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Summary. In the present study, further evidence was adduced 
for energy-dependent regulation of passive apical transport of 
Na in toad bladder epithelium. In potassium-depolarized prepa- 
rations studied by current-voltage analysis, additions of pyru- 
vate or glucose to the media of substrate-depleted bladders 
evoked proportionate increases in the transepithelial Na current 
and in apical Na permeability. These reponses were large in 
aldosterone pretreated hemibladders and almost absent in the 
aldosterone-depleted preparations or when hormonal action 
was blocked by spironolactone or cycloheximide. The substrate- 
induced increases in apical Na permeability were fully reversed 
by appropriate metabolic inhibitors, i.e. 2-deoxyglucose and 
oxythiamine. Moreover, the inhibitory effect of 2-deoxyglucose 
was bypassed by the addition of pyruvate to the serosal medi- 
um. Thus apical Na permeability is clearly sensitive to the 
supply of cellular energy. The possibility that changes in intra- 
cellular free Na activity may mediate metabolic regulation of 
apical Na permeability was evaluated by prolonged exposure 
to Na-free mucosal and serosal media, with and without inhibi- 
tion of the Na/K-pump by ouabain. The stimulatory and inhibi- 
tory effects of pyruvate, 2-deoxyglucose and oxythiamine on 
Na currents and Na conductances were preserved under these 
circumstances. Furthermore, reduction of serosal Ca to a 
minimal level of 3 gM, was without effect on the response to 
metabolic inhibition. These experiments demonstrate the ex- 
istence of Na-independent metabolic regulation of apical Na 
transport and imply that neither basal-lateral nor mitocbondrial 
Na/Ca exchange is required for this regulatory process under 
the imposed conditions. The possibility that a Na-independent, 
Ca transport mechanism in mitochondria or endoplasmic retic- 
ulum may be involved in metabolic regulation of apical Na 
transport, however, remains to be evaluated. 
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Introduction 
Transepithelial Na transport by the toad urinary 
bladder is considered to be a two-step process as 
suggested by Koefoed-Johnsen and Ussing for frog 
skin [21]. This model proposes that Na diffuses 
passively from the lumen across the apical mem- 
brane and is actively extruded into the interstitial 
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space across the basal-lateral membrane by the Na 
pump. 

Transepithelial Na transport by the toad 
bladder is stimulated by the mineralocorticoid, al- 
dosterone [5]. Although this effect is well docu- 
mented in many epithelia, the exact sites of action 
are under current investigation. Previous studies 
have proposed alternative sites of action of aldo- 
sterone, including augmentation of PN,, or the 
supply of metabolic energy or both [4, 6, 8, 10, 
20, 25, 29, 33, 34]. Stimulation of Na transport 
by aldosterone is dependent on the availability of 
specific metabolic substrates. In substrate-depleted 
toad bladder preparations, aldosterone has a very 
limited influence on Na transport and the full sti- 
mulatory effect is restored upon addition of sub- 
strates [8, 10, 32]. This observation was taken as 
evidence for an action of the hormone on the ener- 
gy supply to the Na pump [8-10]. On the other 
hand, Sharp and Leaf [34] proposed that aldoster- 
one increases PNa even in substrate-depleted prepa- 
rations but the effect on Na transport will be mani- 
fest only when enough energy is available for en- 
hanced output of the Na pump. The possibility 
of metabolic control of PNa or a bipolar effect has 
also been suggested [9, 11, 18, 25]. 

Recently, Palmer et al. [30, 31] found that in 
K-depolarized (basal-lateral side) bladders, 2DG 
decreased IN, and PNa proportionately while addi- 
tion of pyruvate to substrate-depleted, aldoste- 
rone-treated preparations, increased INa and PN~ 
proportionately. Metabolic regulation of PNa could 
be mediated by changes in Nac or Cac or both. 
For example, modulation of the energy supply 
could limit Na pump activity and thereby modu- 
late Nac. Changes in Nac in turn could regulate 
PN, either directly, by feedback inhibition [22, 23, 
36, 37] or indirectly by altering Ca~ [1, 2, 35]. 

This paper describes studies on the interplay 
between hormonal and metabolic regulation of 
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PNa" We found that PNa is down-regulated when 
energy metabolism is inhibited regardless of the 
presence or absence of aldosterone. Stimulation of 
PN, by addition of substrates, however, was evident 
only in aldosterone-pretreated bladders. Neither a 
change in Nao nor uptake of Ca from the serosal 
medium was required for the response of IN, to 
changes in metabolic status. Other modes of ener- 
gy-dependent metabolic regulation of PN~, there- 
fore, deserve consideration. 

Abbreviations. 2DG, 2-deoxyglucose; DMSO, di- 
methylsulfoxide; I~, short-circuit current; IN, , so- 
dium-specific (amiloride-blockable) current; V, 
transepithelial electrical potential; G, transepitheli- 
al slope conductance; GNa, Na-specific slope con- 
ductance; PNa, apical Na permeability; Nao, cyto- 
plasmic Na activity; Na~, interstitial (serosal) Na 
activity; Cao, cytoplasmic Ca activity. 

polarized bladders by stepwise voltage clamping and recording 
of the corresponding currents [13]. The voltage was changed 
in 5-mV steps from +20 to - 1 0 0 m V  (mucosal relative to 
serosal). Step duration was 5 msec, a period sufficient to achieve 
a constant current value, which was frequently verified by dis- 
playing the current transients on an oscilloscope. The voltage 
displacements had no iong-term effects and repeating the mea- 
surement within 5 rain gave the same I -  V data. Each measure- 
ment was repeated in the presence of 80 gM amiloride (less than 
5 rain after the first one). The difference between the two mea- 
surements was taken to represent the INa- V curve. 

The INa- V curves were analyzed by closest fit with the 
constant field equation [13, 15]. As observed previously [13, 
30], the constant field equation always fits the data between 
zero potential and the Na-reversal potential (VI~, =o). From 
the best fit in this voltage range, PN~ and Nao were estimated 
[13]. In these calculations, as well as in calculating IN, and 
GN,, the electrical membrane capacitance was used to estimate 
membrane area [30], assuming a capacity of 1 gF/cm 2. Typi- 
cally, membrane area inferred from capacitance was 2 to 4 
times larger than the cross-sectional chamber area (3 cruZ). 

Control of the voltage clamp, storage of data, subtraction 
of curves and curve-fitting were done with the aid of a computer 
(Data General, Nova 1230). 

Materials and Methods 

Male toads (Bufo marinus; Mexican origin, obtained from Lem- 
berger, Wisconsin) were maintained in tanks in tap water. In 
one series of experiments, tap water was replaced by NaCI 
Ringer's 3 to 5 days before the experiment. The animals were 
double-pithed, and the urinary bladders were quickly removed 
and mounted on a Lucite | ring (free internal area 3 cm2). The 
serosal side was supported by a piece of filter paper, and a 
ring-shaped Sylgard | gasket was placed on the mucosal side 
to improve sealing and minimize edge damage. The entire as- 
sembly was mounted in a plastic chamber with a serosal com- 
partment of 18 ml open to the atmosphere and stirred by aera- 
tion. The mucosal compartment of 1 ml volume was perfused 
at a rate of I to 10 ml/min [14, 30]. 

The serosal solution was either Na-Ringer's containing (in 
mM): 110.0 NaC1, 1.0 CaC12, 0.5 MgC12, 3.5 Kphosphate 
(pH = 7.5), or depolarizing K-Ringer's in which NaC1 was re- 
placed by 85 rata K C I +  50 mR sucrose. This combination of 
KC1 and sucrose was found to maintain the original cell volume 
[30]. The mucosal solution was either Na-free sulfate Ringer's 
containing (in mM) : 55.0 K2SO4, 4.0 K2HPOr 1.0 KH2PO+, 
1.0 Ca-gluconate (pH = 7.5), or Na containing Ringer's in which 
18.2 mM KzSO 4 was replaced by the same concentration of 
NazSO +, In all mucosal solutions, the combined Na and K 
activity was 65 raM. In the Na-containing mucosal solutions, 
the Na activity was 20 mm. 

The bladders were voltage clamped to zero potential and 
I~c was recorded continuously. The transepithelial electrical 
slope conductance (G) was calculated from the current changes 
obtained upon brief (1.0 sec) 10-mV displacements of the 
clamping potential. INa and GN~ were calculated either from 
the differences in the respective values measured in the presence 
and absence of 80 ~tM amiloride in the mucosaI perfhsate or 
from the differences in the respective values on incubation in 
Na-free and Na-containing mucosal solutions. On addition of 
amiloride, Isc fell sharply and the residual shunt current and 
conductance were established within seconds. In most experi- 
ments, the shunt conductance was < 30% of the total conduc- 
tance. Reperfusion with amiloride-free Ringer's restored I+c and 
G to control values within 5 rain. 

Near-instantaneous I-V relations were measured in K-de- 

Statistics 

Unless otherwise indicated, data are expressed as mean +SE. 
Probabilities were calculated using the student t-test. 

Materials 

Aldosterone was obtained from CIBA, cycloheximide and oxy- 
thiamine from Serva, and spironotactone from Sigma. All of 
the conventional chemicals were reagent grade. 

Results 

Urinary bladders from toads kept for 3 to 5 days 
either in Na-Ringer's (to minimize the background 
aldosterone concentration) or in tap water, were 
mounted in chambers. After measuring the initital 
IN, and GN, (2 to 4 hr after mounting), one of each 
pair of hemibtadders was incubated in 5 x 10-7M 
aldosterone (added to the serosal side only, from 
an aqueous 0.5 mg/ml stock solution) while the 
other served as a control. The pairs were main- 
tained overnight (12 to 16 hr) in substrate-free 
media with Na-free sulfate Ringer's on the mucosal 
side. The control hemibladders were incubated ei- 
ther (a) in the absence of aldosterone, or (b) with 
aldosterone and the specific antagonist spironolac- 
tone (added to a final concentration of 5 x 10 -5 M 
from a stock solution of 0.1 M in DMSO), or (c) 
in the presence of aldosterone and the protein syn- 
thesis inhibitor, cycloheximide (added to a final 
concentration of 2 x 10 .6 M from an aqueous solu- 
tion of 2 x 10 -2 M). Each addition was accompa- 
nied by adding an equal volume of diluent to the 
second preparation. In pilot experiments (n=4), 
this concentration of DMSO (0.05%) had no effect 
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Table 1. Effect of environmental  NaC1 on the response to aldosterone" 
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Pre-treatment Pairs Initital values 
in vivo (n) 

Fractional change after overnight incubation 

IN, GN. Aldosterone-treated Control 
(gA/cm 2) (mS~cm 2) 

&JIN.o GN./GN.o rN~/IN.o GN./GN,~ 

NaCl-Ringer's 10 4.6_+0.95 0.045_+ 0.007 2,2 _ 0 . 8  2 . 5 _ + 0 . 2 5  0 . 5 5 _ + 0 . 4 0  1.0_+0.13 
Tap water 9 /0.2_+2.1 0.039_+0,014 2.6_+0,2 2.9_+0.27 1.0 -+0.27 1.2-+0.1 

a Toads were maintained for 3 to 5 days in either Na-Ringer's or tap water before harvesting of the urinary bladders. INto 
and GN~ ~ were measured 2 to 4 hr after mounting of the hemibladders. The hemibladders were incubated in substrate-free media, 
with or without atdosterone (5 x 10-v M), 

on I~c or G. At the end of overnight incubation 
the mucosal solution was replaced with Na-sulfate 
Ringer's and IN, and GN, were remeasured. 

Table i summarizes the effects of  in v ivo salt 
loading on the initital Na transport parameters 
and overnight response to aldosterone in the 
absence of substrate and mucosal Na. Salt loading 
decreased the initial/Na ( P <  0.01) but the two pop- 
ulations did not differ in their relative response 
to aldosterone ( P >  0.10). In both populations, the 
hormone elicited more than twofold increases in 
INa and GN,. No systematic differences were noted 
in the three control conditions (i.e. no aldosterone, 
or aldosterone + spironolactone, or aldosterone + 
cycloheximide) after overnight incubation. Ac- 
cordingly the control results were lumped. Al- 
though IN, of the controls tended to fall in hemi- 
bladders from salt-loaded toads after overnight in- 
cubation, none of the fractional changes in IN, or 
GN~ were statistically significant. 

After measuring the Na-specific parameters, K- 
depolarizing-Ringer's was substituted for the 
NaC1-Ringer's on the serosal side. This substitu- 
tion caused an immediate drop in I~c and an in- 
crease in G. Most of the decrease in Is~, however, 
reversed spontaneously. The fall in I~ is attribut- 
able to the decrease in the transapical driving force 
associated with abolition of the electric field across 
both membranes. In addition, removal of  serosal 
Na may have increased Cac by abolition of the 
Nas/Ca~ exchange and thereby reduce PN, [2]. IN, 
90 rain after depolarization differed from the value 
measured immediately before depolarization by a 
factor of 0.75+0.08 (n=20). 

INa--V curves were obtained in depolarized 
bladders with 20 mM Na on the mucosal side to 
study the influences of  substrates and metabolic 
inhibitors on PN,, IN, and Nac. A typical experi- 
ment in which sequential additions of glucose, 
2DG, pyruvate and oxythiamine were made in 
control and aldosterone-treated paired hemiblad- 
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Fig. l. Effects of substrates and inhibitors on Na-specific elec- 
trical parameters. Iso was continuously recorded in aldosterone- 
treated (A) and control (B), K-depolarized hemibladders. At 
the times indicated by the gaps in the current trace, IN,--V 
measurements were performed and used to estimate PN~ and 
Na c . Glucose (5 m•), 2-DG (5 mM), pyruvate (6.5 raM) and oxy- 
thiamine (5 mM) were added to the serosal media sequentially 
at the times indicated by arrows. Time-zero was at least one 
hour after substitution of the depolarizing K-Ringer's solution 
for the conventional Na-Ringer's serosat medium 

ders is shown in Fig. I. In the aldosterone-treated 
hemibladders both glucose and pyruvate gave rise 
to substantial increases in IN, accompanied by 
equivalent increases in PN,. These effects were fully 
reversed on addition of the metabolic inhibitors. 
The inhibitory effect of  2DG was bypassed by ad- 
dition ofpyruvate.  More complex was the response 
of Na c to manipulations of the metabolic status. 
Forty minutes after addition of pyruvate, INa had 
increased from 8 to 14gA/cm 2 and Na~ had 
dropped from 1.95 to 1.2 mM. In the subsequent 
90 min, Nac increased from 1.2 to 1.7 mM while 
IN, and PN, continued to increase further. This be- 
havior may reflect independent augmentation of 
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Table 2. Fractional change in sodium-specific parameters induced by substrates and inhibitors ~ 

Aldosterone-treated Control 

Glucose 1.4+0.16 (7) b 1.3_+0.12 (7) b 1.1___0.16 (7) r 1.1_+0.08 (7) ~ 
2-Deoxyglucose 0.5_+0.06 (7) 0.4+_0.06 (7) 0.6_+0.08 (7) 0.65+0.08 (7) 
Pyruvate 2.5_+0.14 (7) 2.3+_0.16 (7) 1.4_+0.25 (5) ~ 1.4_+0.25 (5) r 
Oxythiamine 0.5+_0.06 (4) 0.5_+0.06 (4) 0.4_+0.09 (4) 0.45+_0.11 (4) b 

The experimental protocol is as shown in Fig. 1. Fractional changes are calculated as the ratio of the 
values measured at the maximal effect to that measured immediately before addition of the agent. The numbers 
in parentheses are the number of experiments. 
b P <  0.025. 

P>0.05. 

In all other cases P<0.005. 
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Fig. 2. Analysis of the correlations between Na-specific trans- 
port parameters. In A, the fractional change in Na current 
(IN,(t)/INa(O)) is plotted as a function of the fractional change 
in apical Na permeability (PN,(t)/PN~(O)). In B, the fractional 
change in Na conductance (G~a (t)/GN, (O)) is plotted as a func- 
tion of PN,(t)/PN~(O). The reference values INa(O), PNa(O) and 
GNa(O) were obtained 1 hr after depolarization with K- 
Ringer's. IN~(t), PN~(t) and GN,(t ) are the values of  these param- 
eters at various times after the addition of substrates or inhibi- 
tots to the serosal media. The aldosterone-pretreated hemiblad- 
ders are denoted by (o), (n = 31) and the controls by (o), (n = 19) 
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Fig. 3. Protocol used to assess INa and GN, in the presence of 
Na-free mucosal solutions. Hemibladders were maintained in 
K-depolarizing serosal solutions and Na-free sulfate Ringer's 
(Na 0) on the mucosal side. During brief (~20  sec) intervals, 
sulfate Ringer's containing 20 mM Na (Na 20) was substituted 
for the Na-free solutions. The dashed line is the zero current 
(Isc = 0) and the continuous line the current response to addition 
and withdrawal of mucosal Na 

PN, and the energy supply of the Na pump. Since 
transepithelial sodium transport is usually limited 
by the rate of Na entry, an increase in PN, will 
give rise to a similar increase in INa- In contrast, 
Nac is controlled by both PN, and the Na pump. 
A faster effect of pyruvate on the pump rate will 
result in the observed biphasic change in Nac. In 
this experiment (Fig. 1), the control (aldosterone 
plus spironolactone) did not respond to added glu- 
cose but showed a clear down-regulation of apical 
transport parameters after addition of 2DG. This 
inhibition was bypassed by subsequent addition of 
pyruvate. 

Table 2 summarizes the maximal fractional 
changes in INa and PN, in the experiments described 
above (n= 14 pairs of hemibladders). In another 

4 pairs there was little response to substrates and 
in 5 other pairs the paracellular shunts had become 
too conductive to allow accurate measurements 
after overnight incubation. The changes in meta- 
bolic status invariably had significant effects on 
INa and PNa in the aldosterone-treated hemiblad- 
ders. In the control hemibladders, glucose and py- 
ruvate did not increase IN, and PNa significantly. 
In contrast, the magnitude of fractional inhibition 
of IN, and PNa by either 2DG or oxythiamine was 
comparable in the control and aldosterone-treated 
tissues. 

Regardless of hormonal status the fractional 
change in INa varied linearly with the fractional 
change in PNa, with a slope of 0.9_+0.1 (SD) and 
a correlation coefficient of 0.994 (Fig. 2A). A simi- 
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Table 3. Metabolic effects on IN. and G~  in the presence and absence of mucosal sodium" 
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Mucosal medium Pairs IN~ ~ GNa ~ Additions IN,lINgo GN,/GNa ~ 
(n) (gA/cm z) (mS/cm 2) (mM) 

Pyruvate (5) 1.37+0.22 1.21 +0.11 Na-Ringer's 5 12.7 + 2.5 0.26 + 0.04 - - 
- - Oxythiamine (5) 0.46_+0.06 0.50_+0.07 

Na-free Ringer's 7 19.1 •  0.27_+0.06 Pyruvate (5) 1.89_+0.37 2.28_+0.51 
Oxythiamine (5)+2DG (5) 0.34_+_0.05 0.38+0.08 

Paired hemibladders were incubated overnight in substrate-free, NaCl-Ringer's supplemented with aldosterone (5 x 10-7 M) 
serosally and Na-free-SO4-Ringer's on the mucosal side. In the morning, depolarizing potassium-Ringer's (Na-free) was substituted 
for all of the serosal solutions and the mucosal sides were perfused with either Na-sulfate Ringer's (20 raM) or Na-free sulfate- 
Ringer's. IN,o and GNa ~ values were recorded one hr after depolarization and then challenged serially with serosal K-pyruvate 
and either oxythiamine alone or oxythiamine + 2DG. In the Na pulse experiments, oxythiamine and 2-DG were used in combination 
since little effect was obtained on IN~ or GN, with either inhibitor alone in this series. 

lar correlation was established between GNa and 
PN~ (Fig. 2B, r=0.990). Agreement between PNa 
and Gy~ is expected if changes in Nat are small 
enough to keep the sodium gradient across the 
apical membrane nearly constant. In contrast, the 
fractional changes in PNa and Nac varied indepen- 
dently of each other; a plot of PNa(t)/PN,(O) VS. 
Na~(t)/Nat(0) had a correlation coefficient of 
0.280. These results imply that PN, is not uniquely 
regulated by feedback inhibition by Nat under ex- 
perimental conditions in which the changes in Na~ 
are limited to values below 3 raM. The imprecision 
in measuring Nat by the curve-fitting method, 
however, made it prudent to examine this issue 
by another experimental design: Metabolic status 
was varied under completely Na-free conditions 
and the resulting changes in GN, and I ~  were mea- 
sured during periods of exposure to mucosal Na 
which were brief enough to prevent significant 
changes in Nat. Accordingly, paired hemibladders 
were incubated in the Na-free, sulfate-Ringer's so- 
lution on the mucosal side (denoted as Na 0 in 
Fig. 3) and at intervals the mucosal solutions were 
rapidly exchanged for Na2SO~-Ringer's solutions 
containing 20 mM Na (denoted as Na 20). The 
total exposure time to Na 20 was 20 sec. Continu- 
ous recordings of I~ and G revealed a virtual elimi- 
nation of  Isc during exposure to Na 0. Conduc- 
tance measurements, shown as the vertical spikes 
in Figs. 3 and 4), represent the paracellular shunt 
slope conductance during exposure to Na 0 and 
the combined conductances (cellular and paracel- 
lular) during exposure to Na 20. Introduction of 
Na 20 into the mucosal compartment evoked im- 
mediate increases in Iso and G, which reached maxi- 
mal values in 1 to 3 sec (Fig. 3). IN~ and GN~ were 
calculated from the differences in the values ob- 
tained at the peak of the responses and those re- 
corded immediately before substitution of Na 20 
for Na 0. The magnitude of the rise in IN~ on addi- 

tion of Na to the mucosal medium reflects the 
uptake of Na when Na c is almost nil. Fifteen to 
20 sec after perfusion with Na 20, Na 0 was re- 
introduced into the mucosal compartment. This 
resulted in a rapid fall in Isc followed, at the nadir, 
by a transient negative current (reversed Is~ , 
Fig. 3). This reversed current (serosal side nega- 
tive) is abolished by addition of amiloride (80 gg) 
to the mucosal side. Moreover, the magnitude of 
the reversed I~ is increased on exposure to serosal 
ouabain (I raM). The sensitivity to amiloride and 
augmentation by ouabain indicate that some Na 
penetrated into the cells (presumably sub-apical) 
during the brief exposure to Na 20 and back dif- 
fused, via the Na channels, into the mucosal com- 
partment on reperfusion with Na 0. 

To assess the role of accumulation ofintracellu- 
lar Na in the responses to hormone and substrate, 
paired hemibladders (aldosterone-treated, sub- 
strate-depleted) were incubated in serosal Na-free, 
K-depolarizing Ringer's and either mucosal Na- 
free Ringer's or Na-sulfate Ringer's (controls). 
Both hemibladders were challenged with K-pyru- 
vate (5raM) I hr after depolarization. Subse- 
quently, oxythiamine (5 raM) alone or oxythiamine 
(5 raM) plus 2DG (5 m~) was added to the serosal 
media. The changes in IN, and GNa were measured 
at the expected maxima of the responses, i.e. 1 
to 2 hr after addition of the substrate and then 
1 to 2 hr after addition of the inhibitors. The 
control hemibladder was continuously exposed to 
20 mM mucosal Na except for brief intervals of 
exposure to the Na-free mucosal solution, during 
which time the shunt conductance was measured. 
The experimental bladder was continuously ex- 
posed to Na-free mucosal solution except for brief 
intervals of perfusion with 20 mM Na during which 
time ~rNa and GN, were measmed as described 
above. Thus, Nat should have been virtually nil 
except for the brief periods of exposure to mucosal 
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Fig. 4. Hemibladders were incubated for 2 to 4 hr in Na-free 
sulfate Ringer's (mucosal) and substrate-free, K-depolarizing 
Ringer's + 1 mM ouabain (serosal). Current (Iso) and conduc- 
tance (G) were measured during short exposure of the mucosal 
side to Na-sulfate Ringer's (20 mg). Ninety mitt after the peak 
IN~ values (in response to a pulse of mucosal Na) became con- 
stant, 5 rnM 2DG + 5 mM oxythiamine (denoted by INH) were 
added to the serosal compartment (first arrow). The serosal 
solutions were replaced (90 rain later) by K-Ringer's containing 
10 mM pyruvate (denoted by PYR) instead of 2DG + oxythia- 
mine (second arrow). The spikes are current deflections in re- 
sponse to 10 mV voltage displacements. (A) and (B) display 
two of the variations in the responses in single hemibladders 

Na and the time required for subsequent elimina- 
tion of Na c (about 2 min). 

In the Na-depleted preparations, the initital 
values (INao and GNao) were comparable to those 
with continued exposure to mucosal Na (Table 3). 
With or without Na in the media, INa and GN, 
rose proportionately on the addition of pyruvate, 
and fell proportionately on the addition of oxy- 
thiamine or oxythiamine plus 2DG. Moreover, in 
the Na-free media no attenuation was evident in 
the magnitude of the responses to substrate or in- 
hibitors. These results indicate that with virtually 
no Na available to the intracellular pools, metabol- 
ic modulation of apical Na conductance is at least 
as evident (both relatively and absolutely) as in 
the presence of  Na. 

Palmer et at. [30] reported that 2DG applied 
to K-depolarized bladders shortly after harvesting 
induced proportionate falls in IN, and PN~. In our 
studies on the effects of  mucosal Na on the re- 

sponses to substrates and inhibitors all of the hemi- 
bladders were incubated overnight in substrate- 
free, aldosterone-supplemented media. To deter- 
mine if freshly harvested hemibladders (i.e. without 
depletion of endogenous substrate stores) are simi- 
larly responsive to metabolic regulation in Na-free 
media we measured the effects of  2DG, oxythia- 
mine and pyruvate without overnight incubation 
and without exposure to aldosterone. 

In these experiments hemibladders were 
mounted in depolarizing K-Ringer's on the serosal 
side. One hour later, Na was removed from the 
mucosal side and the Na pump was blocked with 
1 mM ouabain (serosal). INa and GNa were measured 
from time to time during brief exposure to mucosal 
Na Ringer's, as described above (of. Fig. 3). After 
stabilization of INa and GN, (2 to 4 hr), the bladders 
were challenged with inhibitors. Oxythiamine or 
2 DG alone did not significantly affect INa or GNu, 
but their combination caused a substantial drop 
in these values (Fig. 4). Removal of the metabolic 
inhibitors and adding pyruvate partially reversed 
the inhibition of INa and GN,, but reversibility was 
more evident in those cases where only a moderate 
inhibition of transport had taken place (compare 
Figs. 4A and 4B). In four hemibladders that exhib- 
ited responses to substitution of pyruvate for the 
inhibitors, the ratios were IN~/I~,o=I.04+0.23, 
and GNJGN~o=l.19• 160rain after the ex- 
changes. As discussed above, the initial rise in INa, 
on addition of Na to the medium, reflects the ini- 
tial uptake of  Na when Na c is almost nil. It is 
noteworthy that impairment of metabolism signifi- 
cantly reduced this initial current (see Fig. 4). This 
observation shows most clearly that the inhibition 
develops in the absence of cellular Na. Further- 
more, a second exposure to mucosal Na, immedi- 
ately after INa returned to zero, produced an identi- 
cal rise in the current trace (data not shown). This 
result implies that intracellular accumulation of Na 
during the brief period of measurement does not 
influence either IN~ or  GNa. Eleven freshly mounted 
Na-depleted hemibladders not supplemented with 
exogenous substrate or aldosterone also displayed 

50% reductions in IN, and GNa in response to 
metabolic inhibition (first two columns of Table 4). 
Thus under these conditions, as well as after over- 
night incubation, metabolic regulation of apical 
Na transport is fully expressed even in Na-free 
media, i.e. not dependent on feedback inhibition 
by Nac. 

These results also imply that changes in Ca c 
mediated by basal-lateral Na/Ca exchange I2] or 
by Na-dependent Ca transport across mitochon- 
dria [1] is not an obligatory step in the metabolic 
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Table 4. Metabolic effects on passive Na transport in Na-free media as a function of serosal Ca a 
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1 mM serosal Ca 3 p_M serosal Ca 

1Nj IN~o GN./ GN.o INa/fNao GNa/ GNa ~ 

90 rain incubation just prior to the addition 
of inhibitors 

120 min after adding 2DG and oxythiamine 

1.02+0.03 (11) 1.03+0.03 (11) 

0.43_+0.06 (11) 0.50_+0.06 (11) 

1.07_+0.03 (7) 1.10__+0.12 (7) 

0.26+_0.03 (7) 0.38+0.03 (7) 

a Potassium-depolarized hemibladders were incubated for 2 to 4 hr without substrates in the presence of  1 mM ouabain before 
the experiment. These preparations were not exposed to aldosterone. The protocol is given in Fig. 3. INao in 1 mM Ca; 16 +. 2.1 ~tA/ 
cm 2 (111); in 3 gM Ca; 21.9_+4.1 gA/cm 2 (7). GNao in 1 mM Ca; 0.35_+0.05 mS/cm z (11); in 3 ~tM Ca; 0.48_+0.13 mS/cm 2 (7). 

control of PNa" Nevertheless, Cac may be involved 
via other mechanisms. One possibility is that the 
basal-lateral membrane contains a Na-independent 
Ca transport system. It would permit Ca uptake 
which is counterbalanced by an ATP-limited Ca 
pump. The latter might also be contained in the 
basal-lateral membrane [19]. Its metabolic impair- 
ment would cause net Ca uptake from the intersti- 
tial compartment. To test the involvement of Na- 
independent Ca uptake, the protocol of Fig. 4 was 
repeated using serosal solutions which contained 
only 3 g~ Ca. This concentration proved sufficient 
to maintain the conductance of the paracellular 
pathway at a low level. The serosal compartment 
was replaced 4 times with the low-Ca Ringer's in 
order to assure complete exchange. Although the 
actual Ca activity on the basal-lateral membrane 
surface could have been higher than 3 gM, this sub- 
stitution (in a separate set of experiments) was suf- 
ficient to prevent the inhibition of PNa induced by 
basal-lateral Na/Ca exchange (Garty&Linde-  
mann, unpublished observations). The results are 
shown in columns 3 and 4 of Table 4. In the pres- 
ence of this minimal concentration of serosal Ca 
the inhibitors were at least as effective as in higher 
Ca in reducing IN, and G~,. This observation sug- 
gests that uptake of interstitital Ca is not required 
for the down-regulation of apical Na transport in 
response to metabolic impairment. 

Discussion 

In a recent study Palmer et al. [31] noted that al- 
dosterone induced equivalent increases in IN a and 
PNa in toad bladder. Current fluctuation analysis 
revealed that the increase in PN, is a result of an 
increase in the density of electrically detectable Na 
channels with no significant change in the single- 
channel current. An increase in PNa was also 
evoked by addition of pyruvate to aldosterone pre- 
treated but substrate-depleted bladders [31]. 

The present study concerns metabolic regula- 

tion of transepithelial Na transport. In substrate- 
depleted aldosterone-treated but not in the aldo- 
sterone-depleted hemibladders we observed a sub- 
stantial increase in PN, on addition of pyruvate 
or glucose to the serosal media, although pyruvate 
was the more effective substrate (Table 2). In the 
aldosterone-depleted preparations, addition of glu- 
cose and pyruvate induced smaller increases in INa 
and PNa (i.e. comparing glucose to glucose + aldos- 
terone or pyruvate to pyruvate + aldosterone) and 
these increases failed to achieve statistical signifi- 
cance. Furthermore, the metabolic inhibitors 2DG 
and oxythiamine produced striking declines in Iya 
and PN, in both control and aldosterone-treated 
hemibladders. A number of features of the re- 
sponse patterns imply that the substrates act via 
effects on energy turnover rather than by direct 
modulation of transport components: 1. Stimula- 
tion of INn and PNa by glucose addition was vir- 
tually abolished by 2DG, suggesting that glucose 
was being metabolized by glycolysis. 2. The 2DG 
block was fully reversed by pyruvate, presumably 
by providing substrate for the tricarboxylic acid 
cycle. 1 3. The pyruvate-dependent increase in PNa 

and IN, was in turn overcome by oxythiamine, sug- 
gesting utilization of pyruvate by the tricarboxylic 
acid cycle. 4. These effects were obtained in Na- 
free serosal media, eliminating possible cotrans- 
port of Na and glucose, or Na and pyruvate as 
the basis of the effects. 

These and previous [11, 18, 30, 31] findings 
indicate the existence of a metabolic control mech- 
anism which reversibly activates Na channels. One 

2-DG inhibits metabolism by two mechanisms : 1. formation 
of end-product, 2-DGP, with a consequent depletion of intra- 
cellular PO4, or 2. competitive inhibition of the conversion 
of glucose to glucose-6-PO4, thereby inhibiting glycolysis [17]. 
In the present experiments, the media contained 3.5 mM PO 4 
which may have served to replenish intracellular PO 4 . Reversal 
of inhibition with pyruvate, under these circumstances, implies 
that 2-DG inhibited INa primarily by depletion of gtycolytic 
intermediates. 
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function of this control mechanism would be to 
synchronize the rates of Na entry and exit, and 
thus prevent large changes in Nac which would 
otherwise occur when for metabolic reasons the 
rate of active Na extrusion cannot cope with the 
rate of Na entry. Indeed Na~ does appear to vary 
relatively little despite large changes in Na trans- 
port mediated by changes in metabolism. For 
example, in 10 hemibladders pretreated with aldos- 
terone the fractional values were P~a/PN,o =2.1 + 
0.2 and Nac/Na~o=l.1 +0.15 in response to sub- 
strates; in 9 treated with 2DG and oxythiamine 
the values were Py,/PNao=0.45+_O.05 and Nac/ 
Naco=1.1+_0.1. In contrast, partial inhibition of 
the Na pump with ouabain caused an easily detect- 
able sixfold increase in Nac [30]. Lipton and 
Edelman [25] noted no detectable change in chemi- 
cal estimates of intracellular Na after stimulation 
by aldosterone, and postulated coordinate regula- 
tion of Na entry and exit. 2 

The above experiments were carried out in the 
presence of high K-sucrose solutions (basal-lateral 
depolarization) on the serosal side; a "nonphysio- 
logical state." This condition, and the use of Na- 
free mucosal solutions, were used in order to evalu- 
ate the effects of regulators on apical Na perme- 
ability and the possible dependence of PN~ on Nat. 
The justification for the physiological validity of 
this preparation is based on the following: 1. The 
substitution of the high K-sucrose solution has no 
significant effect on epithelial cell volume and per- 
turbs INa only minimally (i.e. ~ 10% fall) [30]. 2. 
In K-depolarized preparations the I~c responses to 
aldosterone, and to metabolic substrates and inhib- 
itors, both in magnitude and time-course are indis- 
tinguishable from those obtained with Na-Ringer's 
solutions on both sides [30, 31, and the present 
paper]. 

At least three possible mechanisms can account 
for coupling of PN, to metabolism: 1. There may 
be activation of a pre-existing set of channels in 
the apical membrane by chemical modification. 
Such modification could be phosphorylation or de- 
phosphorylation, which has been postulated as a 
possible mechanism for controlling ion permeabili- 
ty [7, 26]. Alternatively, channels may be activated 
by changes in membrane lipids (e.g. fatty acid turn- 

2 Subsequent studies distinguished between chemical analysis 
of tissue Na and Na derived primarily from the mucosal solu- 
tion (i.e. radiosodium labeling) as a means of measuring the 
transport pool of Na (A. Leaf& A.D.C. MacKnight, 1972, J. 
Steroid Biochem. 3:237, and R. Rick et al. 1978, J. Membrane 
Biol. 39:313). These studies showed some increase in the trans- 
port pool of Na in response to aldosterone, as was the case 
in the present study. 

over and composition [16, 24], prostaglandin me- 
tabolism [39]). 2. Energy-dependent recruitment of 
channels from granules or vesicles underlying the 
apical membrane may take place, as was postu- 
lated for vasopression [28]. The possibility of sub- 
strate dependent de novo synthesis of channels is 
not likely since the onset of  the response to sub- 
strate addition is almost immediate. Furthermore, 
inhibition of transcription in substrate-depleted al- 
dosterone-pretreated bladders did not affect the 
pyruvate-induced increase in Iso for at least one 
hour [3]. 3. The available energy supply could 
control the activity of intracellular ions (e.g. Na, 
Ca, H), which in turn might modify the apical Na 
channels. Lewis et al. [23] and Frizzell and Schultz 
[12] noted (in rabbit bladder and rabbit colon, re- 
spectively) that aldosterone enhanced apical Na 
conductance. One explanation for this effect was 
considered by both groups: a possible primary 
action on active Na extrusion resulting in a fall 
in Nac and a subsequent release of GN, from feed- 
back inhibition. 3 An alternative mechanism for 
control of  GNa was proposed by Taylor and Wind- 
hager [35] who suggested that Cac, controlled by 
a Na/Ca antiport in the basal-lateral membrane, 
regulates PN,- Indeed, Wiesmann et al. [38] and 
Ludens [27] showed that addition of the Ca iono- 
phore A23187 to the serosal medium in the pres- 
ence of serosal Ca inhibits /Na in toad bladder, 
presumably by increasing Cac. Recently, Chase 
and A1-Awqati [2] provided more direct evidence 
for the existence of a 3Na/1 Ca antiport at the bas- 
al-lateral membrane. 

In our studies, the possible regulation of PNa 
by Na~ was evaluated by measuring GN, in Na-free 
serosal and mucosal media, except for brief expo- 
sures to mucosal Na. In some experiments the Na 
pump was also effectively inhibited by ouabain 
(despite the high concentration of serosal K [30]). 
We found that under these conditions, where the 
transport pool of  Na was virtually eliminated, both 
stimulation and inhibition of G~, in response to 
substrates and inhibitors was entirely preserved. 
It is true that during the brief exposures to mucosal 
Na, required to measure the Na-transport parame- 
ters, a small amount of Na necessarily entered the 
cells. However, the establishment of transport inhi- 
bition is already apparent in the reduced amplitude 
of the peak Na-current observed at the onset of  
the Na-pulse. At the time of this peak current the 

Figure 2B indicates that under our experimental conditions 
GNa and PNa correlated closely. Accordingly, these parameters 
are taken to represent the same property of the apical mem- 
brane for the purpose of this discussion. 
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gain in Nac must be vary small. Thus Nac does 
not appear to mediate metabolic regulation of PN,. 
This result also does not support the possibility 
of metabolic regulation of PN, by Ca~ via a basal- 
lateral or mitochondrial Na/Ca exchange mecha- 
nism. 

Consideration was also given to the possibility 
of regulation of eRa by Cac under the control of 
a n  energy-dependent Ca extrusion mechanism 
which is Na-independent. A 300-fold reduction in 
serosal Ca concentration, i.e. from i mM to 3 t.tM, 
however, did not restrain the inhibitory response 
to 2DG+oxythiamine.  Thus our data do not 
signal the participation of basal-lateral Ca uptake 
in the metabolic regulation of PN,. Of course, Cac 
could be involved in these processes via other path- 
ways (e.g. energy-dependent Ca release in mito- 
chondria or other organelles). 
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