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The tubular reabsorption of sodium in the mam-
malian kidney is stimulated after administration of
aldosterone (1-3). The transport of sodium from
the tubular lumen to the interstitial compartments,
across the cells lining the renal tubule, represents
an active process (4, 5), and one is therefore led
to conclude that this process is influenced by al-
dosterone. However, the failure to observe a so-
dium retention confined to the treated side after
injection of aldosterone into one renal artery of
the normal dog (3) could cast doubt that aldo-
sterone is the principle immediately responsible
for renal sodium retention. The time lag of 1
to 2 hours regularly observed between intravenous
administration of aldosterone and the first changes
in sodium excretion by the kidney (6-8) is like-
wise intriguing.

The isolated toad bladder was thought suitable
for a more direct examination of the stimulation of
sodium reabsorption by aldosterone. This prepa-
ration consists of a single layer of mucosal cells
supported by thin connective tissue in which blood
vessels and isolated bundles of smooth muscle are
interspersed; a layer of serosal cells separates the
bladder from the peritoneal cavity. This simple
biological membrane is capable of moving sodium
actively from its mucosal to its serosal border
(9), a process that can be conveniently followed
by the short-circuit technique of Ussing and
Zerahn (10). These investigators have shown
that, when an external potential is applied so as to
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nullify the spontaneous transmembrane potential,
the current measured in the external circuit is the
quantitative expression of active sodium trans-
port.

Previous experiments have established that al-
dosterone is a physiological hormone for the toad,
Bufo marinus, and that sodium transport by the
toad urinary bladder is stimulated after injection
of the steroid into the animal (11). For the pres-
ent studies the membrane was exposed to aldo-
sterone in vitro, and stimulation of active sodium
transport ensued.

MATERIAL AND METHODS

All toads (Bufo marinus, male and female) were
maintained half-immersed in distilled water for 3 to 5
days before sacrifice, except for half of those used in the
first experiment. The animals were pithed and both
half-bladders were mounted in rapid succession between
Lucite chambers (20 mm ID) as described by Ussing
and Zerahn (10), with the membrane bathing in 8 to 10
ml aerated frog Ringer solution (Na, 113.5 mEq per L;
K, 1.88 mEq per L; HCO,, 2.38 mEq per L; Ca, 0.89
mmole per L; Cl, 114.9 mEqper L; osmolality, 220 mOsm
per kg water; pH, 8.1 at room temperature after equili-
bration with air). The serosal surface of one half-bladder
was exposed to frog Ringer solution containing d,l-
aldosterone in concentrations ranging from 10 to 180 ug
per 100 ml: i.e., 1.4 X 10-' M to 2.5 X 104 M biologically
active d-aldosterone. Measurements of short-circuit cur-
rent and of DC resistance were made at 15- to 30-minute
intervals for 3 to 4 hours. The DC resistance of the
membrane was derived from the potential generated by
imposing a current of 100 Asa across the short-circuited
1reparation. In some experiments 1 U vasopressin
(Pitressin; Parke, Davis) was added to the fluid bathing
the serosal surface of the membrane after 180 to 210 min-
utes of incubation; short-circuit current was measured
at 5-minute intervals during the following 20 to 30 min-
utes. In a series of 8 experiments, studies were per-
formed on the short-circuited membrane, using NaM and
Na" to measure the two unidirectional sodium fluxes si-
multaneously (9). Bladder tissue was analyzed for wa-
ter, sodium, potassium, and chloride content as previ-

2103



JEAN CRABBE

ously described (11). Tissue glycogen concentration was
determined by the anthrone method (12), after alka-
line digestion of tissue samples stored frozen after in-
cubation and weighing.

In some experiments 20 /Ag d,l-aldosterone 21-mono-
acetate (dissolved in 0.02 ml ethanol diluted to 0.1 ml
with frog Ringer solution) was injected into the toads
24 and 4 hours before sacrifice. In another experimental
series, 1 mg deoxycorticosterone acetate (Schering sub-
lingual tablets dissolved in 0.5 ml frog Ringer solution)
was injected into each animal daily for 5 days, with a
last injection 4 hours before sacrifice.

RESULTS

1. In an initial series of experiments, paired
half-bladders were obtained from 16 toads, 8 of
which had been maintained in distilled water (wa-
ter toads) and an equal number in saline (125
mEq Na per L: saline toads) for 3 to 5 days.
For each experiment one half-bladder served as a
control, while the solution bathing the serosal
surface of the corresponding half-bladder contained
2.8 x 10-7 M d-aldosterone. Incubation was car-
ried out for 4 hours. As seen in Figure 1 the
mean short-circuit current across the membranes
exposed to aldosterone started to increase above
the control values after approximately 60 min-
utes. The stimulation due to aldosterone be-

came increasingly apparent with time. For the
water toads during the last hour of incubation, the
short-circuit current averaged 90.8 + 9.2 ,ua per
3.14 cm2 as compared with a mean value of 37.7 +
3.5 ,ua per 3.14 cm2 for the paired control half-
bladders (p < 0.001). With the saline toads
mean values were 42.6 ± 8.5 Mta per 3.14 cm2 and
19.9 ± 3.6 MAa per 3.14 cm2, respectively (p <
0.02). Relatively and absolutely, the stimulation
by aldosterone of active sodium transport across
the toad bladder was more marked in the case of
the water toads. Therefore, water toads were used
for all subsequent studies.

Experiments with paired bladder halves were
carried out to minimize the variability of the aldo-
sterone effect on active sodium transport by the
isolated bladder from toad to toad. In addition,
each membrane was used as its own control by
expressing the short-circuit current during the
third hour of incubation, when the effect of aldo-
sterone was quite pronounced, relative to the short-
circuit current during the first hour of incubation,
prior to a discernible hormonal effect. This form
of presentation of the results seems justifiable be-
cause of the absence of a close correlation between
sodium transport activity during the first hour of

100

DISTILLED WATER
ALDOSTERONEi

\ 75

4", __ SALINE
FIG. 1. STIMULATION BY ALDOSTERONEO
ACROSSTTDAEtnx in p o DISTILLED WATER

'.3 25

I... ~~~~~~~~~~~~~~SALINE
*b20rangVdThs -ldosaerone on serosal side

0I
15 60 120 I80 240

FIG. 1. STIMULATION BY ALDOSTERONE OF ACTIVE SODIUM TRANSPORT

ACROSSTHE TOAD BLADDERin vitro. Experiments performed on paired mem-
branes. The serosal surface of one bladder half was exposed to aldosterone
and the corresponding half served as control. Eight toads had been main-
tained in distilled water, eight in saline, prior to these incubations.
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TABLE I

Wlater, sodium, potassium, and chloride content of toad bladder tissue after stimulation
of sodium transport by aldosterone in vitro *

Water Sodium Potassium Chloride

Ig/100 mg
dry residue /.Eq/g dry residue

Control tissue 381.6 i 10.2 404.4 i 11.9 299.8 41 12.3 366.3 i 13.1
Tissue exposed

to aldosterone 367.7 i 14.3 388.2 ± 12.5 291.0 4t 11.6 366.0 i 14.1

pEq/g tissue waler
Control tissue 107.4 i 4.9 79.2 i 2.7 96.7 ± 3.7
Tissue exposed

to aldosterone 108.3 i 6.1 80.5 i 4.1 100.0 i 2.5

* Means i: standard error of the means (SEMI); each value represents the mean of 16 determinations; none of the
differences is significant below the 40%C level.

incullation and the spontaneous changes in so-

dium transport activity from the first to the third
hour (R = 0.58 for 98 untreated membranes).

2. After the incubation just described, bladder
tissue was analyzed for water, sodium, potassium,
and chloride contents. Values were grouped ac-

cording to the experimental conditions in vitro
(Table I). Although the half-bladders exposed
to aldosterone transported more than twice as

much sodium as their paired controls in the hour
preceding the end of the incubation, no significant
difference was detectable in tissue water and
electrolyte composition.

3. The validity of the short-circuit current as a

quantitative expression of net sodium transport
during stimulation of the half-bladders by aldo-
sterone in vitro was examined in another series
of experiments. Bidirectional sodium flux de-
terminations were carried out for five consecutive
periods of 30 minutes across eight short-circuited
toad bladders, the serosal surface of which was ex-

posed to 2.8 x 10-7 M d-aldosterone. From the
results summarized in Table II, it is apparent that

the assumption is valid. The agreement between
both types of measurement was as good during
the entire period of aldosterone effect, from minute
60 on, as during the period of steady state (stable
short-circuit current) extending through the last
hour of incubation. The mean ratios given in the
last column of Table II are an expression of this
agreement for the individual 30-minute periods.

4. The stimulation of active sodium transport
under the influence of aldosterone requires the
expenditure of additional energy by the cells con-

cerned. Leaf and Dempsey (13) have shown
that increased glycolysis is associated with a stimu-
lation of sodium transport after addition of vaso-

pressin to the preparation under aerobic condi-
tions. Glycogen was therefore measured in 15
pairs of pooled membranes, each pool containing
4 to 8 toad half-bladders. As seen in Table III
there was a decrease in tissue glycogen concen-

tration in eight of nine paired experiments for
which sodium transport was known to have been
stimulated by aldosterone. For Experiment 292,
such a stimulation was merelv assumed.

TABLE II

Agreement between net sodium transport and short-circuit current measurements in the
isolated toad bladder exposed to aldosterone

Short-circuit current
(a/3.14 cm24-SEM) Ratio derived

Periods of
observation Derived from observed

Minutes of 30 min Observed sodium flux* (% ±o SEM)

Total
60 to 210 39 71.5 A 3.24 71.3 4 5.48 98.4 i 5.5

During steady state
150 to 210 16 79.8 44.1 80.6 i 8.7 100.7 i 8.4

* A current of 1 la is generated by a net flux of 1.865 X 10-2 qEq soditim per 30 minutes.
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TABLE III

Tissue glycogen content of the toad bladder after
exposure to aldosterone in vitro *

Pool no. Control +Aldosterone

A. Stimulation of sodium
transport by aldosterone

190 589.7 580.2
210 636.4 543.8
230 890.0 633.1
260 569.1 516.2
240 562.3 610.8
270 671.6 474.4
112 500.0 252.3
280 382.3 371.3
290 471.3 408.5
292 301.7 359.6

Mean 557.4 475.0

Mean difference+SE mean difference:
- 82.4 i 36.4 (p < 0.05)

B. No stimulation of sodium
transport by aldosterone

130 488.3 539.8
140 393.4 419.9
310 297.6 336.7
330 351.5 344.7
120 221.0 210.5

Mean 350.4 370.3

Mean difference i: SE mean difference:
+ 19.9 i 8.0 (p > 0.05)

* ug/100 mg wet tissue weight.

The action of aldosterone on the metabolism
of the preparation is linked to the hormonal stimu-
lation of active sodium transport. This is demon-
strated in the second part of Table III by the ab-
sence of change in tissue glycogen concentration
when sodium transport was not influenced by
aldosterone-owing to concentrations of hormone
insufficient to bring about a stimulation of sodium

transport; to the presence of spirolactone that in-
hibited the effect of aldosterone on sodium trans-

port (14); or to incubation of the membrane in a

potassium-free medium in which no sodium trans-

port takes place.
5. An attempt has been made to establish

whether there is a quantitative relationship be-
tween the extent of the stimulation of active so-

dium transport by aldosterone and the concentra-
tion of the latter in the fluid bathing the serosal
surface of the membrane. The results of this study
are presented in Table IV. An adequate ap-

praisal of such relationship is hampered by the
variable activity of sodium transport across the
toad bladder, as already mentioned. No effect of
aldosterone on sodium transport could be de-
tected with a concentration of hormone of 1.4 x

10-7 Meven when the values were compared with
those obtained with the paired controls (eight ex-

periments). On the other hand, in paired experi-
ments a stimulation of sodium transport was no-

ticeable with a concentration of 2.0 x 10-7 Md-al-
dosterone. With larger concentrations there was

generally a greater effect on sodium transport.
The duration of the latent period, approximately
1 hour, was not influenced by these changes in
hormone concentration.

l 6. The responsiveness of active sodium trans-
port to aldosterone in vitro appears to be de-
pendent upon the preconditioning of the toad.
It has already been mentioned that the response of
the isolated toad bladder to aldosterone in vitro
was smaller with saline toads than with water
toads. Plasma aldosterone concentration is lower
in the saline than in water toads (11). When the

BLE IV

Stimulation of active sodium transport by the isolated toad bladder as a
function of the concentration of aldosterone

Short-circuit current (juaj3.14 cm2) Increase from
means ISEM first to third hr

No. of (%°± -propagated
expts. First hour Third hour SEM)

98 Control 56.26 i 2.36 86.63 i: 3.30 167.2 zi 5.7

8 1.4 X 10-7M 40.7 i 4.9 52.0 i 8.9 121.3 ±i 20.8
15 v 2.0 X 10-7M 80.3 i 6.6 115.0 i± 4.7 173.4 i 9.2

8 2.4 X 10-7M 54.4 i 4.9 124.5 4 18.5 215.0 i 17.4
52 2.8 X 10-7M 41.0 ± 1.5 91.0 i1 3.4 241.1 ± 5.3
18 4.0 X 10-7M 62.8 i 5.5 142.8 4t 12.5 247.4 i 12.3
12 5.6 X 10-7M 41.7 i 5.2 115.4 i 10.3 317.0 + 15.3
12 10-6M 60.3 ± 6.1 134.1 ± 12.8 242.3 A 13.9
12 2.5 X 10-'M 30.6 ± 4.0 101.1 i 10.2 362.4 i 16.5
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TABLE V

Effect of aldosterone on active sodium transport by the isolated toad bladder; influence of the
state of the process prior to experimental treatment

Signif. of
difference
between

Short-circuit current (oa/3.14 cm2) Increase, first control
No. means hSEM to third hr and treated

paired (%70+ propagated paired
Preparation expts. First hour Third hour SEM) membranes

Saline, 5 days 8 C* 49.3 ± 6.2 30.6 i 5.5 54.4 i 21.9
p >0.2

A 48.4 i 5.5 48.1 i 8.3 81.3 i 20.7

Distilled water, 3 days 8 C 42.0 ± 2.4 47.9 i 3.6 113.7 i- 9.4
p <0.02

A 39.7 :1 3.3 82.5 i 7.5 220.6 i 12.3

Distilled water, 3 days; 6 C 148.1 ± 7.1 172.3 :1= 10.3 118.0 at 7.7
inject. aldosterone p >0.7
24 and 4 hours before A 136.0 i 13.3 150.7 i 7.4 121.8 i 10.9
sacrifice

Distilled water, 5 days: 6 C 108.6 i 10.7 100.0 i 6.2 95.5 ± 11.6
daily injec. deoxy- p >0.5
corticosterone A 119.4 A 8.9 100.0 i 5.2 90.8 ± 9.1

* C = control half-bladders. A = paired half-bladders; serosal surface was exposed to frog
taining 2.8 X 10- Md-aldosterone.

Ringer solution con-

activity of sodium transport by the bladder was same observation was made after injection of de-
enhanced by injection of aldosterone into water oxycorticosterone acetate daily for 5 days, which
toads the day prior to the incubations, an effect also results in a conspicuous increase of sodium
of aldosterone added to the membrane in vitro transport by the preparation, as shown at the bot-
could no longer be demonstrated (Table V). The tom of the first column of Table V.

kj225-

t
22S ~~7 ,VASOPRESSIN\)2xlO M d-Aldosterone VAOPES

-1504° Control paired membranes

:SI

77S=_5~~~v'_,

190 200

MINUMES
FIG. 2. THIS SERIES OF NINE PAIRED EXPERIMENTS ILLUSTRATES THE AD-

DITIVE CHARACTEROF THE RESPONSEOF NET SODIUMTRANSPORTTO AL)OSTERONE
AND TO VASOPRESSIN.
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7. Under the influence of aldosterone, the trans-
membrane potential increased almost proportion-
ately to the hormonal effect on active sodium trans-
port. Indeed, in 50 experiments the mean elec-
tric resistance of the untreated bladder half was
441 + 15.8 ohms per 3.14 cm2 during the first
hour of incubation, and 454 + 14.8 ohms per 3.14
cm2 during the third hour. For the paired mem-
branes exposed to aldosterone, the values averaged
414 + 14.5 and 393 + 12.5 ohms per 3.14 cM2,
respectively.

8. Active sodium transport by membranes stim-
ulated by aldosterone still exhibited the usual re-
sponsiveness to vasopressin. When aldosterone
was used in nine paired experiments at a con-
centration of 2 x 10-7 M, the short-circuit current
during the third hour of incubation averaged 90.9
+ 5.9 ,a per 3.14 cm2 for the control half-bladders,

rising to a mean of 189.9 MAa during the 20-minute
period that followed addition of vasopressin. For
the paired half-bladders exposed to aldosterone,
the mean values were 117.8 ± 6.6 and 211.1 Ma
per 3.14 cm2, respectively (Figure 2). Thus the
increase of short-circuit current was almost ex-
actly the same for both groups of bladder halves.
The additive character of the response of sodium
transport to vasopressin and aldosterone has al-
ready been noticed after stimulation of sodium
transport by injection of aldosterone into toads
( 11 ). When sodium transport was stimulated- by
injection of sodium-retaining steroid into water
toads, a brisk response of sodium transport was
still obtained after addition of vasopressin, even
though these membranes no longer responded to
aldosterone in vitro (Table V).

9. In 12 paired experiments deoxycorticoste-

TABLE VI

The influence of deoxycorticosterone on active sodium
transport across the toad bladder in vitro

Short-circuit current
(;La/3.14 cm2) Increase,
means 4SEM first to

No. -- third hr
paired First Third (%j' 4propa-
expts. hour hour gated SEM)

C* 35.4-3.4 58.5 ±5.5 168.2 413.4
12

DOC 33.9 ±2.8 51.3 ±4.4 159.0±i 11.9

* C =control half-bladders. DOC=paired half-bladders whose sero-
sal surface was exposed to frog Ringer solution containing 2.0Xl0-5
Mdeoxycorticosterone in 6 experiments and 4.0 X10-5 Mdeoxycotico-
sterone in 6 experiments.

rone was added to the solution bathing the serosal
surface of the toad bladder in concentrations of
2.0 and 4.0 x 10-5 M in 0.1 per cent ethanol (vol/
vol). Although the latter are 200 times higher
than effective concentrations of aldosterone, no
effect on sodium transport could be observed de-
spite an incubation lasting more than 4 hours
(Table VI). The amounts of ethanol used to
dissolve deoxycorticosterone do not modify the
responsiveness of the preparation toward aldo-
sterone.

DISCUSSION

These results demonstrate that active sodium
transport can be stimulated by aldosterone in
vitro. Concentrations of hormone less than seven
times those found in the circulating blood of toads
maintained in distilled water (11) were sufficient
to elicit a significant elevation of the short-cir-
cuit current. The latter was shown to represent
net sodium transport quantitatively. The equiva-
lence between net sodium transport and short-
circuit current was discovered by Ussing and
Zerahn with the isolated frog skin (10), and it
applies to the toad bladder preparation under
baseline conditions (9) as well as after addition of
vasopressin (13).

Active sodium transport requires the expendi-
ture of metabolic energy by the cells concerned.
Leaf, Dempsey, Page and Anderson have shown
that, in the toad bladder, glycolysis represents a
source of energy used for sodium transport (13,
15). The observed increase in glycolysis re-
sulting from the stimulation of sodium transport
by aldosterone was therefore not surprising.

The mode and exact site of action of aldosterone
on sodium transport are not elucidated. A stimu-
lation of sodium transport by the hormone was
not accompanied by measurable changes in blad-
der tissue water, sodium, potassium, or chloride
concentrations. Such negative observations have
been made previously in studies of the toad bladder
(11) and of rat kidney slices (16). Changes in
the activity of sodium transport across specialized
cells, such as the mucosal cells of the toad bladder
and the cells of the renal tubule, need not be re-
flected in gross alterations of their ionic composi-
tion. Measurements of the intracellular sodium
pool concerned with sodium transport would un-

2108



ALDOSTERONEAND ACTIVE SODIUM TRANSPORT

doubtedly provide more meaningful information
(17). On the other hand, in resting muscle cells,
for instance, the active process is represented by
an extrusion of sodium that balances the passive
penetration of this ion across the cell membrane.
After injection of aldosterone into mice, muscle
sodium was actually decreased (18), presumably
as the result of stimulation of the active process
responsille for sodium extrusion.

Despite the variable pattern of sodium trans-
port from one membrane to the other, as a rule
an increased degree of stimulation of sodium trans-
port resulted from incubation of the toad bladder
with increasing concentrations of aldosterone.
This was to be expected, since such a relationship
forms the basis for measurement of aldosterone by
bioassay (19-22). It is noteworthy that, as was
the case with the toad bladder, the bioassay data
failed to demonstrate a shortening of the latent
period between administration of the steroid and
the onset of sodium retention when larger amounts
of aldosterone were used. This constitutes a
strong argument that the latent period is not
merely due to a slow build-up of the appropriate
hormone concentration within the cell. A possi-
bilitv is that aldosterone stimulates the synthesis
of a substance involved in active sodium trans-
port. This would explain the latent period and
the dependency of the aldosterone action in vitro
on the underlying activity of the sodium transport
process as influenced by aldosterone secreted by
or injected into the toad. Aldosterone in vitro
had little effect on sodium transport when the
adrenal secretion of aldosterone was low (saline
toads). Immersion in distilled water, which re-
sults in a stimulation of the endogenous secretion
of aldosterone, increased the responsiveness of the
toad bladder to aldosterone in vitro. But, if so-
dium transport by the membrane was stimulated
further, by a combination of a distilled water habi-
tat and injection of a sodium-retaining steroid,
aldosterone was devoid of measurable effect on
sodium transport in vitro. Such observations con-
firm the studies made il viz'o (11) and suggest
that the hormone exerts its influence on a rate-
limiting process.

The stimulation of sodium transport upon addi-
tion of vasopressin is added to that of aldosterone,
and it is still demonstrable when aldosterone in

vitro fails to influence sodium transport. Such
independence suggests that the mechanism of ac-
tion of both hormones on active sodium transport
is different.

The complete lack of effect of deoxycortico-
sterone on sodium transport by the toad bladder
in vitro merely confirms negative results obtained
in the past with the isolated frog skin (23, 24).
This ineffectiveness is intriguing because injection
of the steroid into the toad brought about a large
stimulation of sodium transport by the membrane
as shown in Table V.

In the case of the toad urinary bladder, active
sodium reabsorption. whether stimulated by al-
dosterone or not, is not linked to any measurable
extent to potassium or hydrogen secretion, as in-
dicated by the agreement between sodium flux
and short-circuit current measurements. It is
tempting to assume that, in the mammalian ne-
phron also, aldosterone exerts its influence pri-
marily upon active sodium transport. The in-
creased secretion of potassium and hydrogen iOl]s
by the distal portion of the renal tubule after ad-
ministration of aldosterone (6) could then be re-
garded as a mere consequence of the increased
transtubular potential generated by the hormonal
stimulation of sodium transport. The transmem-
brane potential of the toad bladder was higher
when sodium transport was stimulated by aldo-
sterone. In rats likewise, the distal transtubular
potential is elevated during sodium depletion (25),
a situation producing a hypersecretion of aldo-
sterone by the adrenal cortex (6).

SUIMMARY

Active sodium transport by the isolated toad
bladder was stimulated by aldosterone used in
vitro at concentrations of 2.0 to 25 x 10-7 M, in
frog Ringer solution. This stimulation became
apparent after a latent period of approximately 1
hour, and it was accompanied by an increase in the
transmenmbrane potential. The effect of the steroid
hormone on sodium transport wvas a function of its
concentration as well as of the state of the animal
prior to the experiments.

The stimulation of sodium transport tinder the
influence of aldosterone was associated with an in-
creased glycolysis. It did not modify the respon-
siveness of the preparation to vasopressin.
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