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As the Nation’s principal conservation agency, the Department

of the Interior has basic responsibilities for water, fish, wildiife,

mineral, land, park, and recreational resources. Indian Territorial

affairs are other maior concerns of America’s “Department of

Natural Resources”.

The Department works to assure the wisest choice in managing

all our resources so each will make its full contribution to a better

United States-now and in the future.

FOREWORD

This is one of o continuing series of reports designed to present

accounts of progress in saline water conversion and the economics of

its application. Such data are expected to contribute to the long-range

development of economical processes applicable to low-cost demineraliza-

tion of sea and other saline water.

Except for minor editing, the data herein are as contained in a report

submitted by the contractor. The data and c-occlusions given in the report.

are essentially those of the contractor and are not necessarily endorsed by

the Department of the interior.
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INTRODUCTION

The following material consists of work completed during

the period of the grant. Recent preliminary results have been

summarized in a recent Annual Report.

me support of The Office of Saline Water was much appreciated.
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1. ENERG~IC5 OF SODIUM TRANSPORT IN FROG SKIN

(1. OWgen consumption in the short-circuited state. )

(Work done with F.L. Vieiraand S.R. Caplan)

Sodium transport and oxygen consumption were studied simultaneously in

the short-circuited frog skin. Sodium transport was evaluated ~rom Io/F,

where 10 is the short-circuit current measured with standard Ringer’s

solution bathing eac~ surface. Oxygen tension was measured polarographically.

Under a variety of circumstances the rate of oxygen consumption from the outer

solution exceeded that from the inner solution, the ratio being constant

(0.57 ~ 0.09 S.D*). Both 10 and the associated rate of oxygeIi consumption Jro

declined non-linearly with time, but the relationship between them was linear,

suggesting that the basal oxygen consumption was constant. For each skin

numerous experimental points were fittec!by the best straight line. The

intercept (Jro)lo=o then gave the basal oxygen consumption, and the slope

dNa/d02 gave an apparent stoichiometric ratio for a given skin. The basal

oxygen consumption wzs about half the total oxygen consumption in a representative

untreated short-circuited skin. values of dNa/d02 in 10 skins varied

significantly, ranging from 7.1 to 30.9 (as compared with Zerahn’s and Leaf.

and Renshaw’s values of about 18), KCN abolished both 10 and Jro. 2, b-DNP

depressed 10 while increasing Jro & to 5 fold. Antidiuretic hormone stimulated

and ouabain depressed both 10 and”Jro; in both cases aoparent stoichiometric

ratios we~e preserved,



INTRODUCTION

Much of the work on energetic of sodium transport places great emphasis

on stoichiometry. A stoichiometric ratio is generally considered to relate

the rate of active sodium transport to the rate of suprabasal oxygen consumption

under all conditions of operation (e.g. the short-circuited and open-circuited

states). It is also often tacitly assumed that the same ratio obtains in

different preparations of a given kind.

In view of the marked differences between randomly selected tissues,

the assumption of a unique ratio applicable to all tissues seems unwarranted.

It is also by no means evident that a unique ratio would apply to any one

tissue under all experimental conditions. This would be the case only if

8odiurntransport and metabolism were completely coupled, so that any factor

operating to change one must necessarily chang,ethe other in such a way as to

keep their

many ways,

and Essig,

dependence

ratio constant. Partial decoupling could in fact come about in

some of which have been considered elsewhere (Rottenberg, Caplan,

1967; Essig and CapIan, 1968). The demonstration of linear

between transport and metabolism is often cited as evidence for a

stoichiometric relationship. However, to say that there is

between the rate of transport and the rate of metabolism is

saying that the rate of transport is a constant multiple of

a linear relationship

not equivalent to

the rate of

suprabasal metabolism; linearity between two flows can exist whether coupling

IS tight or loose.

In this paper we shall consider the relationship between the rate of sodium

transport and the rate of oxygen consumption in the short-circuited frog skin

exposed to identical solutions at each surface. It will be shown that even in

this well-defined state the relationship between sodium transport and suprabasal

oxygen consumption varies from skin to skin.
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and

~~ODS

The studies were carried out in modified Ussing-Zerahn chambers (Ussing

Zerahn, 1351), permitting the simultaneous measurement of electrical

Fig. 1

Abdominal

area of

half-chaxber

current, transmembrane potential, and oxygen consumption (Fig. 1).

skins of Rana pipiens were mounted in a lucite chamber, exposing an

7.1 cm2, and e~uilibrated for at least one hour before study. Each

was connected to a micro-centrifugal pump dr$ven by a magnetic stirrer; the

total volume on each side was 10.5 ml. Sodium Ringer agar “senstng” bridges

were used for monitoring the electrical potential with saturated calomel

half-cells, and an additional pair of bridges permitted the passage of current

through silver-silver chloride electrodes, A voltage clamp was used to set

the potential difference across the skin (a compensating circuit corrected

automatically for the potential drop between the tips of the sensing bridges

and the membrane), Electrical current was recorded co~ltinuously,

The partial pressure of oxygen in each compartment was continuously

monitored by means of Clark oxygen electrodes with 0.001” Teflon membranes

(Yellow Springs Instrument Company, yellow springs, Ohio), one Of which was

fitted to each micropump. Circulation at a rate of 2.3 ml/see produced

vigorous stirring at the surface of each electrode~ providing stable P02

.read~.ngs. Since the response of the oxygen electrodes is very sensitive

to temperature the system was provided with water jackets supplied from a

constant temperature (25°C) bath. Each oxygen electrode was connected to a

polarographic circuit whose output voltage was directly Proportional to P02”

When we were interested in the oxygen consumption from each solution the

output voltages were recorded independently. Otherwise only the sum of the

3



two

the

the

voltages in series was recorded, thereby reducing the error in evaluating

slopes. DuYinE the experimental periods clamping the inlet tubing isolated

solutions from air, Care was taken to avoid bubbles since these would lead

to underestimation of oxygen consumption. At the beginning of each experiment

the sensitivity of the circuit.was adjusted so that, at the maximal pump rate,

Ringer’s solution equilibrated with air gave an output of 30 mV. The rate of

oxygen consumption Jr (~hlsec‘lcm-2) was calculated from the relation:

0.2095 X 103 SJr== (P-P%O) ~Goxzz.1

where ~,”the volubility coefficient of oxygen at ,25°C, is ().0271ml 02 per

ml Ringer solution (expressed at S.T,P,)*, P is the barometric pressure

(~Hg), pHois the water vapor pressure (mm llg),V is the volume of a
2

half--chamber (ml), Eair is the output voltage of the polarographic circuit

when each oxygen electrode is equilibrated with aerated sodium-Ringer’s solution

(mV), A is the membrane area (cm2), andS is the slope of the recorded plot of

output voltage against time (mV sec‘1), measured visually. The volume fraction

of oxygen in air has been taken as 0.2095,

\
The response of the electrodes in the above system was tested in Ringer’s

solution equilibrated with air.,..nitrogen,and nitrogen-oxygen mixtures of 10.33

and 15.47$ oxygen. As shown in Fig. 2, the response was linear for p02 values

Fig. 2

~ahging from zero to that of air. This was true for each electrode, justifying

the summation of the two voltages. Preliminary studies were also made of the

importance of leakage and sorption of oxygen. For this purpose the system

WaS the same as during experiments, but with a parafilm membrane in place of

X Computed from tables in Linke (1965),

●
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the skin. After equilibration with air the chambers were rapidly filled

with Ringer’s solution equilibrated with a gas mixture of 15.47% oxygen in

nitrogen. The system was then closed promptly, and the p02 recorded for

half an hour; it was found to be constant within experimental error. This

shows that the solutions were adequately isolated from atmospheric air,

and that resorption of oxygen from the walls of the lucite chambers could

be neglected. In the following experiments the p02 was never allowed to

fall below 85$ of that of air. Periodically the depleted fluids were

replaced by aerated solutions, or supplemented with small volumes of

oxygenated solutions sufficient to bring the PO to

02 consumption by each electrode in air was 4,5 x

calculated from a current of 1.75 x 10-8A). This

that of air. Maximal

was negligible as

compared with the rates of 02 consumption of the skins.

The standard glucose-Ringer’s solution consisted of 110.0 mM Nacl,

2“5 ‘i1KHco3’ 1“0mcac12’
and 10,0 mM glucose, freshly prepared from

concentrated stock solutions before use. The PH was 8.2 and the osmolarity

-1
220 mOsm 1 . Streptomycin sulfate (Pfizer Laboratories) was added at a

concentration of 0.1 mg ml-~ to prevent bacterial growth, Other drugs and

reagents used were antidiuretic hormone (Pitressin, Parke Davis Co.), ouabain

(Sigma Chemical Co.), 2, k-dinitrophenol (Eastman Organic Chemicals), and

oxygen-nitrogen mixtures (Medical-Technical Gases, Inc., Medford, Massachusetts).

Frogs (Rana pipiens) purchased from the Lemberger Company, Oshkosh, Wisconsin

were “keptin a moist environment at room temperature, without food, for a

period of no longer than 2 weeks.

Results are presented as the mean value ~ the standard error (S.E.) if

not otherwise indicated. Straight lines were fitted by the method of least

squares.
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EESULTS

Oxygen uptake from the outer and inner surfaces.

In these experiments the oxygen tension of each solution was monitored

continuously for ~0-minute periods, The rate of oxygen consumption from the

inner solution was always less than that from the outer solution; for

short-circuited skins the ratio had a mean value of 0.57 -!-0.09 S.D., n = 77;—

15 skins). Typical results for four skins are shown in Table I.

Table I

The ratio was independent of total oxygen consumption, electrical potential

difference across the skin, or the presence of glucose or 2, 4-DNP. As a

result of different rates of oxygen consumption from the two baths an oxygen

gradtent developed across the membrane, Despite the progressive increase of

this gradient the rates of oxygen uptake from the two baths were constant if

the short-circuit current was constant. This indicates that under the

conditions of these experiments the rate of diffusion of oxygen across the

skin was insignificant.

2. Oxygen consumption and short-circuit current.

In these experiments total oxygen consumption and short-circuit current

were meastircd s.imultancously in skins exposed at each surface to identical

glucose-Ringer’s solutions. AS is well known #hen the frog skin is exposed

to standard sodium-Ringer’s solutions the short-circuit current is

to the rate of net sodium trafisport (Ussing and Zerahn, 1951; ~af

lg57a). We have assumed that the addition of 10 mM glucose to the

does not alter this relationship.

equivalent

and Renshaw,

solutions

In most skins, despite an equilibration period of 1 to 1.5 hours both

the short-circuit current 10 and the associated rate of oxygen consumption

Jr. declined with time, although often with superimposed fluctuations. A

6



?Gprcser.tzti.,,ccx~cr:nc=t ~~ ~h~xn in pig. ~ (FGC~Lb~:i~i~GI EdS ,5ceil hutil

tn the presence and absence of glucose), Dcspitz the decline and fluctuation

of both 10 and Jro, on relating the two values for each period a linear

Fig. 3

relationship was observed. Table 11 gives the results for ten skins,

untreated

of 10 and

with drugs, in which there were sufficient spontaneous changes
the

J~. to permiw demonstration of their relationship.

Table 11

The-existence of a linear relationship between 10 and Jro Permits the

evaluation by extrapolation of the rate of oxygen consumption which would

have obtained in the absence of short-circuit current, (Jro)l =O. This
o

quantity, which we consider to represent the basal rate of oxygen consumption,

was about half the total rate of oxygen consumption in a representative

freshly mounted skin. (The validity of the use of (Jro)lo=o as a measure

of oxygen consumption unrelated to transepithelial sodium transport will

be discussed below.)

A subject whic”h has received a great deal of attention is the quantitative

relationship between suprabasal oxygen consumption and active

(Ussing, 1~60). Se*:eral workers have eva~untcd a mean ratio,

single experimental determination for each skin. In contrask

sodium transport

based on a

Table II is

based on numerous experimental

analysis of the slopes permits

each. The mean slope dJro/dIo

corresponding to an average value

of oxygen consumed. However, the

values.

points for each skin; hence statistical

the evaluation of an appropriate ratio for

-1
was 0.854 ~ 0.344 v mole COU1 ,

of 14.6 sodium ions transported per molecule

various skins show significantly different

7



2, k-dinitrophenol on the relationship between short-circuit current

and oxygen consumption.

Since there was a linear relationship between 10 and Jro.as these

parameters varied spontaneously, it was of interest to examine the relationship

between them when they were altered by specific agents. The addition of

antidiuretic hormone (ADH) to the solution bathing the inner surface of the

frog skin has been reported to result in an increase of both short-circuit

current and oxygen consumption (Ussing and Zerahn, 1951; Zerahn, 1956; tiaf

and Renshaw, 1957a) . Ouabain may be expected to cause a decrease of these

parameters (Koefoed-Johnsen, 1957; tivy and Richards, 1965). Both effects

can beeseen in Fig. 4 which refers to the skin in which ADH produced the

greatest effect. Again the relationship between 10 and Jro appears to be

Fig. 4 (a and b)

linear, (The two points below the line following ouabain were obtained when

the short-circuit current was still changing rapidly

observations were made in only two of ten skins, and

from statistical calculations.)

,Table 111

(see Fig. 6a). such

are therefore omitted

The results of a least squares analysis of the ten skins is shown in

Table

ADH .

after

prior
111, representing combined data obtained/to and after treatment with

Similar results were found on combining these data

the addition of ouabain; the results are shown in

with those obtained

Table IV. An

Table Iv

examination of Tables 11 - IV suggests that all data for a given skin lie

on a single straight line. A stringent statistical analysis supported this

view (see Appendix).
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Figure 5 shotisthe apparent

Again we see that although there

stoichiometric ratios for the ten skins.

Fig. ~

appears to be a characteristic ratio for

each, independent of the presence of ADH or ouabain, this ratio differs from

skin to skin. This is most evident in considering the pooled data.

The addition of KCN not only reduced active sodium transport and the

associated oxygen consumption to very low levels, but also depressed basal

oxygen consumption. The effect of KCN on basal oxygen consumption 1S shawn

in Fig, k. The addition of 2, 4-DNP caused a prompt decrease in 10 and a

transient

transport

increase in .Jro

byouabain, only

(Fig. 6). FOllOwing blockage of active sodium

an increase in Jro was observed.

It is of interest that the

solution is appreciably greater

Fig. 6

DISCUSSION

rate of consumption of oxygen from the outer

than that from the inner solution, the ratio

being essentially constant (Table 1). This was the-case in

studied. This is not in agreement with Zerahn’s findings.

the difference in uptake at the two surfaces is uncertain.*

all the conditions

The reason for

However, it

seems probable that the mitochondria-rich epithelial cells will consume

oxygen more rapidly than the poorly cellular underlying connective tissue.

Also, as suggested by Martin and Diamond (1966) for the rabbit gall bladder,

the thick layer of connective tissue may constitute a more effective

permeability barrier to 02 diffusion than the thinner epithelial cell layer.

Similar results have recently been reported by Nellans and Finn (1~0) in

the toad bladder.

* ID an attempt to minimize the contribution

solutions were freshly prepared and contained

et al. (personal communication) have recently

9

of bacterial contamination, all

streptomycin. However, Sharp

noted continuing bacterial



As mentioned above, a progressively increasing g~adient for oxygen

i.
develops, but constancy of J; and Jr 1P those skins with constant 10 indicates

that the rate of diffusion of oxygen across the skin is insignificant compared

with the rate of oxygen consumption. In order to test this further we

calculated the rate of diffusion of oxygen across an unstirred layer of

water of the approximate thickness of the frog skin, 300 V, induced by a

mean difference of P02 of 4.6 mm Ilg,

-1 -2
result was 5.6 ppmole sec cm , as

of 58.3 ~pmole sec
-lem-2

. Since the

the largest value permitted here, The

compared with a basal oxygen consumption

mean diffusion coefficient in the frog

‘skints presumably less than in water, and since we have ig~~ored the effects

of unstirred layers, it appears that the diffusion of oxygen across the skin

is itisigntficant in these experiments.

Zerahn raised the question as to whether the oxygen requi~ed for transport

is derived from the outside or inside solution. The observation of a constant

ratio of uptake from each solution even after the abolition of sodium transport

nucleofide turnover in toad bladders for as long as four hours alter administration

of streptomycin. We do not feel that the possibility of bacterial metabolism

invalidates our main conclusions, for the following reasons: (i) Bacterial

contamination, which should be confined predominantly to the outer layers, would ‘be

expected to vary with time. In fact no change in the ratio J~/J~ was observed (Table I

(ii) Perturbation of AQwould be expected to change oxygen consumption related to sodi

transport, but not that due to bacterial metabolism, No change in J~/J~ was noted with

large changes in ~ (Table I). (iii) If bacterial oxygen consumption were significant

we would have expected to observe changes in the ratio dNa/d02 both with the passage

of time (Fig,3) and with alteration of the rate of sodium transport by specific agents

(Fig. 5). No such changes were noted.

10



by ouabain, and the insignificance of oxygen transport across the skin, leads

us to believe that the oxygen is derived from both surfaces. In any event,

it cannot be assumed that the pattern observed in vitro applied also in vivo,.— ——

since in life the skin is vigorously perfused.

It $S remarkable that in each skin there is a unique value of dNa/d02

which is independent of treatment with either ADH or ouabain (Fig, 5; Tables II-Iv).

This is of particular interest in view of the common belief that ADH acts

at an ou$er perm~ability barrier whereas ouabain acts at the pump. In terms

of a formalism presented previously (Essig and CapIan, 1~~) the observed

results are consistent either with a change in the free energy of the metabolic

driving reaction, or effects on the pnenomenological coefficients of a highly

coupled systcm.

The above findings suggest also that there are two components of oxygen

consumption. One component is that associated with the process of net sodium

transport, linearly related to the short-circuit current. Extrapolating to

‘he state ~. = O then gives us the other component, oxygen consumption

apparently associated with all other cellular functions. We shall call this

“basal” oxygen consumption; we do not mean to imply, however, that this oxygen

consumption is necessarily unrelated to any cellular sodium transport, but

only that it is unrelated to.net transepithelial sodium transport. The

demonstration of two functional components of oxygen consumption is reminiscent

of the observations of Kidder, mrran, and Rehm (1966) in their studies of

hydrogen ion section in bullfrog gastric mucosa. These workers interpreted

relationships between oxidation-reduction states of cytochromes and active

hydrogen ion secretion in terms of two parallel electron transport chains,

one mitochond.~ial and the other extramitochondrial, the latter specifically

452-068 0 - 72 - 2



involved in the transfer of hydrogen ions. Similarly, Siekevitz (1965)

has adduced biochemical evidence for two discrete electron transport systems,

one in mitochondria and the other in the endoplasmic reticulum.

It is of interest that there appears to be a basal oxygen consumption

which remains essentially constant over an extended period. The alternative

hypothesis is that both basal and non-basal oxygen consumption vary linearly

with short-circuit ccrrent, whether the variation in 10 is a consequence only

of the passage of time or also includes the effects of ADH or ouabain. This

possibility seems to us a priori much less likely than a fairly constant rate

of basal consumption+. It is noteworthy that the basal rate calculated by

extrapolation of Jro to 1..O is equal to the rate of oxygen consumption

ohser”ved in the presence of ouabain. This also supports the idea of

near-constancy of the basal rate of oxygen consumption.

It may seem surprising that sodium transport and the associated oxygen

consumption frequently decline with time while basal metabolism is well

maintained. It might have been expecred that they would decline in parallel

owing to depletion of tiss~e substrates, Various possibilities could explain

this behavior. For example, sodium transpoz+t may well depend on metabol~c

intermediates, co-factors, Or hormonal agents, etc. , r.eadi~y depleted in the

in vitro preparation, which are not important for basal metabolism.—— This

would be consistent with the fact that the electron transport system of

A We ass~e that the observed linearity is not due to the combination of two

non-linear rates of oxygen consumption.

Previous data concerning the possibility of a small effect of ADH on basal

oxygen consumption are conflicting (Uaf and Dempsey, 1g60; Rasmussen et al,, 1960:——

Swenson and Maffly, 1968); species differences may have contributed to this.



tc ~~.:~i~g ip.y.itc~b.fip.dr%z(Siekc,:itz,en~~p] q<rn. i c ret] cl! 1 II!n Cent? .?.n.s cnrn~enen. .

1965 ) .

Two metabolic inhibitors altered the regular pattern of behavior

described above. T~~eaddition Of 2, 1+,-DNpuncouples sodium ~ranSpOr~

and oxygen consumption, as shown in Fig. 6 (see also Fuhrman, 1952, and

Huf et al., 1957) .—— The increase in Jro Presumably reflects the characteristic

effect of 2, h-DNP on mitochondrial oxidative phos.phorylation. The addition

of KCN abolishes not only active sodium transport and the associated oxygen

consumption, but also basal oxygen consumption, presumably by the inhibition

of cytochrome oxidase (Slater, 1966).

It is pertinent to ask to what extent 10 may be supported by g~ycolytic

metabolism. @af and Renshaw (1957b) noted active ion transport to occur

anaerobically in frog skin at 20 to 40 per cent of the aerobic rate. However,

in their study glycolytic sodium transport in the presence of oxygen may

have been small since lactate production increased markedly under anaerobic

conditions. The linearity noted between sodium transport and oxygen

consumption in the present study indicates that if glycolytic sodium transport

is appreciable it must be constant.* Therefore, if glycolytic sodium transport

were in fact appreciable the basal rate of oxygen c~fisunption calculated by

extrapolation to 10 = O would be erroneously low and hence smaller than the

value derived from’the administration of ouabain; this was not the case.

For these reasons we feel that glycolytic sodium transport was small in the

*we haVe assumed that glycolytic sodium transport is not highly correlated

to aerobic sodium transport: Leaf and Renshaw (1957b) found anaerobic sodium

transport to be unaffected by ADH.
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present studies.

Many people have considered the relationship between the rate of sodium

transport and the rate of oxygen consumption in various tissues (Zerahn, 1956,

1958; Leaf and Renshaw,1957a; Thurau, l~til;Kramer and Deetjen, .1961+;Martin

and Diamond, 1966). The earliest comprehensive studies involving simultaneous

measurements in frog skin were carried out by Zerahn , who used the chemical

method of Krogh to evaluate average rates of oxygen consumption. His

experiments usually consisted in the determination of the average rate of

oxygen consumption in three consecutive periods of unspecified length, two

control periods bracketing an experimental period

period the average rate of sodium transport was a:

control periods the transepithelial active sodium

In the experimental

so evaluated, In the

transport was assumed to

be eliminated by replacing the outer sodium-Ringeris solution with distilled

water or magnesium-Ringer’s solution. The difference between the rates of

oxygen consumption in the experimental and control periods (“net oxygen consumpti.onr’)

was then expressed as a percentage of the rate of net sodium transpol,t. In

this way’Zerahn calculated a mean value for the net percentage (“N.P.”) of

22.5, i.e. 22.5 equivalents of oxygen consumed per 100 equivalents of sodium

transported, and stated that. “the ~.P. was the same under all conditions”.

The factors which were varied included outer concentration of Na, electrical

potential difference, p02, time of year, species of animal, temperature,

presence or absence of posterior pituitary hormone, and methods for producing

the blank. Zerahn’s value corresponds to 17,8 equivalents of sodium transported

P~r.MOl@ of oxygen consumed, as compared with the mean value of Ik.6 for the

untreated skins of the present study. We do not feel that there is any

discrepancy between these values, since in each case the numbers are simply



v.~an~ Of H !.~rz~ nllmher of vallle=v!hj.chvary over a ~nns~.derabl~ TaF.ge. For

example, using short-circuited skins of Rana ternporari? with identical sodium-

Ringer solutions at each surface, Zerahn faund values of N.P. ranging

from 14.3 to 27,8 (corresponding to dNa/d02 values of 14.4 to 28.0 eq/mole);

for Rana esculenta the values ranged from 14.9 to 34.0 (i.e. dNa/d02 values

of 11.8 to 26.9 eq/mole). Xn thesti studies the blank averaged two-thirds

of the total rate of oxygen consumption and Zerahn estimated that the

standard deviation of the net oxygen consumption ranged from 3 to 20 per cent.

In view of the uncertainties in the chemical technique employed, and the fact

that the value for each skin was derived from only a single experimental

period, it was of course reasonable to emphasize only the mean value for N.P.,

rather, than its variability.

Leaf and Renshaw (1957a), utilizing a precise polarographic technique,

studied the relationship between sodium transport and oxygen consumption in

the frog skin in both the absence and presence of antidiuretic hormone.

Relating increments in sodium transpc~t and oxygen consllmption induced by the

administration of hormone, they calculated a mean value for ~Va/A02 of 18.2.

Again, however, the values were derived from a single experimental period,

and again they varied considerably in individual skins. Excluding one grossly

aberrant figure, the values ranged from 5.8 to 43.1. The present results,

based on several experimental periods in each skin, show values of dNa/d02

ranging from 7.1 to 30.9 (Fig, 5).

we feel that our results demonstrate clearly that for short-circuited

skins with glucose-Ri,nger~s solution on both sides there is no unique value

for dNa/d02; rather the value may differ significantly from one skin to another

and possibly from one season to another. Although the reason for this



variation is unknown, certain possibilities come to mind. One possibility

is recirculation of actively transported sodium (Ussing, 1966). If the

magnitude of such recirculation were to differ from one skin to another, the

apparent stoichiomctric ratio would vary. Another possibility is variation

of skin thickness, Such variation might affect sodium transport and oxygen

onsumption differently. Still a third possibility is variation in the state

of metabolism, hloregenerally, there are several possible sources of

non-stoichiometry of the process of oxidative phosphorylation which presumably

supports active transport. These have been discussed elsewhere (Rottenberg,

et al 1967).——” ~

We thank Dr. J. Gilbert and lks. J. Lustgarten of the Harvard Computing

Cente~ for the statistical analysis of the data.



Figure 1,

Figure 2.

Figure 3.

Fi~re 4.

Figure 5.

Figure 6.

Mgends of Fi~res

Apparatus for a Siniultaneous measurement

and oxygen consumption.

OE Clark oxygen electrodes.

PC POlarographic circuit.

R Recorder

Calibration of Clark oxygen electrodes.

of electrical parameters

l’ariation of short-circuit current 10 and the associated rate of

oxygen consumption Jro with time. The inset shows the relationship

between 10 and Jro.
of

Effect/ antidiuretic hormone (0.25 units/ml), ouabain (lmhl),and

potassium cyanide (ltil)on short-circuit current 10 and the

associated rate of oxygen consumption Jro. All agents were added

to the inner solution,

(a) Plots of Ioand Jro against time.

(b) Plot of Jro against l..

These data are from a single experiment.

Apparent stoichiometric ratios of short-circuited skins, calculated

from l/F(dJro/dIo). The bars represent 95$ confidence limits.

Effect of ouabain (1 mM) and 2, 4-dinitrophenol (0.5 mhf) on the

relation between short-circuit current 10 and the associated rate

of oxygen consumption Jro,
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Legends to Tables

Table 1. Typical rates of oxygen consumption in four skins. J: and J;

represent uptake from the inner and outer solutions respectively,

A+ is the electrical potential in the inner solution minus

that in the outer solution, The duration of each period was

20 minutes; at the end of each period the solutions on each side

were replaced with fresh aerated Ringer’s solution,

*2, 4-DNP was added to the inner solution to give a concentration

“of 0.5 m.

Table II. An~lysis of the rate Of oxygen consumption at short-circuit Jro

as a function of the short-circuit current 10 during their spontaneous

decline with time (no drugs added), The data were fitted to a

straight line by least squares analysis. (Jro)l _O is the
o-

extrapolated rate of oxygen consumption at zero short-circuit

current, ~ S.E.; dJro/dIo is the slope i-S.E.; n is the number

of observations; and r is the correlation coefficient. FOr
.

n ~ 7 a value of r ~ .798 is significant at the .01 level.

Table 111.Analysis of the rate of oxygen consumption at short-circuit Jro

as a Iunction of the short-circuit current 10 during their

spontaneous decline with time and after the administration of

ADH (combined data). Symbols as in Table II. For n > 11 a value

of r > .684 is significant at the .01 level,

Table IV. Analysis of the rate of oxygen consumption at short-circuit Jro

as a function of the short-circuit current 10 during their

spontaneous decline with time and after the administration of

ADH and ouabain (combined data). Symbols as in Table 11. For

n ~ 14 a value of r ~ .623 is significant at the .OI level.
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(a)

Appcnd%x - Statistical Analysis

Since the measured short-circuit culrent reflects sodium transport with

high precision, we attribute all error to the measurements of oxygen consumption.

Two hypotheses were tested:

(a) The data obtained before and after treatment with .41)Hlie on the same

straight line.

This hypothesis was tested in two ways,

(i) For each skin a curve was constructed for the untreated and ADH

points considered separately. A t-test on their slopes and intercepts

gave the following results (DF indicates degrees of freedom; P, the Sigfiif~CafiCe
level , is the probability of ~tl > the observed value):—

Skin 110. slope Intercept—
t J)F P t DJ? P

1 .44 10 .68 -1.04 11 .32

2 .38 8 .72 1.54 9 .16

3 -.37 23 .74 .41 24 .@

i .09 12 .94 .56 13 .60

5 ,-.07 7 .96 .02 8 .99

6 -.54 8 .60 .51 9 .62

7 -.41 14 .68 -.41 15 .70

8 .13 8 .92 .36 9 .74

9 .05 7 .% ●75 8 .48

10 -.03 8 .99 ~.33 9 .22

(ii) Taking all skins together the significance of the difference of

the mean slopes was tested:

‘lOpeuntreated - s~opeADH = -.ol~ .09 (S.E.).



(b)

Testing both the slopes and the angles of inclination gave the

following results:

t DF

slopes -.111 9

angles (rad.) -.112 9

The above results show no significant difference between the untreated

and ADH data.

(b) The data obtained after treatment with ouabain lie on the straight

line obtained from the untreated + ADH data.

For each skin the average distance of the ouabain points from the

untreated + ADH line was computed. The mean distance for all skins was

insignificantly different from zero (t = -.151; DF = 9, p= .88).
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Table II

Skin

1

2

.3

4

5

6

7

8

9

10

Mean

(J=O)l _O
~-

-1 -.2
y~M sec cm

39.625.3

23.1 ~ 9.2

66.o~2.1

39.929.5

51.2 ~ 3.4

58.62 4.1

56.2 ~ 4.0

53.628.1

37.1 ~ 11.4

56.327.2

48.2~ 12.9

dJro/dIo

-1
pM COU1

.7742 .132

1.082 ~ .218

.9552 .132

.827~ .160

.M8~ .139

.360~ .083

.456? .080

1.031 ~ .295

1.114 + .178—

1.452* .212

,854? .344

n

8

7

21

12

7

7

13

7

7

8

r

.923

.912

.857

,853

.8b3

.889

.864

.842

.942

.942
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skin

2

3

4

5

6

7

8

9

10

Mean

(Jro)Io=O

-1 -2
ppM sec cm

39.7 t 3*9

34.4~ 4.8

66.1 ~ 1.7

43.4 ~5.8

51.1 ~2.2

58.7 ~3.8

55.k~2,9

54.7 f5.4

41.1 ~6.g

60.8 f 4.9

50.5 ~ 10.4

dJro/dlo

-1
KM cOU1

.785 ~ .088

.800~ .098

.9403 .091

.764~ .091

.490Z .068

.395 ~ .060

,4781 .048

.9732.171

1.042 + .099-.

1,283 ~ .117

.795 ~ .28o

n r

14 .933

12 .933

27 ,900

16 .913

11 .923

12 .800

18 .928

12 .874

11 .962

12 .961
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Table IV

Skin

1

2

3

4

5

6

7

8

9

10

Mean

(Jro)lo=o

-1 -2
~~M sec cm

40.2 ~ 1.0

4>.4~1.6

66*6~ 1.0

49.5? 1.5

50.6~ 1.2

59.72 1.7

52.1 f 1.7

58.922.3

32.7 ~ 1.7

60.8 ~2.4

51.4: 10.5

dJro/dIo

-1
~M Coul

.774: .026

.618 ~ .037

.919 ~.060

.670 ~ .027

.504~ .041

.3362 .032

.5282 .031

.843 ~ .083

1.161 + .028

1.284~ .065

.7642 .297

19

16

33

20

lk

16

23

16

15

16

.991

.976

.940

.986

.962

.943

.966

.938

.996

.983

462-M8 O- 72 -3 27
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II. ~~GETICS OF SODIUM TRANSPO~ IN FROG SKIN

(2. The effects of electrical potential

on oxygen consumption)

(Work done with F.L. Vieira and S.R.Caplan)

Studies were made of the dependence of the rate of oxygen consumption

Jr on the electrical potential difference A+ across the frog skin.

Following the abolition of sodium transport by ouabain the basal oxygen

consumption was independent of ~~~r. In fresh skins Jr was a linear function

of ~~ over a range of at least +~0 mv. Treatment with aldostcrone stimulated

the short circuit current 10 and-the associated rate of oxygen consumption

Jr. and increased their stability; linearity was then demonstrable over a

range of +160 mV. Brief perturbations of a$ (~30 to 200 mV) did not alter—

subsequent values of l.. Perturbations for 10 or more minutes procluced a

“memory” effect both with and without aldosterone: accelerating sodium

transport by negative clamping lowered the subsequent value of l.; positive

clamping induced the opposite effect. Changes in .Tro were more readily

detectable in the presence of aldvsterone,; these were in the same direc~ion

as the changes in l.. The linearity of Jr in A+ indicates the validity of

analysis in terms of linear nonequilibrium thermodynamics—brief perturbations

of A* appear to produce no significant effect on either the phenomenological

coefficients or the free energy of the metabolic driving reaction. Hence

it is possible to evaluate this free energy.
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INTRODUCTION

Many people have considered the energetic of ion transport in

epithelia (e.g. Ussing and Zerahn, 1951; Zerahn, 1956, 1958; ussing,

1960; Heinz and Patlak, 1960

Civan, Kedem, and Leaf, 1966:

those of Ussing, who treated

Patlak, 1961; Martin and Diamond, 1966;

In general these studies have followed

the system in terms of its electrical

analogue. This led him to introduce tileconcept of “the electromotive

force of the active sodium transport”, ENa. Two methods are used for

the evaluation Of ENa: (1) determination of the electrochemical potential

difference of sodium required to reduce its

of the flux ratio at short-circuit. As was

the ENa determined experimentally should be

flux to zero, (2) measurement

stressed by Ussing and others,

regarded only as an effective

potential, reflecting the mode of evaluation, In particular, leak must

decrease its magnitude, Furthermore, the common use of the flux ratio to

evaluate EHa requires the questionable assumption that the movements of

abundant and tracer species of sodium ions in the active transport pathway

are independent (Ussing, 1960). In any event equivalence of the values of

ENa obtained by the above two techniques would require that the rate of

metabolism be independent of the electrical potential difference across

the membrane (Kedem and Essig, 1.965;Blumenthal and Kedem, 1969).

In view of the above considerations several authors have attempted a

more comprehensive thermodynamic treatment. Since the systems are not at

equilibrium, such a treatment must necessarily be based on the use of

nonequilibrium thermodynamics (for example, Kedem, 1961; Hoshiko and

Lindley, 1967; Essig and Caplan, 1968), In these studies linear relations

were assumed between the rates (transport and metabolism) and the forces

(electrochemical potential difference of sodium and free energy of the
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metabolic driving reaction). Such linearity, if it existed, would greatly

simplify thermodynamic analysis and would also be of fundamental

theoretical significance (Prigogine, 1961). In the present PaPer we

examine the question of whether linearity does in fact obtain between

oxygen consumption and electrical potential- difference over a

significant range.

F
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‘Na

Jr

Jro

GIDSSAI{Y

affinity of metabolic reaction

electromotive force of sodium transport

Faraday constant

electrical cuxrent density

electrical current density in the short-circuited

state (A$ = O)

rate of sodium

rate of oxygen

Of A1jper Unit

rate of oxygen

state (~$ = 0)

transport per unit area

consumption at any given value

area

consumption in the short-circuited

per unit area

phenomenological conductance coefficients

negative electrochemical potential difference of

sodium

electrical potential difference: potential in

the inner solution minus that in the outer solution.

(Inner and outer refer to the intact animal, )
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Most of the methods used in this study were as described in detail

in Part I (Vieira, CapIan, and Essig, in preparation). In summary,

sodium transport and oxygen consumption were measured in skins (Rana

pipiens) mounted in standard lucite chambers. Sodium transport was

measured by the short-circuit technique of Ussing and Zerahn (1951).

Oxygen consumption was measured by a polarographic method using two

oxygen electrodes. A voltage clamp permitted setting the potential

difference across the skin at values ranging from 200 to -200 mV, with

a compensating circuit providing automatic correction for the potential

drop het~veen the voltage-sensing agar-briclge tips and the membrane.

Fresh standard glucose-Ringer’s solution (110.0 mA!NaCl, 2.5 m’,!KHCC)
3’

1.0 mhlCaC12,
-1

and 10.0 mhlglucose; pH 8.2 and osmolarity 220 mosm 1 )

was.used. Streptomycin sulfate was added in a concentration of 0.1 mg ml
,-1

to prevent bacterial growth. In the standard protocol oxygen consumption

was studied 1.5 hours after mounting the skin. In the alciosterone-aged

preparations, d-aldosterone-21-acetate was added to the inner solution

-6
in 10 ~1 of methanol to give a final concentration of 10 hl, The system

was then aerated for 18 hours. At this time the solutions were replaced

by fresh glucose-Ringer’s solution and aldosterone was added to the inner

solution as above. After 1 to 1.5 hours the air bubbler was detached and

the oxygen electrode-micropump system was attached as shown in Fig, 1 of

Part I. Thereafter, in order to maintain oxygen-tension at near
.

physiological levels, both solutions were replaced at approximately 25 minute

intervals by fresh aerated glucose-Ringer’s solution containing 10-8hl

aldosterone. Streptomycin sulfate was obtained from Pfizer Laboratories,
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Quahein from Sigma Chemical Company, ~nd d-aldosterone-21-zcct ate was

kindly provided by Dr, Maurice pechet,

Results are presented as the mean value ~ the standard error (S.E.)

if not otherwise indicated, Straight lines were fitted by the method of

least squares.

RESULTS

1. Effect of the electrical potential difference on the rate of oxygen

consurnntion.

Two different kinds of preparation were used. (a) Fresh skins were

studied after 1 to 1.5 hours of incubation in glucose-Ringerfs solution.

(b~ Aldosterone-aged skins were studied after 18 hours of incubation in

glucose-]linger’s solution containing alclosterone.

a) Fresh skins.

Studies were made of the dependence of the rate of oxygen consumption

Jr on the electrical potential difference ~lj imposed across the skin, The

magnitude and sequence of the perturbations of ~q were varied in different

experiments. As shown in Fig. 7 a change in A+ resulted promptly in a

change in the rate of oxygen consumption, normally within less than 30

Fig. 7

seconds. Usually a new steady state value was reached within less than

2 minutes. Thus, to ensure stationarity Jr was evaluated 4 to 6 minutes

following change of ~~.

Typical relationships between Jr and A+ are shown in Fig. ~ where each

plot represents data obtained within a single 25 minute interval, (During

Fig. 8

this time the skin was stable, as shown by the fact that repeated
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<letermina~ions at a given

Ijositiveperturbations of

value of A+ resulted in closely similar values of Jr,)

A*, which decreased the rate of sodium transport,,

~’educed the rate of oxygen consumption and vice-versa. Characteristically

l:herelationship between Jr and A+ was linear over a range of at least

~70 mV, occasionally~ 100 mV.

me addition of ouabain to ,the inner solution (10‘3 M) regularly

:~bolished sodium transport almost completely within 30 to k5 minutes, and

reduced the rate of oxygen consumption to the basal level (Part 1). In

these circumstances Jr was no longer dependent on PQ, as can also be seen

in Fig. 8: This demonstrates that the influence of the electrical

:>otentialdifference on the rate of oxygen consumption is mediated through

\
ilneffect on

It is of

,} in greater..

he active transport process.

course desirable to examine the relationship

detail over a large range. To do so several

~:,fJr must be made, occasionally requiring as long as four

between Jr and

determinations

hours. ~ring

these measurements appreciable spontaneous decline of sodium transport

and metabolism may occur. Since such instability interferes with the

determination of the relationship between Jr and @~ it is

monitor 10 and Jro; in a stable preparation both would be

for long periods. However, in forty-four untreated skins

useful to

nearly constant

studied over an

extended period only one was stable, and this at a low level of sodium

transport.

b)

is

in

Aldosterone-aged skins.

In order to obtain more comprehensive data a more stable preparation

desirable. We had observed that.fo~lowing several hours of incubation

glucose-Ringer’s solution 10 was quite stable; howeve~ its magnitude
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was small. Since it has been IIotcd that aldosterone increases the rate

of sodium transport in epithelia (Crabb<, 1961; Sharp and Leaf, 1964;

Porter and Edelman, 1964; Nielsen, 1969; Vofiteet al., 1969) we used.—

it for this purpose. Prolonged exposure to 10
-6

1!aldosterone in

glucose-Ringer’s solution resulted in stability, with a significantly

larger’value of 10 than in an untreated skin from the same animal.

Furthermore, Jro was comparable in magnitude to the rate of oxygen

consumption in freshly mounted skins and was also relatively stable.

Although the rates of sodium transport and oxygen consumption decreased

with time, this effect was much smaller than in the untreated skins,

Eleven aldosterone-treated skins were studiccl extensively; of these only

one was unstable.

With the use of the more stable preparation linearity was demonstrable

,even in long term experiments over a large range of ~q. Figs ga and~o a

show the results of two such experimc:~ts. As is seen, linearity was

Figs. 9 and ~0

observed over a range of + 160 mV. The corresponding plots of 10 and Jro

against time in Figs. ~b and~bb indicate the stability of these preparations.

In these studies we avoided several positive or negative periods in

succession, as for example, 0,-40,-80,-lPo,-160,-zoo, followed by the

positive values, in order to prevent systematic effects of polarity, as

will be discussed in section 2 below. Providing that this precaution is

taken, the sequence of electrical perturbations had no effect on the

demonstration of linearity. In the first skin (Fig. 9a) the sequence

wasO, @,O,-40,0 ,.....0.-160 mV; in the second (Figl~a) it was

0,40,-40,0,..,O,2OO,-2OOmV, this sequence being followed twice in

succession.

42



2. ‘rhe “memory” effect.

Brief perturbations

not alter the subsequent

of~$ (~30 to.200mV for a few seconds) did

values of 10 and Jro. ~nger perturbations

(here for 10 or more minutes) produced a “memory” effect: positive

clamping, which slowed active sodium transport, transiently increased

the subsequent values of 10 and Jro; negative clamping induced the

opposite effect. The effect was more pronounced with higher magnitudes

of A+. The phenomenon was observed in both fresh and aldosterone-aged

skins, but because the effects were small they were more readily

demonstrated in stable preparations. hTormally the memory effect is more

clearly observed in 10 than in Jro owing to the greater precision in

measuring l., Figurelllshows the memory effect on 10 in three different

skins treated with aldosterone. When large perturbations of A+ were

employed (+ 160 mv for some 15 - 20 minutes) effects on both 10 and Jro—

were observed. Figure~Z shows the changes in 10 and Jro between

successive short-circuited states; each value of 10 and Jro was determined

4 to 6 minutes after returning to the short-circuited state. In this case

a positive correlation between the two effects was seen,

Fig.12

In Figll a short-circuited state was interposed between each positive

and negative period. In other studies each positive period was immediately

followed by a negative period of the same duration and magnitude of

potential; in these cases the memory effect was almost completely

abolished. The compensating effect of sequential positive and negative

“periods was seen also in the rate of oxygen consumption, as shown for

example by Figl~b.
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DISCUSSION

1. General considerations.

A linear relationship between the rate of oxygen consumption and

the electrical potential difference is interesting per se, but takes on

added significance in attempts to understand the fundamental mechanisms

of active transport. In principle any consistent relationship between

flows and forces would be of value in correlating behavior in a variety

c~fconditions. Obviously a linear relationship would have the greatest

utility,

Accordingly, several authors have attempted to consider active

transport from the viewpoint of linear nonequilibrium thermodynamics,

Kedem (1961) showed that the formalism permits the correlation of

results of different measurements. Hoshiko and Lindley (1967) extended

the methods of Kedem in single salt and hi-ionic systems and outlined

procedures for the evaluation of the requisite 10 or 15 coefficients.

Essig and Caplan (1968) treated the transport of a single cation dri~en

by a single metabolic reaction, and showed that a composite system

comprising a “pump”, a series barrier, and a leak pathway may be

described by linear equations, providing that each element shows linearity.

In the present study we have carried out initial experiments with the aim

of determining the extent to which active sodium transport and the

associated oxidative metabolism in the frog skin may in fact be analyzed

in the framework of a linear nonequilibrium thermodynamic model.

In order to anilyze data in terms of this

certain preliminary requirements be satisfied.

obtained in the steady-state, which means that

model it is necessary that

Firstly, data must be

all pertinent parameters
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must be constant with time. This requirement can of course only be

approximated. In order to determine the extent to which the steady-state

requirement is satisfied, we monitored intermittently the rates of

sodium transport and oxygen consumption in the short-circuited state,

(It has been shown that both in the absence of aldosterone and in the

steady state following administration of aldosterone the short-circuit

current in frog skins is electrically equivalent to net sodium transport

(Ussing and Zerahn, 1951; Nielsen, 1969),) In freshly mounted skins 10

and Jxo were stable only rarely. In general, both cleclil~edappreciably

with time, and in addition shwwcd spontaneous fluctuations. Skins which

were aged illthe presence of aldostcrone and glucose were usually much

more stable than fresh skins. A second requirement is that a new steady

state be reached promptly after perturbation of A+. This condition was

clearly satisfied, since constant values of Jr were established within

P minutes of the electrical perturbations, whereas measurements were made

after 4 to 6 minutes. Another requirement is that the results of

variation of ~j must be specific, reflecting intrinsic changes in the

function of the active transport system. Specificity was shown by the

insensitivity of Jr to ~,$after sodium transport had been blocked by

ouabain. It is also necessary that electrical clamping bc harmless in

the voltage range and for the duration employed. This was demonstrated

in stable preparations by the return of Jro and 10 to their Previous

values after electrical perturbations, provided that the memory effect

was small or compensated by two periods of identical length and

opposite polarity.
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As discussed in Part I the rate of oxygen consumption alter the

blockage of active sodium transport by ouabain is a good estimate of

the basal rate of oxygen uptake unrelated-to transepithelial sodium

transport. Therefore the results obtained following administration of

ouabain indicate that the basal rate of oxygen consumption was unaffected

by changes in tileelectrical potential difference across the skin,

2. Linearity.

The linear current-voltage relationship commonly observed in the

frog skin may well reflect linearity of the intact. sodium transport

system, but is not completely cnnv~ncing because of the undef$ned

contribution of artifactual leak pathways introduced

by the mounting procedure, However, studies in the toad bladder restricted

to tissues in which two-thirds of the total conductivity was by way of the

active transport pathway showed a linear relation between current and

potential difference (Essig and Lief, in preparation),

The present study enables us to make precise statements about the

relationship between Jr and &,!rin frog skin. Although we did not always

observe linearity, in those cases where the skin was stable, as shown by

cOfiStancy of Jro with time, linearily was impressive over a wide range.

In the absence of aldosterone linearity was demonstrable over a range of

-!-70 mV; after incubation with aldosterone linearity was demonstrable

over as much as + .160mv in stable skins,

3. Phenomenolo#ical description.

The observation of linearity indicates that the phenomenological

coefficients characterizing the system and the affinity A of the metabolic

driving reaction must be nearly invariant on perturbation of &{r, The

alternative possibility, that the coefficients andlor the affinity may
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*
vary so as to produce the observed linearity, seems unlikely. Accordingly,

the behavior of the system may be described by standard equations of

nonequilibrium thermodynamics, viz:

‘Na + %ar

x~a + Lr A

A

Here JNa represents net sodium flux, XNa is the

potential difference of sodium across the skin,

coefficients. With identical solutions at each

(1)

(2)

negative electrochemical

and the Lfs are phenomenological

surface XNa = ‘FA9. In

writing the cross-coefficient as ~ar in bqth equations (1) and (2) the

validity of the Onsager reciprocal relation has been assumed.~

+It is conceivable that A might be a linear function of A~ (Essig and Caplan,

1968). ~~owever, since the memory effect evaluated at short-circuit is small it

would seem that A could not be a strong function of L!lj.

+EsillceA appears to be constant in these studies, we cannot rule out the

existence of higher order terms in the affinity. For the present purposes

this is immaterial; all of our conclusions are unaffected by this consideration.

In a previous publication (Essig and Caplan, 1968) the phenomenological

equations were p~csented in terms of resistance coefficients rather than

conductance coefficients for reasons cited.

conductance formulation is intuitively more

Although the “Onsager relation has been

In the present context the

meaningful .

widely tested, its validity for

active transport is as yet unknown. In a model system in which the enzymatic

hydrolysis of an amide results in current flow simulating active transport

the relation was found to hold (Blumenthal et al. ,”lg6~).——
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Evaluation of the affinitv.4.

of

The apparent validity of equations (1) and (2) justiftes the estimation

an equation derived previously (Essig and Caplan, 1%8). For linear

systems obeying the Onsager reciprocal relation between

coefficients

A=--

phenomenological

(3)
( ar/aA$)A

va~ues of A calculated in this way are given in Tables I and 11,

Tables I and 11

These affinities represent the negative free energy of the oxidative

metabolic reaction which “drives” sodium transport. It is to be emphasized

that the values presented are those appropriate for the skins under the

conditions obtaining at the time of their observation, and are not to be

confused with the often cited negative free energies evaluated under

standard conditions,

Table I shows the results of replicate studies in 5 untreated fresh

skins. The mean affinity value, 44.2 & lj.2 kcal/mole of oxygen, is to

be compared with the value of some 116 kcal/mole cited for glucose oxidation

under physiological conditions (Davies and Ogston, 195G) . T~\ble 11 shows

the results of studies in 7 aldosterone-treated skins”,each representing a

period of some 2 hours or less. The high values of the correlation

coefficients indicate linearity. The mean affinity value , 107.1 + 51..5

kcal/mole of oxygen, is higher than in the untreated skins. Since adequate

control studies were ~ot performed we cannot conclude that aldosterone was

responsible for this difference.

It is to be expected that with the passage of time the affinity will

decrease at a rate determined by substrate utilization, and a rapid
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decline in the affinity may well accoul]t for a rapid decrement in 10

and Jro as was sometimes observed. However, since the techniques

employed here for the evaluation of A necessitated the use of stable

preparations, and since the studies of oxygen consumption were ca’rriecl

out for only limited periods, we were not able to demonstrate the

t~.me-dependence of A. In the studies shown in Table V, the short-circuit

current varied more than the affinity. This may possibly reflect

variations in membrane permeability.

5, Significance of the ’bemory’’effect,

In view of the evidence above fox near-constancy of the affinity it

is of interest that positive clamping, which slows active sodium transport,

transiently increases subsequent values of 10 and Jro, and that negative

clamping induces the opposite effects. These phenomena might of course

reflect transient effects of the electrical. potentialon tissue permeability

coefficients or rate constants, but this seems unlikely, particularly in

view of the small.magnitudes of the perturbations which we often employed,

Another possibility is that changes in the rates of transport resulting

from perturbations of A+ might slightly alter the concentrations of

metabolic intermediates so as to induce the small changes observed.

Such behavior is consistent with a model for the active transport system

discussed previously (Essig and CapIan, 1968, Appendix 1). It might

seem as though short-term variations of A resulting from perturbations

of A+ would invalidate our attempts to evaiuate an affinity characteristic

of each skin. However, the sequence of perturbations was chosen so as to

minimize the memory effect. Furthermore, the cleardemonstration of the

memory effect requires longer perturbations than were employed in the
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studies of Jr vs. A+.

6. Concluding remarks,

Considerable interest attaches

substances alter the rate of sodium

Sharp and Waf, 1964; Sharp et a~.,——

to the mechanisms whereby various

transport (Porter and Edelman, 1964;

1366; Fanestil et al 1967). In——” ~

principle such substances may act by effects on (1) permeability, (2)

coupling between transport and metabolism, or (3) modification of the

affinity of the metabolic drj.ving reaction. The present means of

evaluating the affinity may be useful in differentiating between these

possibilities .

The efficiency of active transport is often evaluated in terms of

“the calorific value of 1 eq. of oxygen” (Zerahn, 1958). It seems ~lore

appropriate to utilize the free energy of the metabolic driving reaction

measured in vit’orather than an enthalpy derived from bomb calorimetry.—. —

AS mentioned above, equivalence of the two methods used for the

evaluation of the “electromotive force” of sodium transport ENa requires

constancy of the rate of metabolism. However, the present study shows

that Jr varies markedly with b+.

We thank Dr. J. Gi’lbert and llrs. J. Lustgarten of the Harvard

COmputing Center for the statistical analysis of the data.
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J&ycnds to Fi~res and Tables

Figure 7. Change in the rate of oxygen consumption with perturbation of

the electrical potential difference A+. Tilerate of oxygen

consumption is calculated from the slopes of the curve as

described in Part I, The dashed lines indicate times of

alteration of A+. !l!hecalculations were based upon the steady-state

slopes during the periods indicated by the arrows.

Figure 8. Dependence of the rate Qf oxygen consumption Jr on the electrical

potential clifference ~$ during several 25-minute periods of study

of a single skin. The plot in open circles represents data obtained

followinr the elimination of active sodium transport with ouabain,

Figure 9. (a) Dcp#*ence of the rate of oxygen consumption on the electrical

potential difference O) in tht?presence 01 aldosterone.

(b) Plots of Ioand Jro versus time. These i~ldicate the ]o~]g-ternl

stability of the prep”al’tition.The sequence of perturbations of ~~

Was chosen so as to avoid “memory” effects (see Results, section F),

Figure IQ (a) Dependence of the rate of oxygen consumption on the electrical

potential difference A+ in the presence of aldost’crone.

(b) Plots of 10 and Jro versus time (see Legend, Fig. ~b).

Pi@re Q Variation of the short-circuit current following pelturhation of the

electrical potential difference ~j~. This study was carried out in

the presence of aldosterone.

FigureZ~. Effect of extended electrical potential perturbations on the subsequent

values of short-circuit current 10 and rate of oxygen consumption Jro.

The change illoxygen consumption is plotted against’ the change in

short-circuit current, The perturbations last some 15 to 20 minutes.
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Table V.

TableV \l,

Values of l., -b Jr/&p, and the

from equation (3) (untreated skins);

given + S.E.—

affinity A calculated

Mean values are

ValUeS Of l., Jro, ‘a Jr/~ Av, and the affinity A calculated

from equation (3) (aldosterone-treatedskins), The observations

were made at 6 minute intervals; no is the number of simultaneous

determinations of 10 and Jro. Perturbations of potential were

made in 40 mv steps ranging from -16o to +160 mv. Jlean values

are given + S,U. ; n is the total number of observations and r

the correlation coefficient. For n ~ 11 a value of r ~0.684

is significant at the 0.01 level.

52



R~ERENCES

Blumenthal, R,, S.R. CapIan, and O. Kedcm, 1967, The coupling of an enzymatic

reaction to transmembrane flow of electric current in a synthetic “active

transport.” system. Biophys. J. 1:735.

Blumenthal, R., and O. Kedem. 1969, FIUX ratio and driving forces in a model of

active transport. Biophys. J, 2:432.

Civan, h!.M.,O. Kedem, and A. Leaf.

under conditions of zero net sodium

1966. Effect of vasopressin on toad bladder

transport, Am, J. Physiol. 211:569,

crabb~, J. 1961. StimuJ,at#.on of active sodium transport by the isolated toad

bladder with aldosterone in vitro. J. Clin.——

Davies, R,E., and Ogston, A.G. 1950. On the

Invest. 4o:21o3.—

mechanism of secretiun of ions by

gastric mucosa and by other tissues. Biochemical J. 46:32~.—

Essig, A., and S.R. Caplan. 1968. Energetic of active transport processes.

Biophys. J, 8:1454,

Essig, A., and P.I).Lief, (In preparation. )

Fanestil, D.D., G.A, Porter, and 1.S. Edelman, 1967. Aldosterone stimulation

of sodium transport, Biochim. Biophys. Acts, =:74.

Heinz, E., and c.S. Patlak. 1960. Energy expenditure by active transport mechanisms.

Biochim. Biophys. Acts. 44:324.—

Hoshiko, T., and B.D. Lindley. 1967. Phenomenological description of active

transport of salt and water. J. Gen. Physiol. 50:729.—

53



REFERENCES
(continued)

Kedem, 0. 1961. Criteria of active transport. In: Proc. Symp. Transport and

Metabolism. A. Kleinzeller and A. Kotyk, editors. p. 87. The Academic Press,

Inc. New York.

Kedem, O., and A.

membranes. J. Gen

Martin, D.W., and

Essig. 1965. Isotope flows and

Physiol. ~:1047.—

J,M. Diamond. 1966. ~nergetics

flux ratios in biological

of cou:>led active transport

Of sodium and chloride. J. Gen. Physiol. 50:295.—

Nielsen, R, 1969. The effect of aldosterone in vitro on the active sodium——

transport and moulting of the frog skin, Acts Physiol. Stand. ~:85.

Patlak, C.S. 1961, Energy expenditure by active transport mechanisms, II.

Further generalizations, Biop!?ys. J, 1:~19,—

Porter, G.A,, and I.S. Edelman. 1964. The action of aldostero]~e and related

curticostekoids on sodium transport across tvad bladder. J. Clin. Invest.

&:611.

PrigoEine, I. 1961. Introduction to Thermodynamics of Irreversible processes.

WileY, Kew York, p. 60.

Sharp, G,W., C.H. Coggins, N.S. Liechtenstein, and A. Leaf. 1966. Evi,dencc for

a mucosal effect of aldosterone on sodium transport in the toad bladder.

J. Clin. Invest. 45:1640.—

Sharp, G.W.G., and A. Leaf. 1964. Biological action of aldosterone in vitro,.—

Nature. 202:1185.

54



REFEIIENC!ES
~ntinued)

—.— —.

Ussing, H.H. 1960. The Alkali hletal Ions in Biology. Springer-Verlag, Berlin,

Germany.

IJssing, H.H., and K. Zerahn. 1951. Active Transport of sodium as the source of

electric current in the short-circuited isolated frog skin. Acts Physiol.

Stand. 23:110.—

Vieira, F.L.,

frog skin. I.

S.R. Caplan, and A. Essig, Energetlcs of sodium tr::n~pQrt in

Oxygen co]lsumption in the short-circuited state. in preparation.

Vo~te, c.L,, R. Dirix, R. Niclsell, and H.li.Ussing. 19~9. The effect of

aldosterone ol~the isolated frog shin epitheliums (~. ~cmporaria). Exptl. Cell

Res. X:448.

Zerahn, K. 1956. oxygen consumption and active sodium transport’ in the isolated

and short-circuited frog skin, Acts Physiol. Scaxd. ~:jOO.

Zerahn, K. 1958. Oxygen consumption and active sodium transport in isolated

amphibian S.kj.nunder varying experimental conditions. Universitetsforlaget I

Aarhus.

55



10

(vA cm-2)

63.4
60.6
40.8
26.1
26.1

59,2
g.:

56:3

;;.;
.

63.4
54.9

52,1
5984
5.2.8

66.9
65.1
57 ;0
52.8
51.7
52.8

20.“(
17.6
13.8
12.7

46.6 ~ 3.4

TABLE - V
AY -a,/&) A

(mV) (vumOlcSec-lcm‘2mV-lJ (kcal mole-l)

-30,30,0 .364 41.6
-30,30,0 .293 49, )}
-60,60,0 .234 41..7
-90,90,0 .119 52.3
-90,90,0 .111 56.4

-30,30,0 .345 41.0
30,-30,0 .299
-60,60,0

56.2
.217 49.7

60,-60,0 .224. 60.0
-90,90,0 .187 45.1
90,-90,0 .156 53.8

0,-30,0 .306 49.5
-60,-30,0 .371 35.4
0,30,60 .338
60,50,0

;:.;
.299 .

60,0,-60 .306 41:3

0,50,0 .7/0 43.2
0,-50,0 .223 :2.;
-50,0,50 .293
-50,0,50 .280 45:0
50,0,-50 ,2’11 58.6
-50,0,50 ,159 79.5

0,-50,0,50 .24.6 20.1
0,-100,0,100 .223 18.9
0,50,0,-50 .105 31.3
0,100,0,-100,-100 .147 20.7

.247 + .016

hieanA

(kcal nlole-l)

48.3 ~ 2.9

50.9 ~2.9

57.1 ~ 6.1

22.7 i-2.5—

44.21 13.2
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CHANGE IN THE RATE OF OXYGEN CONSUMPTION WITH

PERTURBATION OF THE ELECTRICAL POTENTIAL DIFFERENCE

d W IN THE FROG SKIN
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DEPENDENCE OF THE RATE OF OXYGEN mNSUMPTION
Jr ON THE ELECTRICAL POTENTIAL DIFFERENCE A*;

EFFECT OF OUABAIN
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DEPENDENCE OF THE RATE OF OXYGEN

CONSUMPTION Jr ON THE ELECTRICAL

POTENTIAL DIFFERENCE A V IN THE

ALDOSTERONE -TREATED FROG SKIN
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VARIATION OF J~o AND 10 FOLLOWING

PERTURBATION OF A ~ – ALDOSTE*

TREATED FROG SKIN
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Fig . 10 ~

DEPENDENCE OF THE RATE OF OXYGEN

CONSUMPTION Jr ON THE ELECTRICAL

POTENTIAL DIFFERENCE d ~ IN

THE ALDOSTERONE -TREATED FROG SKIN
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Fig. 10 b

VARIATION OF JrO AND 10 FOLLOWING

PERTURBATION OF A V – ALDOSTERONE

TREATED FROG SKIN
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EFFECT OF ELECTRICAL POTENTIAL PERTURBATIONS

ON SUBSEQUENT VALUES OF SHORT-CIRCUIT

CURRENT 10 AND OXYGEN CONSUMPTION Jro.
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111. Nonequilibrium Thermodynamic Analysis of Ion Transport
and lfembrane Metabolism

(Work done with S.R. CapIan)

Many people have considered the energetfcs of Ion transport across

epithelial membranes. In general these studies have been based on

those of Ussin~ (l), who wrote in terms of the work required to accom-

plish the transport of onc equivalent of sodium. This was considered

to comprise three comp~nents: “(a) the work required to overcome the

concentrationgradient .... (b) the work required to overcome the

potential gradient .....(c) the work requfred to overcome the internal

sodfutnresistance of the skin ...“; this latter quantity was evaluated

from the “flux ratio” or ratio of the “unidirectional” fluxes of sodium.

The total work was thus evaluated (per mole of sodium) as

W = RT in (ci/co)-t-F E + ET In (Min/Mout), (1)

where Min/Mout represents the flux ratio. Since the skin was treated

fn terms of an electrical analogue, Ussing spoke also of “the electro-

motive force of active sodium transport,” ‘t~a” This was obtain~d by

dividing the work W by the Faraday.

Two general methods were employed to evaltiateW and ENa: (a) One was

to determine the electrochemicalnotential difference adequate to re-

duce the rate of net sodium transport (and hence in M~~iMout) tO zero.

This was accomplishedbv manipulation of the concentration difference or

electrical potential difference across the membrane, or by the sub-

stitution of impermeant for permeant anions. (b) Another method was to

expose the skin to identical solutions at each surface, nullify the

spontaneous electrical potential difference, and measutiethe flux ratio

under these “short-circuit”conditions.
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As was pointed out by Usslng, these methods permit the evalua-

tion only of an apparent ~av since they do not take into account the

influence of leak pathways. In addition, on the basis of the work of

Hodgkin and Keynes in poisoned squtd axons,as well as on the basis of

it was appreciated that
“eXcllange diffusion”, ~here are fundamental difficulties in attempts

to utilize the flux ratio to evaluate’energetic parameters (1-3).

We would raise additional considerations. For one, it is to be

questioned whether it is appropriate to include a disflipativeterm

in an expression for the work accomplished by a process; this IS not

customary In the thermodynamic analysis of heat engfnes or other

energy converting systems. Also, it would seem that in considering

a frog skin in terms of an electrical analogue there is the danger of

assuming a constant and stoichiometric relationship between the rates

of transport and metabolism under all conditions of operation (4).

Such complete coupling is in fact found with perfect electrochemical

cells. However, in biological systems partial decoupling would he ex-

pected to occur frequently, consequent to either the breakdown of

metabolic intermediates,or the dissipation of electrochemical poten-

tial gradients by way of leak vathways (5). In such circumstances an

expenditure of metabolic energy would be required tO maintain an

electrochemicalpotential difference across a tfssue even in the ab-

sence of a net flow. This is in seeming conflict with the formulation

underlying equation (l), which implies that in the absence of net flow

Wwould equal zero, It may be objected that equation (1) must be

considered as providing only a minimal value for the necessary rate
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of expenditure of metabolic energy, but if so the formulation loses

some of its value as a means of analyzing the energetic of the trans-

port system with precision.

Still other attempts at analyz%ng the energetlcs of sodium trans-

port systems have emphasized the evaluation of the efficiency. This

i
t c1

has generally been defined as the quotient o rate of performance of

work, evaluated as described above’,and the rate of expenditure of

metabolic energy, This latter quantity was taken to he the product of

the rate of supra-basal oxygen consumption and the “caloriffcvalue”

of 1 gram equivalent of oxygen. The definition of an efficiency

function in this manner casts further doubt on the appropriatenessof

the inclusion of a dissipative term in the expression for work.

Classicallyone would expect that an increase in dfssioatfon would

~ecrease the efficiency of a process. In addition to this objection

and the others raised above, one might question eval!latingavailable

energy from calorimetry, rather than from rneasuremertsof free energy.

Because of the various shortcomings of the above formulations it

has seemed to us appropriate to analyze the energetic of active trans-

port in terms of nonequilibrium thermodynamics. Such an analysis of

the k$netics of isotope flows was carried out in collaborationwith

Professor,Ora Kedem (6). We consider a system of identical elements

across which a cation moves as a consequence of its electrochemical

potential gradient and/or cou~led flows. We assume, however,

that there ts no coupling between the flows of the abundant and the

68



tracer forms of the test specfes (“isotoue interaction”). For such a

system the formulation shows that
Ax

&Tlnf=X-!Zr Jdx. (2)
o +j j

Here f 5s the flux.ratio and the integral across the membrane represents

the contributionof coupled flows Jj of all species, as well as that of

metabolism (“active transport”) to the flux of the test species. Thus,

in the absence of isotope interaction the flux ratio

promoting net transport. In the presence of isotope

the situation Is quite different, since now

evaluates the forces

interaction, however,

J dx), (3)

j~ereR: is the resistance to net flow by way of the active transport

ax is the isotope exchange resistance determined frompathway, whereas R+

tracer experiment. In the presence of isotope interaction P$ # ~x and

a

hence the flux ratio no longer quantifies the forces producfng net trans-

port. Furthermore, ft was shown that both in the absence and presence

of isotope interaction t>* flux ratio is exquisi?Ply ser~ottfvettithe

existence of “leak” pathways.

The application of the above formulation to a system comprising

parallel arrays of active and passive “leak” pathways permits a com-

parison of the ENa*s which would be obtained by the two means described

R~r
above:

(a) F(ENa)~ -- (x) J=O=- “Ra/RP+l (Jr)J=O, (4)

++

(Here R~r is the phenomcnologicalresistance coefficient for coupling

of catfon transport and metabolism, and R! is the resistance coefficient

of the pass%ve pathway.)

(h) F(ENa)b = (~’ In f)x=O - -
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where ~ is an “apparent exchange resistance”. It is seen that in order

for the two techniques to give the same value for ~a three conditions

must be satisfied: (a) absence of leak,

and (c) constancy of metabolism. (Under

~= R:, and (Jr)J=o = (Jr)X=o.) Such a

(b) absence of isotope interaction,

these circumstances R + *,
P

comhfnation of circumstances

would seem most unlfkely.

The deficiencies of an isotope kinetic treatment of the energetfcs

of a system led us to make a more general themodynarnic analysis of

active transport (7). In this we follow the original formulation of

Kedem (8) and a subsequent mare comprehensive analysis of coupled two-flow

systems (4). l~e

transport J$ and

function of both

and the affinity

assume a two-flow process wf.ththe rate of active cation

that of metabolism (oxygen consumption) Jr each a linear

tt]eelectrochemicalpotent$al difference of sodium, -X,,

(negatfve free energy) A of the oxidatfve driving re-

action. Thus, assuming the valid~ty of the Onsager reciprocal relatfons,

(6)

and

Jr = LfrX+LaA.rr
(7)

Several features of this formulation are worth comment. It is

clear that if such simple linear relattons are appropriate the analysis

of the energetfcs of an active transport system will be much facilitated,

but it may be cloubtedthat the assumption of linearity is reallstic.

As is well known, for simple chemical reactions in solution the rate of

reaction is a linear function of the affinity only very near equilibrium,

i.e., only if A<<&T. IIowcver, as has betinemphasized by PriSogine,

biological reactions are often made up of so lar~e a number of reactions
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in series that, although the “global” affinity A of the over-all reaction

may be large, the “local” affinity Aj of each component reaction may be

<<ET (9). In this case the rate Jrj of each component reaction will be a

linear function of its affinity Aj; if in addition the Lj’s are insen~itiv@

to the concentrationsof the metaholites the steady state rate of over-all

reaction .l=will be a linear function of A. A more detafled analysis has

shown that for enzymatic systems obeying blichaelis-Mentenkinetics the Lj’s

may indeed be independent of concentration and, therefore, complex reactions

may show linearity in a range of impressively large values of the affinity

(lo) . Furthermore, if an active transport mechanism can be described by

equations (6) and (7), a similar linear formulation is applicable to the ex-

perimentally observable transport system comprising both the active mechanism

and any associated leak pathways (7).

As the examination of equations (6) and (7) makes clear, a fixed

stoichiornetric katio between J+ and J
r’

applicable whatever the values

of X and A, will be found oaly for a very special relationship between the

phenomenological coefficients. As was indicated above, in general such

complete coupling between transport and metabolism would not be expected;

even if the cation puml;mechanism were itself completely coupled, the pre-

sence of the passive pathway necessary for continuing salt transport would

partially decouple the composite system.

If the transport system Is linear and the phenomenological coefficients

and affinity are Icsensitlve to variation of the electrical potential difference

AY, the affinity can be evaluated, being given by

A=-(a(AY)) (F.T+)
a .Tr A Xl=o .
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We note that if A Is near-constant on variation of AY, Jr cannot be

constant, and hence the two techniques for the evaluation of ENa dis-

cussed would in fact lead to discrepant results, as anticipated.

Further considerationof t’henonequllibrium thermodynamic approach

(4) suggests the utility of an efficiency function defined in tcms of the

dissipation function:

J+X

Q“-,—”
J~A

(9)

As is seen, this efficiency function is’unambi~uous, being the quotient

of an output (externalwork) and an input of metabollc energy. Note that

the input of metabolic energy here Is evaluated from an actual free energv

of reaction appropriate to the tissue under study. With the aid of isotope

techniques the rate of electrochemicalwork could be evaluated accurately,

and combined witl]measurements of Jr and of A, determined as described

al
above. Hence this efficiency function should provide useful and precise

criterion for the analysis of the energetic of an actfve transport

system In a variety of circumstances.

It is now pertinent to consider various experimental results hearing

on the valfdity of the above formulations. We consider first some ex-

periments in highly permselective anion exchange membranes prepared by

the adsorption of a quaternary ammonium polyelectrolyte (PVBT) on collodion,

As demonstrated by the studies of Gottlieh and Sollner in such PVBT me$n-

branes (11), the exchange resistance Rx determined by tracer isotoPe

studies may he appreciably less than the resistance to net flow R. Hence

these membranes pemit a convenient test of the validity of the general

flux ratio fomulction .discussedabove. This was done by determining the



flux ratios of chloride across membranes exposed at each surface to 0,1 M KC1.

The fluxrntios were varied by inducing electrical potential differences

ranging from 10 to 75 mV (12). Since electroosmotic flow is insignificant

the force promoting net transport in this passfve system Is simply X =-FAY.

Accordfng to the original formulations neglecting the possibie influence of

isotope interaction (equation (2)), the flux ratio would

f = exp (X/~T).
is/

As Is seen from Figure 1, this far from

to the modified flux ratio folnlulationincorporating;the

isotope interaction (equation (3)),

[(Rx/R) (X/&T)l (6). The agreement

cellent, indfcatj.ngthe validity of

it would be expected

he given by

the case. According Fig.13

contribution of

that f = exp

with the experimental results is ex-

the general formulation. Theqe re-

sults emp!~asize that it cannot be assumed in fiencralthat the determination

of the flux ratio will evaluate the forces promoting transport, even in a

homogeneous system.

Other aspects of the above formulations were tested in two

epfthelial tissues which carry out vigorous active transnort of sodfum,

the frog skin and the to;~dbladder. Previous studies in the frog skin

have emphasized the ratio between sodium transport and supra-basal oxygen

consumption, citing a value of some 16 to 20 mEu. Na+ per mole 02

(13,14). Since these studies presented only a single value for each

skin it was not clear whether the variability ohserved represented

experimental limitations or true differences between different skins.

In the present studies (Jr)Ay=~ wan determined repeatedly as, the

short-cfrcuit current 10 declined spontaneously with time. The results

showed clearly that the ratio dXald02 varies sl~niffcantly from one slcin
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to another; the values ran~cd from 8 to 31 mF,q. ‘Na+per mole ~2 (15).
i.nI

Despite the common observation of Ohm’s law behavior epithel-

ial tissues the relation between the rate of active transport J$ and

the electrical potential difference AY has been unclear owing to the

poorly dcffncd contribution of leak pathways. In order to clarify this

issue the current-voltagerelationshipwas studfed in toad bladders

inwhich the analysis of tracer potassium fluxes had demonstrated

very low permeability of leak pathwavs (16), In nine tissues in

which some two thirds of the conductivitywas attributable to the

active pathway the current-voltagerelationship was highly lfnear,

Indicating that the rate of active sodium transport is in fact a linear

function of AY. This result suggests strongly that the phenomenological

coefficientsof the active

more,,this result suggests

reaction sequence which is

transport system are constant. Further-

that the affinity of some intermediary

driving active transport is insensitive

to perturbation of AY (equation (6)).

Studies of the relationship between the rate of oxygen consump-

tion Jr and the electrical potential difference AY were carried out

in the frog skin (17). (Control studies demonstrated that when sodium

transport was abolished by the administration of o~abain Jr was un-

affected by the perturbation of AY.) In order to promote vigorous

and stable active sodium transport the tissues were exnosed overnight

to aldosterone and glucose. Under these conditions it was possible

to demonstrate linear relationships between Jr and AY, when the latter
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was varlcd over a ran~e of ~ 160 mV (FIcure 2). M,ain, this result

SUggests strongly that the ph~nomenologi~al coefficients and the

affinity of an intermediary

port system are insensitive

This bein~ the case it

reaction sequence of the zctive trans-

t.operturbation ofhY (equation (7)).

was possi.blc.to use equation (8) to

evaluate the affinity. Values in

plus aldosterone ranzerlfrom some

dicated in Table 1. These values

fresh skins incubated in glucose

23 to 99 kcalfmole oxygen, as ln-

are to he compared with a free

energy of glucose oxidation of 116 kcallmole under phvslological

conditions (18). \%ewould emphasize that the affinfty evaluated

in this manner represents a negative free energy of the driving

reaction pertinent to the tissue studied under the experimental

conditions employed, As such it %s a relevant parameter for the

analysis of the energetlcs of the transport system and should

therefore not be confused with free energies of reaction determined

under standard conditions differing greatly from the physiological.

The possibility of a linear thermodynamic analysis of the

active transport system should permit a comprehensive study of

its energetic. Eventually it may lead to differentiation

between effects on the phenomenological coefficients and effects on

the free energy of the metabolic driving reaction. This may prove

useful in clarifying the mode of action of drugs and hormones which

influence the rate of active scdium transport.
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SKIN
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4

5.

6

7a

8a

9a

AFFINITY
(kcal/mole 02)

38.2

48.3

50.9

42.1

57.1

22.7

46.8

51.2

98.9

s.rJ.

34.2

6.5

7.1

6.2

14.9

5*7

4*3

3.2

5.8

LEGENDS TO FIGURES AND TABLE

Figurel 3 Theoretical

membranes.

0.1 MKC1.

and obsemed flux ratios in PVRT collodion

The membranes were exposed at each surface to

Flux ratios of ch~oridewe’:emeasured at

Ay = 10, 25, 5~, 75mV,

Figurel 4 Dependence of the rate of oxygen consumption Jr on the

electrical potential difference AY in the aldosterone-treated

frog skfn. Followin~ a change of AY a new steady state value

of Jr was reached within less than 2 minutes. Thus,to ensure

Stationaritv Jr was eval~lated4 to 6 minutes following the

c’hangeof AY,

Tabl~ VI Z Determination of,the affinity A of the metabolic driving re-

action. A was calculated from equation (8). The superscripts a

indfcate’skins treated with aldosterone.
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Fig. 14

DEPENDENCE OF THE RATE OF OXYGEN

CONSUMPTION Jr ON THE ELECTRICAL

POTENTIAL DIFFERENCE A-Y IN THE

ALDOSTERONE-TREATED FROG SKIN
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Fig. 13
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Iv. FLUX UTIOS AND ISOTOFE INTERACTION IN ~ ION EXC}lA!lGE

(Work done with R.C, de Sousa andJ.H. Li)

Abstract

Flux ratios were evaluated in membranes with apparent discrepancies between

tracer exchange and electrical resistance. The results substantiate an earlier

thermodynamic,formulation, indicating that anomalous tracer permeability coefficients

and flux ratios arc attributable to coupling of isotope flows (“isotope in~eraction”).

The effects observed seem unlikely to involve the carrier mechanisms usually

invoked in biology.

Despite the widespread usc of radioactive tracers in the study of perineation

of biological tissues, it is well known that the permeability coefficient derived

from tracer exchange may differ appreciably from that detived from net flowl-4,

Thi~ is the case, for ex~-nple,for watt.rflow fn the frog skin and toed bladdcrl-3

and for sugar transport in red I>loodcells4.

A similar ambiguity attends the use of the “flux ratio” to evaluate the

forces promoting transport. According to the original formulations of Ussing2*5 and

Teore116,for simple passive :!.owacross a membrane the ratio of “unidirectional

fluxes” is given by

f = exp (X/&T), (1)

where X is the negative electrochemical potential difference of the test species,

and ~ and T are the gas constant and absolute temperature respectively. Deviations

from this relatfon (f.e., “abnormality” of ~he flux

indicate additional forces such as those of solvent

although the flux ratio equation has been useful in

ratio) were considered to

drag or active transport. Again,

characterizing the forces which

influence net transport, Important exceptions have been notedls2~7#8, One of the

clearest is the case of potassiun flow in the poisoned squid axon , where the flux

ratio is markedly abnormal despite the apparent absence of either solvent drag
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7or Zctp:z trzr.s ::: ●P

AlthouGh the ;bove difficulties have long been appreciated and have been

explained in mechanistic terms, a tinif.yingtreatment had been lacking. In order

to provide such a general formulation Kedem and Fssig examined the theory

9
of isotope flbws in terms of nonequilibrium thcmodynamics . In this view

both of the above anomalies can be attributed quite generally to coupling between

the flows of the abundant and tracer species (“isotope interaction”). The

formulation is particularly simple if net flow of the test species is the result

only of its electrochemicalpotential difference so that the phenomenologfcal

resistance coefficient for net flow is given simply by

R=X/J. (2)

In the presence of isotope interaction, R is unequal to the exchange resistance

RX, ~he~e

Rx . (.&T AP/Jx)J=O. (3)

(Here J and Jx are the net flow and tracer flow respectively and Ao is the

difference in specific activity across the membrane.) Furthermore, r~ith

isotope interaction the flux ratio $s abnormal even In the absence of solvent

drag and active transport, being given by

f’= exp [(RX /R) (X/~T)] . (4;

In the absence of isotope interaction Rx = R, and equation (4) reduces to

equation (1).

Although the broad validity of the assumptions of the above formulation

suggests its general usefulness, it has not been tested experimentally. An

opportunity to do so was provfded by Gottlieb and Sollner’s recent observations

that collodion membranes activated with certain quacerrkaryammonium polyelectrolytes

show tracer exchange rates greater than predicted from their electrical resistancelO.

The present study demonstrates that the flux ratio in these membranes is “abnormal”,



according to equation (l), and that its value is predicted quantitatively by

the modified expression of equation (4),

Membranes were prepared

ammonium chloride (PVBT, DOW

described previously 10*ll.

by adsorption of polyvinyl benzyl trimethyl

Chemical Co. ) on a collodion matrix, as

Their usefulness for the present purp,oseis enhanced

by their near-ideal permselectivity, permitting the evaluation of net anion flow

from electrical current. The membranes were exposed at each surface to 0.1

M KC1. R was evaluated from the electrical resistance and Rx from the self-diffusion

of Cl-36 (Table~YT). In several membranes it was possible to reproduce the

effect noted by Gottlieb and Sollner, with values of Rx/R as low as 0.42.
,

Membranes with unequal values of Rx and R permitted the testing of

the modified flux ratio equation, To do this, unidirectional fluxes were

evaluated from two series of measurements of tracer flow, one with and one

the electrical potential gradient. As is seen, the flux ratio f, abnormal

against

according to equation (l), is closely predicted by equation (4). An unanticipated

finding was that not all PVBT-collodion membranes showed a significant difference

between Rx and R.* In these membranes , which seined as useful controls, the flux

ratio was
**

“normal” .

Dr. M. Gottlieb has also noted this variability in PV13T-collodlonmembranes

(personal communication). The factors accounting for the variability of Rx/R

are as yet undefined.

It is believed that electroosmotic flow is Insignificant in the membranes

employed here 10* If appreciable, the values of Rx/R would be smaller than

reported, but the fundamental formulation (equation (29) of reference (9))

ren,ainsvalid,
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The present results substantiate the thermodynamic fom~llatfnn pr~sented

previously, ancl therefore support the view that anomalous tracer pcrnleability

coefficients and flux ratfos are due to coupling of isotope flows (in this case

negative coupling)9. In biological membranes flux ratios which lie between exp

(X/RT) and un%ty as observed here are usually attributed to exchange diffusion

by means of mobile carriers2. However, other mechanisms are plausible on

theoretical grounds 12-14, The unlikelihood of carriers traversing the synthetic

membranes studied here suggests that such carriers may not in fact be the mechanism

of abnortnalflux ratios in biolo~ical membranes.

We thank ‘Dr.M. Gottlieb and Dr. K. Sollner for samples of membranes

and helpful advice and D. Nadel for skillful technical assistance.

83



1.

2.

3*

4.

5.

6,

7.

8.

9.

10.

11.

12.

13.

14.

Kocfoed-Johnscn,V., and Ussing, 11,!1.Acts P!ij”sio1. scan~. 28, ~~ (I?ss).—

Ussing,H.H. in the Alkali >lctalIons in Bi&logy (Springer-Verlag, Berlin,1960).

Hays, R.M., and Leaf, A. J.Gen. Physiol. ~, 905 (1962).

LeFevre, P.G., and McGinniss, G.F. J. Gen. Physiol. 44, 87 (1960),

Ussing, H.H. Acts .Physiol.,Stand. Q, 43 (1949).

Teorell, ?, Arch. Sci. Physiol. ~, 205 (1949).

Hodgkin, A.L., and Keynes, R.D. J. Ph}~Sioi. 128, 51 (1955),

Levi, H., and Use.ing,H.H. Acts Pl~ysiol. Stand. 16, 232 (1948).

Kedem, O., and Essig,.A. J. Gen. Physi:ol. Q, 1947 (1965).

Gottlieb, M.H., and Sollner, K. Biophys. J. ~, 515 (1968).

Gottlieb, M.H., Neihoff, R., and Sollner, K.J. Phys. Chem. Q, 154 (1957).

Essig, A., Kedem, O., and Hill, T,L, J. Theoret. Biol. 13, 72 (1966).

Shean, G.fi.,and Sollner, K. Ann, N,Y. Acad. Sci. ~, 759 (1966).

Snell, F.M,, Shulman, S., Spencer, R,P., and Moos, C., Biophysical Principles of

Structure and Function (Addison-\Jeslcy, 1965), pp. 320-321.



Membrane

r)

D

A

A

K

H

11.

H

F

F

E

E

A$
(n’lv)

10

25

25

SD

50,

50

75

75

10

10

25

50

Rx

(107 Kcal-cm2
see-mole -2)

14.1

14.1

14.8

14.8

35.9

73.0

64,9

42.0

18*8

18.1

113

108

Rx/R

0.71

0.69

0.44

0.42

0.57

0.60

0.61

0.53

1.04

0.97

1*OO

1,07

exp (X/&T)

1.48

2.65

2.65

7.02

7.02

7.02

18.59

18.59

1.48

1.48

2.65

7.02

f

1.34

2.05

1.56

2.33

3.17

3,02

4.96’

4.48

1.50

1.51

2.80

7.88

exp RXX
(~ ~~)

1.32

1.96

1,53

2,26

3.01

3.22

5.89

4.69

1.50

1.47

2.68

8.01

TabI.?~11 Theoretical and observedflux ratios in PVnT-collodionmembranes.Exp

(X/.~T)is the flux ratio predictedby equation (1), f is the observed flux ratio,

and exp(;x#T) is the flux ratio predtcted by equation (~). These quantities w@re

evaluated ~s follows: NemLranes in lucite chambers were exposed at each surface

to 0.1 FIKC1. The “outer”solution (leftside) containedhigh specificactivity

KC136. The electricalpotentialdifference( A$ - +in - bout ) was measuredby

means of calomelhalf cells and 3 M KC1-agarbridges apposed to the membranes.

Ag-AgClelectrodesand a voltage clampwere used to set A+ as desired. The

2 of membranewas determinedfrom Ohm’s law,D, C. electricalresistancep.of 1 cm

transientlysettingthe potentialat * 10 mv. Since the chloride transportnumber

>0.99, the phenomcnologicalresistancecoefficientwas taken as R=F%, where F is the

Faraday. Tracer fluxesJx and “unidirectionalfluxes”Jx/Ap were determinedin

three series of experiments,with A$ zero, positive,and negative respectively.
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FollowinZ each series (three or four 10-15 minute periods) cold solutions were

replaced. At zero potential difference J c O, pemitting the calculation of

Rx from equation (3). The flux ratio was calculated from f ~ influxloutflux,

taking the mean value of (Jx/Ap )A$ + as the influx and that of~x/Ap )A~ _
I

as the outflux. This means of determining the outflux is experimentally simpler

than reversal of the hot and cold sides. The use of equation (28)of reference

(9), which incorporates the effect of backflux precisely, did not alter f

significantly.
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V. Coupling of urea flows in the toad bladder

( Work done with P.D. Liet j

Becauee of its importancein the renal concentrating syste~ the mechanism

of urea transportis of consideral~le interest. Arnphibia. ncpitheIiaareusefulrnodel

systems mld have directed attention to three types of interactions.

First, interaction ofurea with the mexnbrane, as evaluated bytracer ureaper-

meability in the frog skti and toad bladder, has allowed spectiation as to the mechanism

of per~neation (1, 2). Second, the interaction of urea Ivith solvent water (solvent dr~)

has suppol:ted the thesis that urea ad water share a common pathway across these

tissues (3, 4). A third type of interaction)that of ~wea with other solute particles such

as manitol or sucrose, has been observed in the frog sl<in and toad Slih (4-S). This

effect has qpeared to be relatively non-s: ecific, havh~ been demonstrated for various

solute pairs.

Ono case of solute-solute interaction, that in which the tracer and abundmt

species me chemically identica+ is of special taterest. Several invest%ators have

touched upon such titeraction for urea, but theti fh~dings and interpretations are not

completely consistent. In the toad sliti, Ussing described a net movement of tracer

urea induced by a ~adient for abundant urea in the absence of a tracer gradient.

This was attributed to solvent drag caused by the abmdant ure+ directed anomalously

due to specificpeculiaritiesoftissuestructue (4). More recently,whiledescribing

theeffectsofabundw~thypertonicurea upon toadbIadder,Urakabe, IIandlernnd orloff
/com~nented

thattheydidnot observe evidenceofinteractionwithtracerurea (9).
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Th& special case of identical solute coupling (or ‘Iisotcpe interaction”) is of

fmdamental importance h biology, since tracer substmces are widely used to

estimate both the permeabilities of parent species and the forces promoting

transpork As has been shmn, moreover, demonstration of coupling can give in-

sights MO the nature of memhrmes and of solute permeation of those membranes.

Whereas titerpretations of titeraction between chemically different solutes are

necessarily somewkdt amb~ous , clearly both tracer and abu.nda~~t~~reawill
,observcd in speci~lized

traversethe same pathway.
s~tiietic svstelns butthecle~ee of

Urea-urea coupltnghas been interactionis small

indiluteaqueous solutions(1O). ~ thepresentstuclywe investigatedisotope

fitcractiamd relatedphcmonena intheurinuy bladderofthetoad

~TIIODS

L EcologicalArembranes - General’Metl~ods:Bufo marhus tends from the

Dorntiican Republic (National Re%~ents, Briclgep ort, Connecticut) were l:ept 011

damp paper without feeding and sprtiHed with tap water daily. After the mimals

were ddubly pithed the bladders were removed, rhlsed ti 50 mu of sodium

/@a 113.5, Cl l~G. 9, K 4.0, HCOq, 2.4, Ca 1.8 nlelq/L. )
Rhger’s solution ,(NaR) three times to remove endogeuous sntidiuretic hormone

snd, for coupl~ studies, mounted in standard Ussing-Zerahn lucite chambers of

7.54 cm2 area, fitted with 3.0 molar KC1 agar bridges . Open circuit potential
/a

was determined with Keithley VTVM potentiometer and the transmembrane potential was

controlled wifi a voltage clamp. Membrnes were .shnrt-circuited throughout except

for brief periods for the determtiation of electrical resistance.

●
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I?hen emp]oyecl, fintidiuretic hormone (Pitressin, Parke Davis) (ADII) was added

to the serosal bath to give a concentration of some 130 mU/mL

Studies of volme flow (Jv) were performed in a modified chamber in which one side

was completely sealed except for a calibrated horizontal pipette; stirring was accomplished

by magnetic rotors.

IL S@lection of Paired Tissues: Both hemiblaclders from a stigle toad were

rinsed, momted in identical chambers, and bathed in hTaR. Followtig15-30

removed,

minutes of

equilibrationtheopen circuitpotentialwas mess ured.A 11pairsinwhich eitherhemibladder

had a vnlueoflessthan15.0‘rnvwere discarded.h~ernbranesWhich were retained were

shortcircuited, and after an additional 15 to 30 miuutes, the electrical resistance (R) was

determined by rapidly varyh~g the transmembrane potential from -10.0 to +1O.0 mv and ob-

serving the resulting change in steady-state current. Prior studies have sho~n that the

current-voltage relationship is linear in this range in the toad bladder (11) permitting

the calcdation of R from ohm’s law. A11pairs in which either membrane had a resistance

of less than 300 ohms were discarded (except for certain prelimtiary experiments).

Membranes which satisfied the above criteria were returned to the short-circuited

state and utilized in one of the following protocols.

IIL Protocols - Toad Bladder:

A. Preliminary Experiments: Tracer C-14 urea (New England Nuclear Corporation,

Boston, Massachusetts) was added to both mucmal (outer) baths or to both serosul (inner)

baths of a pair. Non-radioactive uea was

of one hemibladder of each pnir to produce

equilibration, samples for masurernent of

added to the mucosal bath or to the serosal bath

a concentration of O.3 M urea. Following

radioactivity were taken at O,30, ar.d 60 minutes.
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Specimens of ~~mou.nted tissue were take~~illit ially for determination of pcr cent tissue

water; at the conclusion of the e~Teriment, the tissue contai ned within the chamber was

taken for determination of tissue water and labelling by

immediately on a Nlettler balance to within 10 JW.~ then

c-14. Specimens wel*e weighed

dessicatecl at 95°C for 24 hours

and weighed againfollowingreturnto room tempe~’ature.Specimens fordeterminationof

c-14 labellingwere pulverkcd and dissolvedinmeastu+edvolumes of10 per cent

trichloraceticacidaccordiugtothetechniqueof Leaf et al (2).

B. Couplingof Flows -0.3 hfUrea: Tracer C-14 urea was added to themucosal—

bathofone and tothe serosalbathofthe otherhcmibladder ofa pair. After 15 minutes of

quilibration,inital,30 and GO minute snmples were taken. Following thiscontrolperiod,

non-raclioactivcm~a was added eithertobothmucosal or to both serosnl baths to produce

a concentration of O.3 hl urea After 15 minutes of re-equilibration

Initial, 30 and 60 minute samples were again obtained. Following this, ADIIwas administered.

After waiting 10 minutes for the onset of peak effect, initial, 30 and GOminute samples were

again taken, constitut h;g the hypertonic-A D13period.

c. coupling of Tlows - Lon& Control Period: This protocol was similar to that of III-B,

but with a 120 minute control period, and a 90 minute hypertonic period. and no

hypertonic-ADF1 period.

D. Coupling of F1OWS- 0.131 lJrea: The. protocol was identical to that of III-B except that the

concentration of abundant urea was O.11’1.

E. Estin~ation of Reflection ~oc$ficient for Urea:

flow chamber were bathed with O.3 B! urea in NaR

or Serosal (series II))anclO.2 NIsucrose inNaR at

Unpaired membranes mounted in the volume

at one surface (either mucosal (scriesI)

the other sur~ace. hlcnsllremcnts of
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voltune flow were cnrr ied out at 5 minute intervals for 15 to 30 minutes, Following

the addition of ADH,mcasurementw of Jv were cont~ued for another 15 to 30 minutes.

The added solute concentration of the serosal bath was then raised to 0, 3 M sucrose k

series I or O.45 M urea in series II and Jv W~S nleas~ed for a final 15 to 30 nl~utes.

F. Attempts to Abolish Water F1OW: This protocol was identical to that of HI-B except

that in the hypertonic period sucrose was added to give a concentration of 0.2 h~ in the
/opposite

solutions to those containing O.3 11 urea.

IV, Analysis of C-14 Activity: ~ior eac]l fll~ period 100-500 ~]1samples were taken

from each bathand placed in sealed vials conttiintng 15.0 ml of liquid scintillation fluid

(17), Samples were counted on the clay of the experiment whenever possible, or at

latest ~~ithin 9G hours. If not count~d promptly samples were stored in a cool, dark

place; such samples showed no change in counts for periods of up to four weel{s.

Samples were co~mted in a Packard Tri-Carb ~uid Scintillation Counter at settings

with a counting efficiqnky of greater than 95 per cent. Quenching by NaR, O.3 M urea,

0.2 M sucrose, or ADH was rcgligible.

V. Analysis of Data:—.

Tissue Watel’ was expressed as ~ TIV =(1- Dry wt. ) ~ 100.

wet wt.

Tissue labellingwas expressed as ~ TR@ounts per minute per ml tisst[eI-fzO)~ 100i

countsper minute pcr ml ‘hot’bath

Tracer permeabilitywas evaluatedas ‘F/Acx, where ~ isthetracerflu per unitarea

per unittime, and -Acx istheconccntrationdifferenceofthetraceracross t3~emembrane.

Placement of radioactivity in the

or outward tracer permeability,

outeror in]lersolutionpermittedthedeterminationofinward

a+
denotedJh/Acx or ~Y/Acx respectively.
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Statistical analyses were carried o~t as described by Sncclccor (12). hleans were
A

compal’ed by analysis of variance. Slopes and intercepts were calculated by the method

of least squares. Comparison of slopes ancl intercepts was accomplished by analysis of

covariance; p values>. 05 were considered insignificant and were not reported

RESULTS

L I)istribtltionof Permeability I)tita

Preliminary inspccti on of the values for urea permeability (- J+/Ac*) showed a

skewed distribution of the data { ~i c LL rt Ffi ). Conversion to logarithms produced a more
‘> Figure 1

normal distribution ( ~i~ul-t 15 L), Normal equivalent deviate analysis confirmed this im-

pression. Consequently, all values of (-JF/At*) were co~~verted to logarithms for

statistical analysis, and all average val~~cs cited are geometrical means.

IL Preliminary Experiments - Effects of 13~ertonic t~rea.

Bidirectional t~acer permeabilities were determtied h 12 pairs of hemiblzdcicrs ii~

which one heml%ladcler was treated with O.3 11 urea in either the mucosal (21) or the

/the
serosal (S) bath, with other serving as a controL Results are shown. /11T.L 1~~.

Table ~X /significant increases of
The addition of urea to the mucosal bath resulted in bidirectional tracer perm eabilities.

Conversely, in 5 of 6 hemibladders the addition of urea to the serosal bath resulted in

decreases of tracer permeability. The effects on tracer permeability paralleled the

effects on electrical conductivity (1~~. In the one anomalous experiment in which

there was a rise h~ ~i/Acx itl the presence of hypertonic serosal urea there was

also a rise in electrical conductiviw.
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The water content of these 24 hemibladders was 80.18 + O.77%, a value similar

to that of Leaf and Hays (2).

Effects on C-14 tissue labelling are shown i]~Table K Iiypertonic urea resulted
Table X‘

in an increase in labelling from the mucosal bath uhether
(T, ; ‘:.y)

w added to either

M or $~ The~$ were no consistent effects on labelling from the serosal bath.

Because of the marl{ed and inconsistent effects of hypertonic urea on intrinsic

membrane permeability these experiments provided no evidence concerning possible

interaction between abundant and tl’acer urea flows.

IIL colwltig of Flows -,0.3 hf Urea: In order to investigate the possibility of interaction

of urea flows we carried out experiments h which the hemibladders from a single animal

were treated identically with respect to abmdmt urea, one membrane then being used for

the determination of hlward tracer permeability and the other for outward tracer per-

meability. In the presence of coupling ta the flow of abundilnt urea it would be ex~ected

that the two would be affected differently. M order to tilterpret such differences, however,

it was necessary to ascertain the relationship between the two tracer permeabilities in the

absence of abmdant urea.

A. Control Period - Data from 32 experiments prior to the addition of hypertonic

urea are shown in Figure 16.

Figllre 14

Over a wide range of values (1. 07-234 x10-7 cm-ec-1) therd was an impressive

correlation between the inward and outward tracer permeabilities of paired hemiblcddcrs

(correlation coefficient = O.94; p <. 001).

the least squares line y = 1. 015x-O. 033.

Plotting the logarithms of these data gives

Since the titerccpt differs insignificantly from zero
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this justifies the calculation of a line passsing through the origti and the eval~~ation

of a corrected S1OPC. Both the original slope and the corrected slope (O.995) differ

insi@ificantly from 1.000, tndicatfig absolute equality of the two tracer permeabilities.

kThis permits the construction of a ratio of tracer permeabilities r = (~*/Acx) / (J /Acx)

for each pair of hcmibladders, which provides a convenient means of analysis of the dati.

In eight experiments the effect of time was investigated, The corrected slope in the

first how* was O.995, and h the second hour was O.9S2. The two values differed in-

significantly from each other and from 1.000.

B. hf~lmsal Hypertonicity - In 11 experiments, following the control period,

non-radioactive wea was added to the mucosal baths of both hemibladders to produce

a concentration of O.3 IVI, Increases h the bidirectional tracer permeabilities and

conductivities were noted, as bI the preliminary experiments. However, the comparison

of r h the control and hypertonic periods permitted the evaluation of coupling.

Figure 17

These data are presented in Figure 17 The (geometric) mean of r ticreased

/(mean log r =@, 080 + O.075) in the control eriod to 1.22
significantly from O.832 (mean log r = O.087 ~-O. 037), @ < .~~~lese results

fndicate coupling of flows of abmdant and tracer ~wea. At the end of this period, ADH was

added. This resulted in marked ticrenses in both tracer permeabilities for urea, as

ewected. In addition, there was a further significmt tncrease tn r, to a mean value

of 1.82 (mean log r = O.2G1 ~ O.05G)(P< O.001) in thewertonic -ADH period.

Agati this is consistent with coupling of flows.

C, Herosal Hypcrtonicity: In 12 experiments followbg the control period urea was

added to the serosal bath to a concentration of O.3 W As in the preliminary ex7]eriments,

decreases” in tracer permcabilitfes and cond[lctivities were noted. Examination of r agah
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permitted the evaluation of co LPling (Figure 18

Figure 18

Mem r decreased significantly from 1.09 (mean log r = 0.037 ~ O.038ji11the control periocl

to O.585 (mean log r = -0.233 + 0. 049) hl the h}~ertonic period (p<. 001). Again, the sub-

seq~~ent addition of antidiuretic hormone produced the expected increases in tracer per-

meabilities. However, the mean value of r = O.644 (log r =*. 191 + O.035) was not—

significantly different in the hypertonic-A DH period. Again, the results were cons istent

with the couplhg of flows of abundant and trac~r urea both in the absence and presence of

ADH.

It should be noted that in each case the above observed effects on r were demonstrated

ti the face of opposing influences of volume flow and solvent drag.

IV. Coupling of F1OWS- 0.1 M Urea.
/M

In contrast to the preceding studies with O.3 M urea, the effects of O.1 ureq on tracer

permeabilities and electrical conductivities were not consistent. Furthermore, no

significant cha~~e of r was noted in the hypertonic or hypertonic-AI)H periods, either ti

4 e~eri~ents Withmucosal hypertonicityor in 4 experimentswithserosalhypertonicity.

Th~w we were unable to demonstrate coupling at this concentration of urea.

V. Attempfito Abolish Volume Flow: As noted in Section 111, effects on r were demonstrated

despite opposing Wluences of volume flow and solvent drag. Thereforq in order to

demonstrate the ctient of isotope fi~teraction more precisely, an attempt was made to study

coupling while abolishtig the volume flow resulting from the concentration gradient of tlrca.
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It has been reported previously that h the toad bladdcz* the reflection co~ff’icicnt

for urea is O.67 and that for sucrose is 1.0 ( ). Accordingly, O.2hl sucrose should

approximately balance the osmotic effect of 0.3 NI~~rea. This was tested by exposing

the tissues to 0.3 hl urea in NsR at either surface, and to 0.211 sucrose in NaXl at the

offle~*.Volume fIow was reduceclfrom an expected value of some 200 ~/cm2-br. for

.
0. 3h!Iurea/N~ ( ) to undetectable levels (lCSS than 10 #l/cmk-hr. ). tVhen additional

solute was later added to eithe~*bath volume flows increased prompt Iy, arid in proportion

to the new osmotic gradient, thus sustaining the validity of the previous negative ob-

servations.

Stice 0.2 -NI - sucrose essentially aboli~ h ed the water flow induced by O.3 :M

urea, determinations of inward and ouhvard tracer permeabilities were carried out in

10 pairs of membranes, utilizing these balanced solutions. However, effects on tracer

permeabilities and conductivities were erratic. Further, no consistent

r were observed in either the hypertonic or the h~’pertonic~4DH periods——

of experimentswithbilancedtonicity.

In the presence

will fail to quantify

DISCUSSION

of appreciable isotope interaction a

the permeability for net flows ( ).

effects on

in any grow

tracer permeability coefficient

Coupling of abundant and tracer

urea flows h the toad bladder is slight,

demonstration of coupling is of interest

and of no importance in this regard. I+owever, the

for two reasons; first, as an illustration of a tech-

/on
nique which allows the precise demonstration of small effects tissue permeability, and

second, in its implications as to the mecha~~ism of ure: permeation of the toad bladder,
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It might be anticipated that urea-urea titeraction would be difficult to demonstrate.

In an analysis of data from the literature Curran, Taylor and Solomon pointed out that

at the concentrations which we employed, effects of isotope interaction in nonselective

membranes would be hidden by the error involved in estimat~g unidirectional fluxes (10).

Our prelimhlary experiments in single membranes confirmed the fact that changes in

tracer permeability with time, whether spontaneous or induced by hypertonic urea,

were far greater than attributable to coupling. IYc thercfo~’e abandoned this approach

for one permitting the conlpariso~~ of bidirectional tracer flows.

Ideally, to minimize non-specific effects one WOUIC1simultaneously evaluate both

flows in a single membrane, Jirhile this has been clone previously in studies of urea in

the toad bladder (2), it requires the usc of N15 urea and mass spectrometry, which were

unavailable to us. Instead, therefore, we used two closely paired membranes exposed

to tracer urea at opposite surfaces. close pairtig meant that both hemibladders were

from a single toad; that they were removed, handled and mounted at about the same

/that
time; they were screened according to the same electrical criteria; and that they were

treated identically (includ@ exTosurc to abundant solute alld ADII} throughout the ex-

periment. By careful attention to these details, we were able to obtain an excellent

correlation between simultaneously determined bidirectional permeability coefficients

h paired tissues (Figtwe 16) even when the control observations were

extended to two hours.

An explanation of how paired tissues can distinguish intrinsic tissue permeability

effects from effects attributable to couplil]g is sho~vn in Figure Ig The upper panel

shows tho equivalence of control bidirectional tracer permeabilities. The addition of



hypertonic solute to the same side of each membrane (center panel) may

increases (or decreases) intracer flows, but tithe absence ofcouplins

cause large

theeffects

h each tissue should be the same, and the equivalence of the two permeabilities would

be matitatied. In contradistinction, in the presence of coupling the two flows will be

affected differently as illustrated in the lower panel. Hence, inspiteofmarked

changes inbothtracerpermeabilities,couplingisidentifiedand quantifiedby a change

inthevalueofr from 1. Itshodd be poh~t.edoutthatitispossibleto demonstrate

couplingeven ifthecontrolvalueofr clitiersfrom 1, althoughlessconveniently.

This willbe discussedinthenextpaper ( ).

Ey meals ofthisannlysis,inour studieswith O.3 ~1urea, couplingwas shown

withconsistency.Regardless ofwhether solutewas added totheml~cosalbath (enhancing

permeability)or theserosalbath(depressti]gpermeability),positivcsolute-solute

interactionwas demo~lstrated.

From inspectionof Figuresi7and 18itisseen that,priortothe additionofAD1l,theratior

was affccte~more by theadditionofabundanturea to tieserosalbaththantothemucosal

bath. A possible esTlanation for this observation may be forml~lated if the mernbrsne
two discrete

considered to have pathways for urea permeation, the first, a non-selective

leak pathway the second a selective, ADH sensitive channel. Both the studies of

Curran et al (10) and our observations in large-pore synthetic membranes hldicate

that coupling is ~likely to be sigl~ificant h a non-selective aqueous channel. u so,

is

conditions which increase the relative contribution of the non-selective channel might be

e~ectcd to obscwc couplingeffects.Co]~versely,a relativereductionofthe
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/pathway
pcrr.cability of the non-sclcctivc should facilitztc i$c tie=nstrztc~~ cf coup!ing.

M the present studies, the effect of leak was nlbiimi~ed by rejection of membranes of

low tiitial resistance, and by careful handling of the tissues. After addition of hypertonic

urea to the rnucosal medium the electrical resistance fell precipitously, suggesting

the opening of large lcal~s; in these rncmbranes coupling effects were small.

On the other hand, tn membranes in which urea was added to the serosal baths the

electrical resistance remaiued uchaged or rose, ruling out the existence of large

leaks; here the observed couplhg was greater. The inverse relationship between the

mag~itude of passive leak pathways (as indicated by the electrical resistance) and the

magnitude of cot’~ling is Strilihg, and lends suppo~’t to the concept that coupling does

not occw in the non-selective pathway. It is of interest that following the administration

of ADII, fil contrast to the ftidfigs in its absence, r was more markedly affected by hyper-

tonicity hl the mucosal bath than in the serosal bath. ‘I’his might possibly be a consequence

of solvent drag. Studies of Bentley in the toad bladder indicate that, for a given osmotic

gradient, vol~lme flow in the directio~l NI+S isgreater than in the direction S+hf 15 16).
f/therefore be expected to be greater wifi hypertonic b than wi h Hypertonic fil.

~ince ?olvcnt drax ~Vyt~Id
Solvent drag would Ire ~t y oppose a]lcl’o ~scure coupling effects, the experimental data

are consistent with this formulation.

An attempt \vas made to minimize water flow and solvent drag by the use of osmotically

balanced solutions h~the hope that the true maa-itude of coupling \vould be thereby re-

vealed. U~~fortunately, the effects of addition of solute to both bathing solutions were

inconsistent. These failures underscored the necessity for careful pairfi~g of tissues

ti order to illustrate a small effect.

Further difficulties were encountered h the studies utilizh~g a lower concentration

of ~ urea, O.lNI. Herd, despite closely similar behavior of paired tissues, coupling could

not be demonstrated, Since technical and methodologic errors were not apparent, we con-

cluded that the magnitude of coupling was too sm:lll to cletect by lhe present techniq~les.
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In summary, a method is presented which has allowed the demonstration

of isotope interaction. The effect is small, a]]d requires the presence of a relatively

large driving force of the abundmt sol~~te. CouplfiIg of solute flows can be shown to

occur in face of the ~pposing effects of solvent drag. Our data suggest that the specific

t~rea-urea interaction probably dots not occur iII aqueous cham~els of sy~thetic membranes

or fi~the non-specific lealt pathway of the toad bhiddcd, rather it seems to occur in

a selective pathway, preswably non -aqueous in part.

~~ethafl<Dorothy NTadelforS]tillfultechnicalassistanceti~dDr. hl.SChW~rtZ fO1’

valuableaidti~the statistical‘analysisofthedata.
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T4BLE IX

A. Control Period O.3M Urea to M

(~*/At*) (10-7cm see-l)

25.2
6.7

18.3

Mean 16.7~ 5.4

(~*/At*) (10-7cm see-l)

7.2
9.5
‘“4*3

Mean 7. 0+1.5

46.2
57.6
66.7

56.8 +5.9

71,3
39.0
67.4

59.2 ~ 10.2

B. Control Period 0,3 M Urea to S

(@/At*) (10-7 cm see-l)

19.4 94.7
93.5 54.3

3.2 1.8

Mean 38,7 + 27.8 50.3 + 26.9

/cm
(t*/A~ (10-7 see-l )

68.3 25.8

11.7 8.2

5.4 3.0

Mean 28.5? 20.0 12.3~6.9

103



TABLE X

A. mbel~ from the mucbsal bath (%)

Mean

Cent’rolTissue

5.6
4/8
4.6

5. 0+0.3

coxli.rolTissue.—

5.0
7.2
3.2

Mean 5. 1+1.2

B. Labeling from the serosal bath (~)
Control Tissue—.

76.9
145.7

75.1

Mean 99.2 + 23,2

Mean

Control Tissue

67.5

82.5
84.0

78,0 +5.3

7.7

12.1
8.9

9.6 +1.3

U.3nI urea to S

7.7
5.1
15.4

9.433.1

0.3fifUrea to NI

77.1
137.’6
77.4

97.4 + 20.1

0. 3M Urea to S

67.7
87.0
94.3

83.0+7.9



Fig. 15 a

DISTRIBUTION OF PERMEABILITY COEFFICIENTS

(-JYAc~) urea
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Fig. 15 b

DISTRIBUTION OF PERMEABILITY COEFFICIENTS
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