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Summary. Near-instantaneous current-voltage relationships and
shot-noise analysis of amiloride-induced current fluctuations were
used to estimate apical membrane permeability to Na (B,). intra-
epithelial Na activity (Na,), single-channel Na currents (i) and the
number of open (conducting) apical Na channels (N,), in the uri-
nary bladder of the toad (Bufo marinus). To facilitate voltage-
clamping of the apical membrane, the serosal plasma membranes
were depolarized by substitution of a high KCI (85 mm) sucrose
(50 mm) medium for the conventional Na-Ringer’s solution on
the serosal side.

Aldosterone (5x 1077 u, serosal side only) elicited proportion-
ate increases in the Na-specific current (Iy, and in Py,, with no
significant change in the dependence of Py, on mucosal Na (Na,).
Py, and the control of Py, by aldosterone were substrate-depen-
dent: In substrate-depleted bladders, pretreatment with aldosterone
markedly augmented the response to pyruvate (7.5 x 1073 M) which
evoked coordinate and equivalent increases in Iy, and Py,.

The aldosterone-dependent increase in Py, was a result of an
equivalent increase in the area density of conducting apical Na
channels. The computed single-channel current did not change.
We propose that, following aldosterone-induced protein synthesis,
there is a reversible metabolically-dependent recruitment of pre-
existing Na channels from a reservoir of electrically undetectable
channels. The results do not exclude the possibility of a complemen-
tary induction.of Na-channel synthesis.
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Introduction

Aldosterone is a potent regulator of transcellular Na
transport in many epithelia, including the urinary
bladder and ventral skin of amphibia and the distal
segments of the mammalian nephron (Crabbé,
19634a). Although the magnitude of the effects have
been well characterized in a number of systems, the
mediating pathways in mineralocorticoid action have
not been defined clearly. Consideration has been giv-
en to regulation of energy metabolism (induction of
mitochondrial enzymes), modulation of apical Na

*Present address: Department of Physiology, Cornell University
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permeability (e.g., induction of a permease), and to
stimulation of the basal-lateral Na pump (induction
of the Na/K-ATPase) as the primary mineralocorti-
coid mediators (Edelman, Bogoroch & Porter, 1963;
Sharp & Leaf, 1966; Kirsten, Kirsten, Leaf & Sharp,
1968; Civan & Hoffman, 1971; Schmidt, Schmid &
Dubach, 1973 ; Lewis, Eaton & Diamond, 1976 ; Friz-
zell & Schultz, 1978; Law & Edelman, 1978; Nagel
& Crabbé, 1980).

In addition to the possibility that aldosterone acts
only on a single step in the regulation of Iy,!, consid-
eration has also been given to the possibility of com-
pound or multiple actions (e.g., on apical Na perme-
ability and on the basal-lateral Na pump). On the
basis of invariance in the measured intracellular Na
content at the height of the mineralocorticoid re-
sponse, Lipton and Edelman (1971) proposed a bipo-
lar mechanism involving coordinate increases in Py,
and the output of the Na pump both effects are me-
diated by augmentation of energy metabolism.

In this study we have used near-instantaneous Iy,—
V curves and current shot noise induced by amiloride,
in epithelia depolarized by a high serosal K-concen-
tration, the analyze the effects of aldosterone on the
Na current, the apical Na permeability, the single-
channel Na current, and the area density of conduct-
ing Na channels (Fuchs, Hviid Larsen & Lindemann,
1977; Lindemann & Van Driessche, 1977; Palmer,
Edelman & Lindemann, 1980). The results indicate
that K-depolarized epithelia respond to aldosterone
with proportionate increases in Iy, and Py, which
are dependent on the presence of cellular substrates.
The increase in Py, is based on an increase in N,
with no significant change in i. The results are dis-
cussed in terms of reversible recruitment of apical
Na channels from a reservoir of inactive (electrically

! The abbreviations and notations used in this paper are defined

in the accompanying paper, Li, Palmer, Edelman & Lindeman,
1982
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undetectable) channels. A complementary stimulation
of the Na pump may also be present but was not
assessed in the present study.

Materials and Methods

Bufo marinus (Mexican origin, obtained from Lemberger, Wiscon-
sin) were maintained in tanks with access to tap water ad /lib.
To minimize the background aldosterone concentration, all toads
were Na-loaded by partial immersion in 60 mm NaCl for 48 to
72 hr before use. The urinary bladders were removed, mounted
as flat sheets in Ussing-type chambers (3 em? exposed area) for
measurement of current-voltage relationships, current fluctuations,
and membrane area, as described in the preceding papers (Palmer
et al, 1980; Li et al., 1982).

Paired hemibladders were incubated in serosal solutions con-
sisting of (in mm): KCl, 85; sucrose, 50; CaCl,, 1.0: MgSOy,,
0.5; K-phosphate, 3.5 (adjusted to pH 7.5), and glucose, 5. All
of the mucosal solutions contained varying concentrations of
Na,S0, plus K,SO, at a combined constant activity of 60 mm,
1 mm Ca gluconate, and 5 mm Tris-H,SO4 (pH="7.5). The mucosal
solution used in a particular experiment will be identified by the
activity of Na in that solution. When exogenous substrate was
present throughout, paired hemibladders were preincubated for
1 to 4 hr in high K-sucrose serosal medium and either 20 or 60 mm
Na on the mucosal side. Either aldosterone (final concentration =
5%1077 M) or the diluent (high K-sucrose) was then added to
the serosal medium. In the substrate depletion-repletion experi-
ments, the paired hemibladders were preincubated in substrate-free
Na-Ringer’s for 15 to 20 hr, and the serosal medium of one of
each pair contained aldosterone (5x 10~ 7 M). The serosal solutions
were then replaced with substrate-free high K-sucrose Ringer’s
(with or without aldosterone, experimental vs. control) and chal-
lenged by addition of a small volume of isoosmolar Na pyruvate
(final concentration=7.5 mm) 1 hr later.

Near-instantaneous current-voltage (I-V) curves were recorded
as described previously (Fuchs etal., 1977; Palmer etal, 1980;
Liet al., 1982). The hemibladders were continuously short circuited
for 1 hr prior to measurement. The ““shunt” I-F curves were ob-
tained after replacing all of the mucosal Na with K and waiting
for decay of the resulting outward-current transient. The Jy—~V
curve was obtained by subtraction of the shunt currents (at a
given V) from those obtained in the presence of mucosal Na (at
the same V). Py, and Na, were calculated by fitting the IV
curve with the constant-field equation.

In the substrate replete experiments the I~} measurements
were repeated at various times after addition of aldosterone or
the diluent to the serosal media (i.e., 1 to 6 hr). In the substrate
depletion-repletion experiments, these measurements were made
just before and serially (i.e., 10 to 120 min) after addition of Na
pyruvate (as an isoosmotic stock solution) to the serosal media
(final concentration =7.5 mm).

To study the effects of aldosterone on the single-channel proper-
ties of the apical membrane, recording and analysis of amiloride-
induced current fluctuations (shot-noise) was carried out as de-
scribed by Li et al. (1982). The basal-lateral membranes were depo-
larized with the high K-sucrose medium and a mucosal Na activity
of 60 mM was used throughout. The measurements were made
just before addition of aldosterone and at the maximum of the
response, which took 4 to 6 hr. The control hemibladders (from
the same toads) were mounted and treated identically, as the experi-
mental hemibladders, but did not receive hormone. The time-course
of 1. was followed in parallel to that of the experimental hemiblad-
ders, but noise measurements were not made on the control tissues.
The area density (N) of all electrically detectable Na channels
was estimated by:
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N=Ny(14Na,/Ky) 0y)

where (1 + Na,/Ky) ! is the steady-state probability of a channel’s
being in the open state in the absence of amiloride. Ky was esti-
mated from Na-dependence of Py, as described below.

Results

Time Course

The time-course of action of aldosterone on Iy, and
Py, in the presence of exogenous substrate is shown
in Fig. 1. As described previously for I, after a latent
period of ~1 hr, aldosterone clicited a curvilinear
increase in Iy, to a new steady-state value that was
twice that of the control hemibladder after 6 hr
(Porter & Edelman, 1964). The time-course of the
change in Py,, obtained from In,—F curves, was indis-
tinguishable from that of Iy,, implying a close correla-
tion between apical Na permeability and transepithe-
lial Na transport in the K-depolarized epithelia.

Steady-State Analysis

In 13 pairs of hemibladders, Iy,—V analysis performed
before and 6 hr after addition of aldosterone or the
diluent, revealed increases of 126, 126, and 91%, in
Ina, Pra, and Na,, respectively (Table 1). In the con-
trol hemibladders, Iy, and Py, were unchanged, al-
though Na, increased from 1.7 to 2.23 mm (31%).
Linear regression analysis of the plot of the fractional
change in Iy, vs. Px,, 6 hr after addition of aldoster-
one or diluent to the serosal medium, yielded a slope
of 0.97, a zero intercept, and a correlation coefficient
(r) of 0.99 (Fig. 2). These results imply that changes
in apical Na permeability play a significant and per-
haps even a decisive role in the Iy, response to aldo-
sterone.

Effect of Mucosal Na

Additional experiments were carried out to evaluate
the effects of aldosterone on the decrease in Py, elicit-
ed by increasing the concentration of Na in the muco-
sal solution (Na,). The Iy,—V curves were obtained
before and 6 hr after the addition of the steroid or
the diluent to the serosal media. The changes in muco-
sal Na were made sequentially by replacement with
K at constant ionic strength. While there was no
clear effect on the shunt I-V curve, aldosterone af-
fected the In,—V curves at all of the concentrations
of mucosal Na that were tested (Fig. 34, b). To assess
the effect of aldosterone on the dependence of Py,
on Na,, we used:

Pmax' KN

_ 2
M=K 1 Na, @)

P
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Fig. 1. Time course of the effects of aldosterone on Iy, and Py, Paired hemibladders were pre-incubated in the high K-sucrose serosal
solution (containing 5 mm glucose) for 1 to 4 hr. Iy, and Py, (estimated by I~V analysis) were measured just before the addition
of aldosterone (5x 1077 M) or diluent (control) to the serosal side (with 20 M Na in the mucosal solution). The same parameters
were remeasured at 60-min intervals for 6 hr. -e-=aldosterone-treated hemibladders; -o-=contro! hemibladders. Data are presented
as the values of Iy, or Py, divided by the values at the time of aldosterone addition. Initial values were: I.=7.3+2.2 uAJuF (control)
and 7.7+24pA/uF (aldosterone): Py, =0.4140.12 x 10~° cm/sec (control) and 0.4340.13 x 10~° cm/sec (aldosterone). The data represent
means +SEM (4 hemibladder pairs)

Table 1. Effects of aldosterone on I~V parameters®

Initial values Fractional change (aldosterone)®

Ina (WA/RF) Py, (10 7cmjsec) Na, (mm) Ina Pra Na,
Aldosterone 6.47+0.97 0.36 £0.06 1.61+0.17 2.26+0.37° 2.26+0.32¢ 1.91£0.36°
Control 7.15+1.70 0.41+0.10 1.70 £0.18 0.91+0.16 0.92+0.16 1.314+0.10°

® Paired hemibladders from Na-loaded toads were incubated in high K-sucrose on the serosal side for 14 hr. Just before the addition
of aldosterone or diluent, the /-V relationships were measured with and without mucosal Na (20 mm ) (initial values). Aldosterone
was added to the serosal side only (final concentration=5x10~7 M), The -V curves were remeasured 4-6 hr later, after a new steady
state had been attained. All results are given as means+sem, (13 hemibladder pairs).

® Fractional changes were estimated as the ratio of the value 4-6 hr after addition of aldosterone or diluent to the value just before
addition.

¢ Denotes statistical significance; P<0.05, for the fractional change.

where P, is the maximum Na permeability of the
apical membrane and Ky the concentration of muco-
sal Na required to reduce Py, to 0.5x P,,, (Fuchs
etal, 1977). The results were analyzed by plotting
1/Py, against Na, and least squares regression; the
intercepts on the ordinate and abscissa gave estimates
of P and Ky, respectively (Fig. 4). In five experi-
ments, P,y values were 0.70+0.18 x 107> cm/sec be-

fore, and 1.93 +0.47 x 103 cm/sec after aldosterone.
Ky decreased from 22+6 to 17+4 mm. The mean
fractional increase in Pp,, (181+26%) was statisti-
cally significant (P <0.005). The mean fractional de-
crease in Ky was 21 +£14% and was not statistically
significant. These results indicate that the aldoster-
one-dependent increase in Py, is primarily a conse-
quence of the increase in Py, and that Ky is not
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Fig. 2. Correlation of the effects of
aldosterone on Iy, and Py,. Paired
hemibladders were pre-incubated in high
K-sucrose serosal solution for 1 to 4 hr.
I'x, and Py, were measured just before the
addition of aldosterone (5x 1077 m) or
diluent to the serosal side. The same
parameters were measured 4 to 6 hr later,
when a new steady state was attained.
The fractional change in Iy,, defined as
the ratio of the final value of Iy, to the
value just before addition of the
hormone, is plotted vs. the fractional
change in Py, 0= control hemibladders;
e =aldosterone-treated hemibladders.
The regression line was obtained by least
squares analysis and does not include the
point on the extreme right [@]. If this

| 2
Bo{max) / Rl®

significantly altered. The magnitude of the increase
in P, essentially accounts for the increase in Iy,
listed in Table 1.

Substrate Depletion- Repletion

Successive In~V curves were obtained from paired
hemibladders preincubated for 15-20 hr in substrate-
frec media with or without aldosterone (5x 1077 M)
and before and after addition of 7.5 mm Na pyruvate.
The fidelity of the fit of the In,—V curves with the
constant field equation was maintained throughout
the period of measurement. This is illustrated in
Fig. 5a by typical curves obtained at 0 time and
90 min after the addition of Na pyruvate to an aldo-
sterone-treated hemibladder. The time-course of the
changes in Iy, Pna, and Na,, in this experiment is
shown in Fig. 5b and the results obtained in five pairs
are summarized in Table 2. On pyruvate repletion
Ine and Py, increased in concert over a 90-min period,
with a latent period of less than 20 min. Ninety mi-
nutes after the addition of pyruvate, the aldosterone-
dependent differential increases were 102 and 89%,
in Iy, and Py,, respectively. In contrast, Na, fell to
about the same extent in both groups. It is of interest
that in substrate-depleted hemibladders not treated
with aldosterone, pyruvate did not elicit statistically
significant increases in Iy, or Py,, despite the signifi-

L point is included, the slope=1.08; r=
0.99. The means + seM of these results are
given in Table |

-
a]
o
o

cant fall in Na, from 2.13 to 1.64 mm. The small
drop in Na, presumably is a consequence of stimula-
tion of the basal-lateral Na pump in response to in-
creased availability of substrate and was about equal
in both groups.

The available information implies that the effect
of aldosterone can be divided into two sequential
events: induction of protein synthesis followed by
an increase in Py, The results in Table 2 indicate
that the second event, the increase in Py, has an
absolute requirement for available substrate.

Current Fluctuation Analysis

Current fluctuations were recorded from serosally K
depolarized epithelia with 60 mM Na activity in the
mucosal solution. Under these conditions Iy, in-
creased in 19 of 22 pairs of hemibladders from Na-
Jloaded toads by at least 50% relative to the controls
in response to aldosterone. In the other three pairs
no difference was detectable. For the purpose of fluc-
tuation analysis, only those hemibladders which
showed a significant absolute increase in Iy,, as well
as an increase relative to controls, were used. In these
10 hemibladders the fractional increase in the ratio
(Ina (6 hr)/Tx, (0 hr)) was 2.4+0.2. When this ratio
is divided by the same ratio in the control bladders,
the relative increase in I, was 3.5+0.5 (mean + SEM).
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Fig. 3. Effects of aldosterone and mucosal Na and Iy,~¥ curves.
A single hemibladder was pre-incubated for 1 hr in high K-sucrose
solution on the serosal side. I~V curves were first obtained with
20, 15, 10 and 5 mm Na in the mucosal solution, and with Na-free
solution to measure the shunt I-¥ curve. Aldosterone (5x 1077 M)
was then added to the serosal side, and the I-V curves remeasured
6 hr later. Iy,—V curves were obtained by substraction of the shunt
I-V curves from those in the presence of each mucosal Na activity,
and were fitted with the constant field equation (solid lines). (a)
Ixa—V curves before, (b) Iy, curves after, aldosterone addition

Current power densities in the presence of 60 mm
apical Na but in the absence of amiloride decreased
with increasing frequency with a slope of approxi-
mately —2. The relationship was less steep at low
frequencies (near 0.1 Hz). After addition of aldoster-
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one the shape of the spectrum did not show clear
changes but power densities were generally larger
(Fig. 6a). Spectra obtained in the absence of Na or
in the presence of apical Na together with maximal
concentrations of amiloride were not clearly altered
by aldosterone (Fig. 6b), an observation which is
compatible with the fact that the shunt conductance
was not significantly changed by the hormone.

On addition of submaximal concentrations of amil-
oride to apical solutions containing 60 mm Na activi-
ty, Lorentzian components appeared in the spectra.
Plateaus decreased and corner-frequencies increased
when the amiloride concentration was raised (Fig. 6¢)
as expected from the reversible blocking action of
amiloride (Lindemann & Van Driessche, 1977). After
treatment with aldosterone, the plateau power densi-
ties at the same amiloride concentration were larger
(Fig. 6d) but changes in corner frequency were small
(Fig. 7a).

The apparent microscopic rate constants of the
blocking effect of amiloride were evaluated from slope
and ordinate intercepts of plots of 27 f# vs. the amilo-
ride concentration (Fig. 7a). The on-rate constant kj,
(the slope), which can be estimated precisely, was
not changed significantly by aldosterone. This result
(Fig. 7b) was obtained when rate constants from indi-
vidual experiments were evaluated and then averaged,
and also when rate constants were obtained from
the regression lines in Fig. 7a (i.e., the means of the
corner frequencies of all experiments taken at each
amiloride concentrations vs. the amiloride concentra-
tion). The apparent off-rate constant k), (ordinate
intercept) showed more variation, and a small in-
crease in response to aldosterone was obtained with
both methods of evaluation (Fig. 7c). The increase,
however, was not statistically significant. In conse-
quence, the apparent microscopic inhibition constant
(Ky=kjolkyz) of the blocking effect of amiloride
shows a small but statistically insignificant increase
in response to aldosterone (Fig. 7d). For comparison,
the macroscopic inhibition constant K%, was evalu-
ated from linearized dose-response curves, i.e., from
regression lines in plots of Na,//y, amiloride concen-
tration. The mean K’{* of 10 experiments decreased
slightly, from 0.38+0.04 before, to 0.3240.03 um
after, exposure to aldosterone.

The computed shot-current values (i) for single
Na channels randomly blocked by amiloride were
close to 0.15 pA at 60 mM mucosal Na activity in
K-depolarized short-circuited hemibladders. The cor-
responding translocation rate is about 10° Na ions
per second through open channels. These currents
were not significantly different in the control- and
stimulated-states (Fig. 84). Furthermore, the i-values
did not correlate with the corresponding I, mea-
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Fig. 4. Effect of aldosterone on the response to mucosal Na in a single hemibladder. (a): Steady-state values of Py,, obtained from
fitting the Iy.—V curves in Fig. 3 with the constant field equation, are plotted as 1/Py, vs. Na,, before (CTR) and after addition
of aldosterone (4/d). Lines are least-squares fits to the data points. The resultant values were: Ppac=1.3x 107> cm/sec (control), 3.6 x 10 -5
cm/sec (aldosterone), Ky=16 mm (control), 12 mu (aldosterone). (b): Decrease of Py, (0, ®) and increase of Na, (0, A) with increasing
Na, (steady state). P,., values, indicated at zero Na,, were obtained by linear regression analysis as shown in a. o, A=control;
e, A =aldosterone
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Fig. 5. (a): Effect of pyruvate on Iy,—V parametets in a single hemibladder. A hemibladder was pre-incubated for 16 hr in substrate
free Na-Ringer’s solution with aldosterone (5x 10~7 M) on the serosal side. The serosal medium was then changed to substrate-free
high K-sucrose solution with aldosterone and the tissue incubated for an additional hr. -V curves were mecasured in the absence
of mucosal Na, and in the presence of 20 mM mucosal Na. Na pyruvate (7.5 mM) was then added to the serosal medium. The -V
curves were remeasured after 90 min. I~V curves obtained before (-0-) and 90 min after the addition of pyruvate (®) are shown.
The solid lines represent best fits with the constant field equation. (b): The time course of Ins, Pna and Na, after addition of pyruvate
in a single substrate depleted aldosterone-treated hemibladder (same hemibladder as in a). Fractional changes were estimated as the
values of each parameter to the corresponding values just before pyruvate addition. Initial values were Ina=3.76 pAJuF; Py =0.27x107°
cm/sec and Na,=5.8 mm
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Table 2. Effects of aldosterone and pyruvate on Iy,~V parameters (substrate depletion-repletion)*

Initial values

Fractional change (pyruvate)®

Ine (WA/UF) Pya (107° cm/sec)  Na, (mm) I Pra Na,
Aldosterone 6.5+1.3 0.41+0.08 3.7240.64 2.13+0.38° 2.01£0.29° 0.85+0.12
Control 1.9+0.5 0.11+0.04 2.13+0.59 L11+0.15 11240.12 0.77+0.02°

* Paired hemibladders from Na-loaded toads were incubated in substrate-free Na-Ringer’s solution for 15-20 hr with or without aldosterone
(5% 1077 m, serosal side only). The serosal medium was then changed to high K-sucrose solution and the tissues incubated for an
additional hr, after which the I-V relationships were measured with and without 20mm Na, (initial values). Na pyruvate (7.5 mm)
was added to the serosal medium of both hemibladders, and the I~V relationships remeasured 60-90 min later, when the response
of I, to the substrate was complete. All results are given as means +SeM (5 hemibladder pairs).

" Fractional changes were estimated as the ratio of the values at the peak of the response to pyruvate to the value just before pyruvate

addition.

¢ Denotes statistical significance: P <0.05, for the fractional change

10717 4 | 4 | o
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Na 60 + A 24
— Ald T
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| ] | 1 | | o
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sured in the absence of amiloride (r<0.10). In con-
trast, the mean area density of conducting channels
increased 2.2-fold in response to aldosterone, and the
increase in Ny correlated linearly and closely with
the increase in I, (r=0.95) as shown in Fig. 8% and
c. These results show that the aldosterone-regulated
increase in Py, is accounted for by a corresponding
increase in N, (¢f. Figs. 2 and 8¢).

10718

10720

Fig. 6. Current power density spectra obtained from a toad
bladder epithelium depolarized with high serosal K and
clamped to zero mV. Tissue area corresponded to 6 uF of
apical capacitance. (2): Spectra obtained in the absence of
amiloride with 0 and 60 mm Na, before (0, ®) and 5 hr after
(+) aldosterone addition. (b): Spectra obtained with Na
transport fully blocked by 24 pum amiloride in the presence
of 60 mm Na, before (0) and 5 hr after (—) aldosterone
addition. (c): Amiloride-induced Lorentzian spectral
components obtained with 1.2, 2.4 and 3.6 uM amiloride in
the presence of 60 mm Na,. The data points of 2.4 pm
amiloride are not shown. The smooth curves are Lorentzian
fits, each limited to the frequency range covered by the curve.
Corner frequencies are indicated by arrows. (d): Same
experiment as ¢, 5 hr after addition of aldosterone. Plateau
power densities have increased but corner frequencies did not
change significantly

Discussion
Response of Py, and Na,

The earlier studies of Crabbé (19635) and Sharp and
Leaf (1964) directed attention to the possible role
of increases in Py, in the action of aldosterone. This
proposal was supported by the findings that in the
isolated toad bladder aldosterone increased the total
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Fig. 7. (a): Corner frequency (/) as a function of amiloride concentration in a rate-concentration plot. Power density spectra were
obtained just before and 4-6 hr after addition of aldosterone (5x 1077 M) to the serosal side, in the presence of 1.2, 2.4, 3.6, and
4.8 uM amiloride in the mucosal solution (added serially). The spectral data were fitted with Lorentzian curves (Fig. 6) and 2nf?* was
plotted vs. the amiloride concentration. A =before aldosterone; o =after aldosterone. The lines represent least-squares fits to the data
points. --- before aldosterone; — after aldosterone. Data represent means+ SEM for 10 hemibladders. (): Apparent microscopic on-rate
constant kg, of the block by amiloride. 4: k5, evaluated individually with rate-concentration plots (mean+sem of 9 experiments).
B: kf, from mean rates of a (slopes of regression lines). (¢): Apparent microscopic off-rate constant, k3o. A: k3¢ evaluated individually
with rate-concentration plots (mean + SEm of 9 experiments). B: k3, from mean rates of @ (intercept of regression line with ordinate).
(d): Microscopic apparent inhibition constant of the amiloride block. A: Kj determined from mean values of kj, and k3 in b (4)
and ¢ (4). B: K; determined from mean rate-concentration plot in 7(a). C: Kj determined from individual rate-concentration plots
(mean +seM of 9 experiments)
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Fig. 8. Effect of aldosterone on single-channel currents and on the area density of conducting Na channels. Individual hemibladders
were pre-incubated for 1 to 4 hr with high K-sucrose solution on the serosal side. Control values of I, and the single-channel parameters
i and N, were obtained for the period just before the addition of aldosterone (5x 107"m to the serosal side only) and 4 to 6 hr
later, when the increase in I in response to the hormone was complete (from 3.2+0.36 to 7.63+1.03 pA/uF, 10 experiments). (a):
Mean channel current i. 4: i+SseM (9 experiments) for which the amiloride rate constants from each individual experiment were used
to calculate the single-channel current for that same experiment. B: i calculated using the mean rate constants obtained in Fig. 7a
for all 10 experiments. (b): Area density N, of conducting Na channels (Nay=60 mm, Ay=0). A: N, calculated using individual 7
values from a (4). B: N, calculated using individual ;i values from a (B). (¢): Correlation of Ny and Iy for all 10 experiments.
(0) before, (@) after aldosterone. The least squares regression line of all data points shown (r=0.93) has a slope of 0.14 pA per

open channel

transepithelial electrical conductance and that this in- in I.. as a function of the change in epithelial conduc-
crease was restricted to the transcellular pathway; tance revealed parallel effects for the first 3—4 hr, fol-
i.e., no effect on paracellular conductance was evident lowed by a disproportionate increase in [, during

(Civan & Hoffman, 1971; Saito & Essig, 1973). In the next 2-3 hr of observation (Spooner & Edelman,
addition, analysis of the time-course of the change 1975). While these studies did not distinguish between
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hormonal effects on the apical and basal-lateral mem-
brane resistances, microelectrode recordings from
toad skin recently showed a predominant decrease
of the apical membrane resistance after aldosterone
stimulation, which presumably reflects an increase in
Pn. (Nagel & Crabbé, 1980). An effect on Py, either
direct or indirect, was also inferred by Lewis et al.
(1976) in studies on the effects of aldosterone on
transepithelial electrical conductance across the rabbit
urinary bladder, and by Frizzell and Schultz (1978)
based on the use of amphotericin B to evaluate the
effects of aldosterone in rabbit colon.

The present results, obtained with K-depolarized
epithelia, confirm the increase of apical Py, in re-
sponse to aldosterone. With exogenous substrate pres-
ent continuously, the differential (experimental wvs.
control hemibladder) increase in Iy, (+148%) was
matched by an equivalent increase in Py, (+146%).
The increase in Py, reflects a corresponding increase
in Pmax, as the Na-sensitivity of Py, was essentially
unchanged. The differential increases in Iy, and Py,
were accompanied by a differential increase in Na,
of 46% (Table 1). It should be noted that this respre-
sents an absolute increase in Na, of only about
09mm (at 20mm Na,). Lipton and Edelman (1971)
found no change in the average intraepithelial Na
concentration, measured chemically, after addition of
aldosterone. In other studies, however, radiosodium
uptake into a kinetically defined labile pool of Na,
as well as the size of this pool was increased (Crabbé,
1963b; Sharp & Leaf, 1964; Crabbé, 1974). The latter
results, which are supported by our data, were taken
to indicate that aldosterone stimulates apical Na up-
take. Our results indicate a lesser differential increase
in Na, as compared to Iy, and Py, This raises the
possibility of a coordinate action on apical Na entry
and basal-lateral Na exit.

Lewis et al. (1976), and Frizzell and Schultz (1978)
discussed the possiblity that aldosterone may act pri-
marily by increasing the rate of extrusion of Na from
the cell, thus lowering intracellular Na activity. This,
in turn, might increase Py, by release from a negative
feedback mechanism. In our experiments, with K-
depolarized bladder the observed increase in Na, after
addition of aldosterone is not compatible with this
mechanism. Moreover, in our previous study, Py,
of K-depolarized toad bladders was insensitive even
to substantial changes in Na, (Palmer et al., 1980).

Channel Currents and Area-Densities

The amiloride-sensitive, Na-specific apical transport
pathway of anuran epithelia has been classified as
channels (“pores”) rather than carriers, on the basis
of the high single unit ion translocation rate. In frog

99

skin epithelium, with the serosal membrane depolar-
ized and 60 mMm Na-activity in the outside solution,
the calculated translocation rate was more than 10°
Na ions/sec (Lindemann & Van Driessche, 1977). Our
results for toad bladder, also indicate a translocation
rate in the order of 10° Na ions/sec, which is too
high for a shuttle-type carrier (Armstrong, 1975). On
the basis of a channel model, the aldosterone-depen-
dent increase in Py, could reflect either an increase
in the number of conducting channels in the apical
membrane or an increase in Na conductance of each
channel. The results of our shot-noise analysis indi-
cate that aldosterone increased the density of conduct-
ing channels more than two-fold but did not change
the single-channel Na current (Fig. 8). The channels
can be characterized further in terms of binding affini-
ty for amiloride. The apparent on- and off-rate con-
stants (ko and k5,) for Na-channel blockade by amil-
oride were essentially unchanged by aldosterone
(Fig. 7). Cuthbert and Shum (1975) also reported that
aldosterone does not alter the binding affinity or the
dose-response curve of /. to amiloride. In contrast,
Park and Edelman (C.S. Park & LS. Edelman, person-
al communication) found a two- to threefold decrease
in the sensitivity of the toad bladder to amiloride
after treatment with aldosterone. Crabbé (1980) found
a decrease in sensitivity to the drug after overnight
incubation with the hormone, but not with acute hor-
mone treatment.

Na Self-Inhibition

In frog skin epithelium, external Na inactivates Na
channels reversibly, possibly by binding to a “modi-
fier site” (Fuchs etal., 1977; Aceves & Cuthberg,
1979 ; Van Driessche & Lindemann, 1979). This effect
1s also evident in the toad bladder (Fig. 4). Without
the use of fast-flow techniques it is difficult to decide
whether Na, itself or a Na,-dependent increase in
Na, is responsible for the decrease in Py, in toad
bladder (Fuchs et al., 1977). We favor a predominant
direct role of Na, since Na, was less than 5 mM in
our experiments, and Py, was insensitive to Na, in
this range (Palmer et al., 1980).

A change in the poise of the equilibrium between
Ng and N; (the area density of channels blocked
by Na) could offer an explanation for the hormonally
induced increase in N,. Our observations suggest that
this is not the mechanism by which aldosterone in-
crease Ny for the following reasons: (i) the fractional
increase in Py, induced by aldosterone was about
the same at 5 and 20 mM Na,. (ii) When analyzed
in terms of first-order inhibition kinetics [Eq. (2)].
Py, was increased by aldosterone while K, decreased
slightly rather than increased (Fig. 4). Thus, impair-
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ment of the self-inhibition of Na entry does not me-
diate the increase in N, induced by aldosterone.

Channel Recruitment

Since aldosterone increases N, but does not decrease
Ky it must increase both N; and N,, i.e., the area
density N of all channels which are electrically detect-
able. The occupancy equation [Eq. (1)], in the absence
of amiloride, can be used to estimate N. The measured
mean K,’s of 22mwm (control) and 17mm (aldoste-
rone treated), yielded values of N of 1.0 Na-channels
per 10 fF (1 um?) for the control and 2.6/10 fF for
the aldosterone-treated epithelia. Arguments are pre-
sented below in support of the inference that the in-
crease in N draws from a preexisting reservoir of
electrically undetectable channels (N,). We shall call
the conversion of N, to N “recruitment”. In the pre-
vious paper (Li et al., 1982), we showed that the natri-
feric response to neuropeptides can also be described
as recruitment. It is presently unknown, however,
whether the fast recruitment induced by oxytocin and
the slower recruitment induced by aldosterone involve
the same reservoir of electrically silent channels.

An alternative method for estimating N is pro-
vided by the binding of amiloride to the Na channels.
Aldosterone increased the density of amiloride bind-
ing sites (by inference the density of Na channels)
in both isolated toad bladder epithelial cells and frog
skin epithelium (Cuthberg, Okpako & Shum, 1974;
Cuthbert & Shum, 1975). In the former study, howev-
er, site densities of 1,400/um? were found in the ab-
sence of aldosterone, a value more than 1,000-fold
greater than the channel densities obtained with shot-
noise analysis in the present study. Even if amiloride
should in addition bind to the nonconducting fraction
of Na channels N,, the discrepancy in channel density
remains unresolved. Furthermore, by fluctuation
analysis aldosterone and oxytocin had the same effect
on N, except for differences in time-course (Li et al.,
1982). If amiloride binding provides a valid method
for estimating N, there should be a corresponding
increase in bound amiloride in the presence of this
peptide. Amiloride binding studies, however, did not
detect the peptide-dependent increase in Na channel
density (Cuthbert & Shum, 1975). It is possible that
amiloride binds to the nonconducting channels re-
cruitable by oxytocin, but not to those recruitable
by aldosterone.

Metabolic Dependence of Channel Recruitment

Abundant evidence indicates that stimulation of Na
transport by aldosterone is mediated by augmentation
of protein synthesis (Edelman etal., 1963; Law &
Edelman, 1978). An increase in channel density could,
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of course, result from de novo synthesis of Na channel
proteins. Indeed, Scott, Reich, Brown and Yang
(1978) and Scott, Reich and Goodman (1979) recently
reported that some of the aldosterone-induced pro-
teins are associated with a membrane-rich fraction. The
available data are also compatible with the view that
aldosterone activates pre-existing channels (V,) by
a mechanism involving aerobic metabolism: (i) The
rapid increase in channel number after addition of
oxytocin to the serosal medium (Li et al., 1982) dem-
onstrates the existence of inactive but readily recruit-
able Na channels in, or accessible to, the apical mem-
brane. Aldosterone might recruit channels from the
same pool, although there is no direct evidence for
this. (ii) The decrease in Py, after 2-deoxyglucose
treatment (Palmer et al., 1980) provides evidence that
the maintenance of Py, requires unimpaired energy
metabolism. (iii) The substrate depletion-repletion ex-
periments, in the present study, show that Py, is aug-
mented by the synergistic action of aldosterone and
pyruvate with a latent period of less than 30 min
(Fig. 5, Table 2). Similarly, Spooner and Edelman
(1975) found that aldosterone stimulation of both I~
and transepithelial electrical conductance depended
on the metabolic state. (iv) The differential response
to substrate repletion 3 to 4 hr after the addition
of aldosterone is insensitive to inhibitors of RNA
and protein synthesis added at the time of substrate
repletion (Fanestil, Herman, Fimognari & Edelman,
1968; Chu & Edelman, 1972). Taken together these
results imply that the increase in Py, 18 not a sole
consequence of synthesis of new channel proteins.
Rather, the recruitment of Na channels appears to
be a reversible process, facilitated by or somehow
requiring metabolic input, as shown schematically in
Fig. 9.

Other evidence implicating enhanced energy me-
tabolism in the action of aldosterone was obtained
in a variety of studies. In substrate-depleted toad
bladders, the I,, response to aldosterone is sharply
reduced, and all precursors of citrate, e.g., glucose,
pyruvate, lactate, acetoacetate, and oxaloacetate, act
synergistically with the steroid, in enhancement of
I,. (Fimognari, Porter & Edelman, 1967). In the iso-
lated frog skin, thermodynamic analysis yielded pro-
portionate increases in I, and in the metabolic driving
force, in response to aldosterone (Saito, Essig & Cap- -
lan, 1973). In addition, Spires and Weiner (1980) mea-
sured I,, and QCO,, with and without uncoupling
of oxidative phosphorylation, and concluded that va-
sopressin acts primarily on the transport apparatus
but that aldosterone stimulates availability of energy
for Na transport.

Although the evidence implicates aerobic metabo-
lism in both the maintenance of the basal area density
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Fig. 9. Possible pathways of aldosterone action on apical Na channels. In this scheme, aldosterone promotes the reversible r<_3cruitmelj1t
of Na channels from the reservoir N, indirectly by inducing the synthesis of new enzymes (e.g., citrate synthase) involved in aerobic
metabolism. Changes in metabolism possible coupled to the induction of other regulatory macromolecules, then lead to the increase
in N, at the expense of N,, through an unknown mechanism (empty box on the right). In addition, the steroid may induce new
channels, which would be added to N, and become available for recruitment

of open Na channels and in agumentation of channel
density by aldosterone, induction of the synthesis of
new channels and a consequent increase in N,, could
contribute to the response (Fig. 9). Newly induced
channels would also require metabolism-dependent
reversible activation (recruitment) to become electri-
cally detectable.
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