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Summary. The use of an Ussing chamber with well- 
defined mixing characteristics coupled to a mass 
spectrometer permits the concurrent evaluation of 
transepithelial current and oxidative metabolism 
with improved temporal resolution. The time-course 
of the amiloride-sensitive current I a and the rate of 
suprabasal CO 2 production j~b co2 were observed in 10 
toad urinary bladders at short-circuit and after 
clamping A~b at 100mV, serosa positive. Following 
perturbation of A ~b (0-~100 mV), P declined sharply 
within 1/2min, remained near constant ~15min, 
and then increased slightly. J~z declined more grad- 
ually, remained near constant at ~4-7min, and 
then declined further. Detailed analysis revealed an 
early quasi-steady state with near constancy of jsb CO2 
starting at 2.9_+l.l(sD) min and lasting 4.7 
_+l.8(SD)min, followed by relaxation to a later 
steady state at about 15 rain. During the early quasi- 
steady state, I a was also nearly constant. Consider- 
ing that in steady states I'~/F~-J~,, the rate of trans- 
epithelial active Na transport, during the early 
quasi-steady state mean values + SE of 3~,  J~ 

- -  C02 
and (d~a/J~bo~) were, respectively, 29.9+1.7%, 59.4 
___ 3.2 %, and 56.4+5.7 % of values at short-circuit. 
Corresponding values during the late steady state 
were 41.4+6.0%, 38.2+6.1%, and 111.3+8.6%. 
Thus the flow ratio To /rsb ~N~/-co~ was depressed signifi- 
cantly during the early quasi-steady state, but re- 
turned later to the original value. The results of 
measurements of U and ~sb in three hemibladders 02 
were qualitatively similar. In terms of a phenomeno- 
logical "black-box" treatment the findings are con- 
sistent with earlier studies indicating incomplete 
coupling between transport and metabolism. Further 
studies will be required to clarify the molecular basis 
for these observations. 
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The systematic analysis of active transport requires 
the concurrent measurement of rates of transport 
and metabolism under diverse conditions. Although 
steady-state relationships between these processes are 
well defined, there are important problems in the 
study of transient behavior necessary to character- 
ize system parameters. For the case of transepithelial 
active Na transport, since no adequate method ex- 
ists for simultaneously monitoring transport and the 
utilization of ATP believed to drive the Na pump, 
metabolism is commonly evaluated by measure- 
ments of the rate of 02 uptake [2, 14-16, 22, 23, 30] 
or CO 2 release [1, 4, 6, 7, 13]. Such studies suffer 
from the difficulty that abrupt changes in transport 
rate are associated with transients in gas concen- 
tration, complicating the prompt evaluation of rates 
of oxidative metabolism. 

We have recently described an apparatus in 
which well-defined mixing characteristics of an Ussing 
chamber coupled to a mass spectrometer permit the 
concurrent measurement of transepithelial current 
and the rate of oxidative metabolism with improved 
temporal resolution [25]. We have now employed 
this apparatus to characterize the time response of 
the electrical current and 0 2 and CO 2 fluxes when 
the transepithelial electrical potential in the toad 
urinary bladder is perturbed. The results help to 
define the dynamic relationship between trans- 
epithelial active Na transport and oxidative me- 
tabolism [1, 4, 5, 13-16], facilitating a consistent 
formal treatment. 

Materials and Methods 

Our technique for monitoring transport and metabolism employs 
a mass spectrometer to measure CO z and 02 fluxes from a 
voltage-clamped tissue. The details are given in reference [25]. 

Briefly, a modified Ussing chamber supports 7.1 cm z tissue 
(female toad urinary bladder, Dominican Republic, National Re- 
agents, Inc., Bridgeport, CT), continuously perfused with aerated 
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phosphate-Ringer's solution (in raM: Na, 119; K, 3.5; Ca, 0.9; CI, 
118; HPO4, 2.4; H2PO,,  0.57; pH7.2; 220 mOsm/Kg) containing 
40 mg/liter gentamicin sulfate to retard bacterial growth. A high- 
speed micro-pump drives the solution across the tissue, minimiz 
ing the unstirred water layer. The total volume of solution in the 
chamber and pump is 6 ml. 

CO 2 Mode  

The effluent of the Ussing chamber is interfaced to a vacuum 
chamber by a thin Teflon membrane. Molecules entering the 
vacuum are ionized and filtered according to their mass by a 
quadrupole mass spectrometer. With the spectrometer tuned to 
mass 44, the signal is proportional to the CO 2 concentration in 
solution at the interface. By taking into account flow rate and 
volume capacity factors, we compute the instantaneous CO 2 el- 
flux rate Jco~ at 6-sec intervals, using a Hewlett Packard 2821 
desk computer and the conversion described in [25] for this 
purpose. At experimental flow rates, the minimum detectable 
change in Jco~ was 5 pmol/sec with a time resolution of 1 to 
2 rain, depending on the noise contributed by physical instability 
of the tissues. 

0 2 Mode  

Sampling both the influent and effluent and tuning the spectrom- 
eter to mass 32 allows the differential measurement of 02 con- 
snnaption rates, Jo~. The minimum detectable change in Jo~ was 
11 pmol/sec, due to the effects of high background noise at am- 
blent pO 2 levels. 

Standard voltage-clamping techniques are used to measure the 
total transepithelial current I at different settings of the trans- 
epithelial potential difference A ~ [30]. At the end of each experi- 
ment, 7 x 10 -Sg  amiloride (Merck, Sharp and Dohme, NJ) was 
applied to the mucosal surface in order to block Na entry and 
reduce the metabolic flux rate J~ (r refers to 02 or CO2) to its 
basal level J~; pulses of _+ 10 mV applied for 10 sec then permitted 
the calculation from Ohm's law of the "passive conductance" ~c p 
[15]. (The use of a flow-through systena necessitated the further 
addition of small doses of amiloride at about 8-min intervals in 
order to maintain depression of function.) Previous studies have 
demonstrated that, following equilibration, tc p, Job, and Jc~o~ are 
near-constant for extended periods and, on abolition of net Na 
transport wi~h amiloride, are unaffected by perturbation of A O 
over a wide range [10, 13-15]. 

Accordingly, we computed the time course of the amiloride- 
sensitive current, 

P -= I + ~cP(A 7J), (1) 

the rate of suprabasal metabolism, 

$~:<-J;~ (2) 

and the dimensionless ratio I'~/F Jff (F being the Faraday con- 
stant). 

Results are presented as the mean value +_ the standard error 
(SE) or the standard deviation (SD), as appropriate. Confidence 
probabilities of differences (p(A)) are derived from a Student's t- 
distribution [28]. 

Results 

In the studies of 18 hemi-bladders transepithelial 
current I and bathing solution COz concentration 

were monitored continuously while regulating the 
transepithelial potential difference Ar Following a 
period of at least 1 hr, during which the function of 
the tissue and the apparatus became stable [25], A 
was clamped to zero for at least 1 hr. Measurements 
made during the last 10 rain of this period are taken 
to characterize the initial short-circuit state. A r was 
then set to + 100 mV (serosa positive) for periods of 
30 to 50min. Amiloride was then added and the 
tissue was short-circuited in order to determine ac- 
tive transport-independent activities. 

Tissues were considered undamaged if the final 
value of ~:P was below 1.0 mS and the ratio of ~P to 
total conductance ~ at short-circuit was below 0.5. 
In addition, two tissues were discarded because 
abrupt changes in the CO 2 data (probably due to 
tissue movement) made calculations of I ~b ira- CO2 
possible. The results for the 10 tissues which re- 
mained are described below. In order to enhance the 
activity of four of these tissues with low initial cur- 
rent, aldosterone was added at 5•  at least 
1 hr before the stabilization period. The behavior of 
these tissues was not significantly different from that 
of the others. 

The mean open-circuit potential was 102 
+25 (SD)mV just prior to clamping. The mean tcP/~: 
at short circuit was 0.31 _+0.13 (SD). The mean values 
of short-circuit current Io, jsb and ~ ~l' co2 ,  I / F J ~ o  2 during 
the last 10 rain of short-circuiting are given in Table 1. 

The average time courses of P and sb J~o2 for the 
10 tissues are shown in Fig. 1. Here each variable in 
each tissue was normalized to have a mean value of 
100% during the final 10-rain of the short-circuit 
period. Average values taken at i/2-min intervals 
were then plotted against time. Thus the temporal 
behavior of' each tissue is equally weighted. 

With the perturbation of A0 from 0 to 100 mV 
(serosa positive) the current P dropped sharply to a 
near steady-state value within 1/2min, changing 
only slightly (<1 �89  per min) thereafter. The av- 
erage value of J~bo2 began to drop immediately after 
hyperpolarization and flattened out at about 4 rain, 
remaining near constant until about 7 min. Thereaf- 
ter jab dropped more gradually, reaching a final CO2 
stable value by some 15 min. 

In order to analyze the early response more pre- 
cisely we then considered each tissue individually, 
determining the first period in which Jco2 becomes 
approximately constant for at least 1 min. Specifi- 
cally, we define a plateau as a period longer than 
I min bounded by equal values of Jco2; the complete 
plateau is considered to extend to the final time this 
value is achieved. Fig. 2 shows J~bo~ and P during 
the first plateau in each tissue. The time course in 
the tissues differed, with the onset varying from 1.0 
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Fig. 1. Average time dependence of I" and J~= after polarization 
at t=0 to 100mV (serosa positive) in t0 tissues. Values were 
normalized to 100 % at short-circuit (mean of time - i0 to 0 min). 
Averages were computed and plotted at 30-sec intervals 

to 4.8 min (mean 2.9_+ 1.1 (SD)rain) and the duration 
ranging from 2.0 to 6.5 min (mean 4.7_+ 1.8 (SD) rain). 
To characterize the flatness of the plateaus we calcu- 
lated the average coefficient of variation based on 
values sampled every 30 sec. This was 4.1_+0.6 (sE)%. 

Similarly, I" during the same periods showed a 
coefficient of variation of 6.5+2.4(SE)~o (if one 
atypical tissue is deleted this becomes 4.2_+0.9 
(sE) %). 

The simultaneous and frequent measurements of 
I" and J~)~ allow one to compute the ratio I"/FJ~bo~ 
in a near-continuous fashion. (In the steady state 
I"/F equals the rate of transepithelial active Na 
transport  J'~, [18, 31]; its significance during tran- 
sient periods will be considered below.) Fig. 3 shows 
a plot of 1", J~bo~ and I"/FJffo ~ for a typical tissue. 

The mean values of these parameters from l0 
tissues throughout the early plateau, the period l0 
to 15 min following hyperpolarization, and the final 
10 min of the experiment are indicated in Table 1 as 
percentages of their values in the initial short-circuit 
state. The significance of changes was evaluated by 
paired analyses for each tissue. It is notable that in 
association with the changes in I" and J~)~ described 
above the ratio l"/FJffo ~ decreased significantly be- 
tween the short-circuit period and the early plateau 
(A=--43.6+5.7(sE)~o,  p(A)<0.001). The ratio in- 
creased significantly between the early plateau and 
the 10-15min period (p(A)<0.01) and between the 
10-15rain and final periods (p(A)<0.05); the ratio 
during the two latter periods was not significantly 
different from that in the short-circuit period. 

Because of various uncertainties concerning the 
evaluation of oxidative metabolism from CO 2 fluxes, 
we also measured 0 2 fluxes in a few tissues. Since 
the noise observed on the 0 2 signal is some 2 to 3 
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Fig. 3. Time dependence of I ~ J~2 and the ratio P/YJffo 2 in a 
typical tissue as calculated at 6-sec intervals. The transepithelial 
potential was changed from 0 to 100mV (serosa positive) at 
= 0 min 

times greater than that on the CO a signal, as ex- 
plained in Materials and Methods, measurements in 
this mode were more difficult. Nevertheless, three 
experiments were acceptable; these demonstrated the 
same qualitative behavior as in the CO 2 study: an 
early plateau was discernible in each case. Plateaus 
commenced 3-6.5 rain following perturbation of A r 
and lasted 3.5-5rain. Fig. 4 is a plot of average 
normalized P and J ~  of these tissues. Mean nor- 
malized values of P, J~b2, and Ia/Fj~b2 are shown in 
Table 1. Oxygen experiments were terminated after 
20 min; hence the "final period" refers to the period 
10 to 20 min following hyperpolarization. The value 
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Table 1. Mean values of I", j~b and P/FJ~ b during various periods" 
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Absolute vaiue 
at shorticircuit _+ SD 

Normalized value after perturbation • SE 

Early plateau 10-15 min Final 10min 
(4.7 • 1.8(sD) min) period period 

CO z (n = 10) 

O2 (n = 3) 

U(176 • 70gA) 29.9 +_ 1.7% 28,0 • 2.0% 41.4 • 6.0% 

J~2 {127" 4-_ 48Pm~ I 59.4 • 3.2% 34,6 • 3.1% 38.2 +_ 6.1% 
\ sec / 

I'~/FJ~bo~(14.7 • 3.2) 56.4 + 5.7% 88.4 • 7.7% 111.3 • 8.6% 

Early plateau 
(4.3 • 0.7 (SD) rain) 

Ia(124 • 36gA) 21.6 • 5.1% 20.1 • 4.3% 

J;b2(203 • 17 pm~ 41.8 • 10.2% 30.8 • 9.8% 
\ s e e  / 

l~ • 1.4) 57.5 • 6.3% 87.3 • 14.3% 

a Values after + 100 mV perturbation were normalized with respect to the average value of the quantity during the 
last 10rain of short-circuiting prior to the perturbation. The final period for the CO 2 data began at a mean time of 
35.0_+9.2 (sD) rain after the perturbation. 
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Fig. 4. The average time dependence of P and j~b in 3 tissues. 
Computations and protocol are the same as for Fig. 1 

of a sb I/FJ~2 decreased significantly during the early 
plateau (p(A)<0.025) with a percentage change close 
to the CO 2 value. Again as in the CO z study, the 
ratio in the final period was indistinguishable from 
that measured initially at short-circuit. 

Discussion 

Precise characterization of dynamic aspects of trans- 
port and the associated metabolism is fundamental 
to the elucidation of both thermodynamic and 
mechanistic aspects of transepithelial active sodium 
transport. While analysis of molecular events in fine 
temporal detail must await the development of ap- 
propriate techniques, the consideration of quasi- 
steady states should facilitate formal phenomenolog- 

ical analysis, treating the epithelium as a black box. 
Pending more precise knowledge of the system, such 
analysis should be of use in the design and in- 
terpretation of experiments. In taking such an ap- 
proach~ however, it is important to consider both 
technical and conceptual difficulties which may lead 
to ambiguity in the interpretation of transient phe- 
nomena. 

In the Dominican Republic toad urinary blad- 
der, Na-- tracer studies have demonstrated that un- 
der appropriate conditions the amiloride-sensitive 
current I a reliably evaluated the rate of transepi- 
thelial active Na transport in both short-circuited 
and nonshort-circuited tissues 1-18, 31]. This equiva- 
lence has been demonstrated, however, only >10-  
20min following voltage-clamping. Furthermore, 
given the evidence that the apical plasma membrane 
is permeable essentially only to Na § while the bas- 
al-lateral membrane is appreciably permeable also 
to K + and C1- [19, 20], although soon after per- 
turbation of A~ the electric current across the two 
membranes will be the same, for some time the rates 
of Na flow across the two surfaces must differ [32]. 
During this period of nonconservative Na-- flow, 
while P will evaluate the rate of passive apical Na § 
flow, it cannot be assumed to evaluate precisely the 
rate of active Na § transport J~a at the basal-lateral 
surface. The available data do not yet permit precise 
evaluation of the duration or magnitude of this dis- 
crepancy. 

There are also important problems in the charac- 
terization of the dynamic response of metabolism. 
For this purpose, lacking a suitable method for 



s.J. Rosenthal et al.: Time Course of Transport and Metaboiism 161 

measuring the rate of utilization of ATP, it is com- 
mon to monitor oxidative metabolism, presumably 
reflecting oxidative phosphorylation. In well-estab- 
lished steady states the rate of 0 2 uptake (or CO 2 
release) is constant, both in the absence and pres- 
ence of amiloride, permitting estimation of the rate 
of suprabasal Oz consumption (or CO2 production) 
Ji  b associated with the transport process [,15, 17]. 
Again, however, there are ambiguities in interpreting 
the response to perturbation. Apparently the stimu- 
lus for alteration in the rate of oxygen consumption 
in these circumstances is alteration of the [ATP]/ 
[-ADP] [ ,PJ ratio ("phosphate potential") con- 
sequent to altered rates of ATP utilization for active 
transport [-24]. Ideally it would be desirable to mon- 
itor mitochondrial oxygen consumption closely in 
order to define precisely the kinetics of the interac- 
tion between transport and metabolism. In practice 
the precision of measurements is limited by the ca- 
pacity of the system. In order for the rate of change 
of bathing solution 0 2 or CO 2 concentration to 
be used to evaluate altered rates of mitochondrial 
metabolism, it is necessary to achieve a steady state 
for diffusion of the gases across intracellular struc- 
tures and the serosal limiting membrane, as well as 
poorly stirred extracellular compartments. In ad- 
dition to precluding rapid kinetic studies of in situ 
mitochondrial function, such delay, if sufficiently 
long, may interfere also with characterization of epi- 
thelial steady-state behavior, since prolonged per- 
turbation of driving forces in an attempt to quantify 
system parameters may alter the very parameters 
which it is desired to evaluate. The significance of 
this consideration is indicated by earlier obser- 
vations in the frog skin. In this tissue, perturbation 
of A0 for 15rain or longer produced a "memory 
effect", such that subsequent values of the short- 
circuit current and the associated rate of 0 2 con- 
sumption differed appreciably from values measured 
at short-circuit prior to perturbation [30]. In such 
circumstances prolonged perturbations are unlikely 
to permit reliable estimates of the voltage-depen- 
dence of current or metabolism. 

In previous studies of the voltage dependence of 
Na transport and 0 2 comsumption in anuran epi- 
thelia, in an attempt to obtain quasi-steady states 
promptly so as to minimize memory effects, we have 
used 6-min periods of perturbation of AO [,16, 27, 
30]. Our reason for this choice was that, with the 0 2 
electrode system employed, a perturbation for 4 min 
was required to achieve a constant slope of 0 2 ten- 
sion versus time, and an additional 2 min was neces- 
sary in order to measure the slope accurately. Since 
this protocol resulted in near-linear voltage depen- 
dencies of both current and 0 2 consumption we felt 

that we had succeeded in establishing suitable quasi- 
steady states, permitting the evaluation of rate-limit- 
ing parameters under circumstances in which they 
remained approximately constant. Recently it has 
been suggested that in order to achieve true steady 
states of both transport and metabolism, justifying 
their combined analysis, it is necessary to maintain 
voltage perturbations for periods of some 20-40 min 
[13]. 

This issue may be usefully re-examined by means 
of the apparatus used in the present study, which 
permitted monitoring oxidative metabolism with a 
greater degree of temporal detail than previously 
available to us. As shown above, we found that, 
following equilibration at short-circuit, on hyper- 
polarizing membranes to 100mV the effect on me- 
tabolism was biphasic. Thus, to within the accuracy 
permitted by the noise of our system, measurements 
of CO 2 production demonstrated an initial quasi- 
steady state commencing on the average within 
about 3 rain and lasting about 4min, followed by 
further relaxation to a stable steady state commenc- 
ing at about 15min. Although less precise, a few 
studies of O z consumption gave the same qualitative 
result. The present results seem to us therefore to 
support the validity of our standard protocol, in 
which we usually evaluate the voltage-dependence of 
metabolism 4-6min following perturbation of A~ 
over a range of some 0 to +80mV. Although 
measurements after 15 min would show longer peri- 
ods of stability, this is not a significant advantage, 
since as mentioned the rate of metabolism can be 
accurately measured within 2min, either with 0 2 
electrodes or with the apparatus used here. Further- 
more, prolonged perturbations seem very likely to 
induce significant changes in system parameters, as 
indicated by nonlinear voltage dependencies of cur- 
rent and metabolism and by hysteresis [13, 30, 32]. 

In order to use the present data to characterize 
the formal relationships between rates of transport 
and 0 2 consumption, it is necessary to assume that 
during periods of near-constancy of I and J,. the 
amiloride-sensitive current I a is equivalent to the 
rate of active Na transport J~,, i.e. the net rate of 
Na transport across the basal-lateral membrane. 
This has been shown to be so 10 to 20 rain following 
commencement of bidirectional Na § tracer fluxes, 
both in the presence and absence of short-circuit 
[31]. Although this equivalence cannot be assumed 
immediately following a perturbation of the rate of 
transport, it seems likely to be the case during the 
early plateau period, following which changes in I 
are minimal. Thus working with frog skins, D6rge 
and Nagel found that on depression of short-circuit 
current with amiloride Na unidirectional influx and 
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net flux reached new steady-state values with a half- 
time of 3.3min [8]. Much of this delay likely oc- 
curred following transcellular active transport, since 
subsequent tracer wash-out studies showed that the 
fast component of corial wash-out associated with 
active transport commenced only about 2 min after 
cessation of epithelial loading [21]. Such delay of 
onset of wash-out has been observed also by others, 
and presumably reflects transport through intercel- 
lular spaces and/or corial connective tissue [111. In 
recent studies employing intracelluIar microelec- 
trodes it has been found that following transepi- 
thelial voltage clamping the intracellular electrical 
potential reaches a steady-state level within some 
4min or less (Nagel and Essig, manuscript in prep- 
aration). In the toad urinary bladder Finn and 
Rockoff have reported rate constants similar to 
those found in the studies cited above [9]. 

Presuming that the rate of active Na transport is 
indeed near constant and given by Ia/F during the 
early plateau period, it is valid to use the values of 
I a and Ji b to characterize the early quasi-steady 
state. It is then of interest to examine the behavior 
of j,~/j~b, the number of equivalents of Na + trans- 
ported per mole of suprabasal 0 2 consumed or CO a 
produced. The present results indicate that even in a 
given tissue there is no unique stoichiometry for this 
relationship, since the ratio declines markedly on 
changing A0 from zero to +100mV. This finding 
conforms with earlier observations from our labo- 
ratory indicating that in terms of a formal phenome- 
nological treatment [12] Na transport and oxidative 
metabolism in the toad urinary bladder are incom- 
pletely coupled [16]. This finding does not of course 
have any specific mechanistic implications. Possible 
causes of uncoupling are, in principle, numerous, 
and have been discussed elsewhere [5, 15, 16, 2@ 
Since the efficiency of energy conversion is a sen- 
sitive function of the degree of coupling [12], there 
may be a tendency to assume that maximal in vivo 
values are optimal, and that any significant uncoupl- 
ing measured in vitro is likely to be an artifact of the 
experimental preparation. In studies of mitochon- 
drial oxidative phosphorylation, however, Stucki has 
pointed out that a system may operate so as to 
optimize functions other than energy conversion; 
thus there may possibly be biological advantages to 
a slight degree of uncoupling [29]. The physiological 
significance of the degree of coupling of epithelial 
active transport systems remains as yet obscure. 

Two groups have reached conclusions concern- 
ing the degree of coupling different from those cited 
above. Labarca, Canessa and Leaf, studying Na-- 
transport in the toad urinary bladder, and Beauwens 
and A1-Awqati, working with active H § transport in 

the turtle urinary bladder, have concluded that cou- 
pling was high [13] or near complete [31. It is 
important to note, however, that in these authors' 
studies measurements of the flow ratios were made 
20rain or longer following perturbation of A~ [13] 
and some 10-20 min following perturbation of A pH 
[3]. Given the present demonstration of the strong 
time-dependence of J~a/Ji b, we do not feel that there 
is any discrepancy between their observations and 
ours. 

What then can account for the finding that with 
prolonged clamping of A O at 100mV the value of 
d~a/dl b increases progressively from that measured in 
the early plateau period to the same level measured 
initially at short-circuit? Presently available infor- 
mation does not permit a definitive answer to this 
question, but two possibilities come to mind. First, 
slowing of ATP utilization consequent to slowing of 
transport, in the face of initially continuing high 
rates of oxidative phosphorylation might result grad- 
ually in significant increase of the [ATP1/[ADP] 
[P~1 ratio. In time this would result in increase of d~a 
and decrease of Ji b , as was observed. Increase of the 
phosphate potential, other factors being equal, 
should result also in increase of the magnitude of 
A fiN a necessary to maintain d~a near zero ("static 
head"). Thus, whereas initially at A~h=100mV the 
system was near static head, it gradually moves 
away from this state. However, as stressed by Ke- 
dem and Caplan, although the ratio of flows of an 
incompletely coupled system falls progressively with 
Aft>0, unless a system is highly uncoupled, decline 
in the ratio becomes experimentally demonstrable 
only in the vicinity of static head (see [t2], Fig. 1), 
Accordingly, it might be expected that with pro- 
longed voltage clamping at 100mV, if static head 
increases appreciably above 100mV, d~,/dl b might 
gradually relax to near its original short-circuit val- 
ue. A second possibility is that over and above ef- 
fects on the [ATP]/[ADP] [P~] ratio and the magni- 
tude of static head, prolonged hyperpolarization 
might have important effects on kinetic factors (per- 
meability coefficients, rate constants) of the system 
[32], possibly reflecting changes in the intracellular 
sodium pool, as well as tissue metabolite levels. 

Further elucidation of the above-discussed mech- 
anisms at the molecular level will be important for 
understanding of dynamic regulation in vivo, where 
a host of factors may modulate the pertinent forces 
and kinetic factors. Clearly, complete understanding 
will require combined studies of transport and in- 
termediary metabolism with spatial and temporal 
detail. Such studies must await the development of 
more powerful techniques than are presently avail- 
able. 
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