surface. In principle 

it is possible that there may be some "recycling" of sodium through a 

serosal leak. In terms of this model, for a system of constant affinity, 

LNa = (1/F 2)/s [5, 14], and LNa, r reflects the interaction between transport  

and metabolism [4, 12]. Obviously, however, the precise dependence of 

the thermodynamic phenomenological  coefficients on cell parameters is 

complex, and requires further investigation. Even pending such investiga- 

tions, however, the evaluation of the phenomenological  coefficients under 

varying experimental conditions may help to clarify mechanisms. For  

example, the present results speak against any model of the active transport  

system which invokes a fixed stoichiometric relationship between transport  

and metabolism. Since Canessa, Labarca, and Leafs  recent study indicates 

that variable stoichiometric ratios cannot be attributed to recycling of 

sodium [2], it is necessary to consider the possible importance of other 

sources of uncoupling [1, 8, 13]. These would include, for example, partial 

uncoupling of oxidative phosphorylat ion,  or of the mechanism linking 

A T P  utilization and sodium translocation. 

This work has been supported by grants from the U.S.Public Health Service (HL 14322 
to the Harvard-MIT Program in Health Sciences and Technology), National Science 
Foundation (GB24697 and GB40704), and the U.S.-Israel Binational Science Foundation, 
Jerusalem, Israel, M.A.L. was a Research Fellow of the Medical Foundation. 

We thank Prof. A. Leaf for visiting our laboratory and carefully reviewing with us the 
methodology used in this study. 

References 

1. Bentley, P. J. 1968. Amiloride: A potent inhibitor of sodium transport across the toad 
bladder. J. Physiol. (London) 195:375 

2. Canessa, M., Labarca, P., Leaf, A. 1976. Metabolic evidence that serosal sodium does not 
recycle through the active transepithelial pathway of toad bladder. J. Membrane Biol. 
30:65 

3. Danisi, G., Vieira, F. L. 1974. Nonequilibrium thermodynamic analysis of the coupling 
between active sodium transport and oxygen consumption. J. Gen. Physiol. 64.'372 

4. Essig, A., Caplan, S. R. 1968. Energetics of active sodium transport. Biophys. J. 8" 1434 
5. Hong, C. D., Essig, A. 1976. Effects of 2-deoxy-D-glucose, amiloride, vasopressin, and 

ouabain on active conductance and EN~ in the toad bladder. J. Membrane Biol. 28"121 
6. Kedem, O., Caplan, S. R. 1965. Degree of coupling and its relationship to efficiency of 

energy conversion. Trans. Faraday Soc. 61:1897 
7. Lahav, J,, Essig, A., Caplan, S. R. 1976. The thermodynamic degree of coupling between 

metabolism and sodium transport in frog skin. Biochim. Biophys. Acta 448;389 



Thermodynamics of Sodium Transport 29 

8. Lang, M. A., Caplan, S. R., Essig, A. 1976. Sodium transport and oxygen consumption 
in toad b ladder -A thermodynamic approach. Biochim. Biophys. Acta (in press) 

9. Leaf, A., Anderson, J., Page, L. B. 1958. Active sodium transport by the isolated toad 
bladder. J. Gen. Physiol. 41:657 

10. Leaf, A., Dempsey, E. 1960. Some effects of mammalian neurohypophyseal hormones 
on metabolism and active sodium transport by the isolated toad bladder. J. Biol. Chem. 
235:2160 

11. Mendoza, S. A., Handler, J. S., Orloff, J. 1970. Effect of inhibitors of sodium transport on 
response of toad bladder to ADH and cyclic AMP. Am. J. Physiol. 219:1440 

12. Owen, A., Caplan, S. R., Essig, A. 1975. A comparison of the effects of ouabain and 2- 
deoxy-D-glucose on the thermodynamic variables of the frog skin. Biochim. Biophys. Acta 
394 �9 438 

13. Rottenberg, H., Caplan, S. R., Essig, A. 1967. Stoichiometry and coupling: Theories of 
oxidative phosphorylation. Nature (London) 216: 610 

14. Saito, T., Essig, A. 1973. Effect of aldosterone on active and passive conductance and ENa 
in the toad bladder. J. Membrane Biol. 13:1 

15. Saito, T.I Lief, P. D., Essig, A. 1974. Conductance of active and passive pathways in the 
toad bladder. Am. J. Physiol. 226:1265 

16. Snedecor, G. W., Cochran, W. G. 1967. Statistical Methods. Iowa State University Press, 
Ames 

17. Ussing, H.H., Zerahn, K. 1951. Active' transport of sodium as the source of electric 
current in the short-circuited frog skin. Acta Physiol. Scand. 23:110 

18. Vieira, F. L., Caplan, S. R., Essig, A. 1972. Energetics of sodium transport in frog skin. 
I. Oxygen consumption in the short-circuited state. J. Gen. Physiol. 59:60 

19. Vieira, F. L., Caplan, S. R., Essig, A. 1972. Energetics of sodium transport in frog skin. 
II. The effects of electrical potential on oxygen consumption. J. Gen. Physiol. 59:77 


