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Figure 5. Dose-response analysis and time course of the effects of aldosterone on sodium transport in A6 cells cultured on filters. A6 cell
monolayers cultured on filters were stimulated for 24 h with increasing doses of aldosterone and the effects on transepithelial potential
differences (PD) (Panel A), short-circuit current (I,.) (Panel B), and transepithelial resistance (R) (Panel C) were monitored. The values are
expressed as the percentage of the maximal response obtained. A6 cell monolayers cultured on filters were stimulated with 300 nM aldosterone
and the effects on transepithelial potential differences (PD) (Panel D), short-circuit current (I,.) (Panel E), and transepithelial resistance (R)
(Panel F) were monitored over 24 h. The values are expressed as fractional changes normalized to the time 0.

Turnover of the Newly Synthesized Pool of a, B, and vy
xENaC

The increase in the rate of synthesis of @ and B ENaC
subunit could lead to an increase in the number of conducting
channels in the apical membrane, provided that the rate of
degradation of each subunit is not increased by aldosterone. To
rule out this possibility, we examined the turnover rate of
ENaC subunits in A6 cells grown on filters. A6 cells were first
labeled with [**S]) methionine for 15 min, then chased with
unlabeled methionine for various periods of time, up to 6 h.
The subunit turnover was quantified by densitometric scan-
ning, and the rate constant for degradation was measured in the
presence or absence of aldosterone. The calculated half-lives
were short, less than 1 h for the a subunit and close to 1 h for
the B and ‘y subunit (mean values in minutes in Table 1). None
of the subunits’ turnover rates were affected by aldosterone

treatment. No change was observed when the cells were pre-
incubated overnight with aldosterone (300 nM) or when they
were pulsed and then chased in the absence or presence of the
hormone. In conclusion, the turnover rate of each subunit is
rapid (less than 1 h) and not significantly affected by aldoste-
rone treatment.

Discussion
Dual Effect of Aldosterone

Amiloride-sensitive, electrogenic sodium reabsorption is
mediated by two transport proteins involving the apical influx
of sodium into the cell via ENaC and the basolateral extrusion
of sodium by Na,K-ATPase. As recently reviewed by Verrey
and Beron (18), the action of aldosterone on ENaC and Na,K-
ATP-ase is twofold:

(1) to rapidly increase the activity of the two transporters.
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Figure 6. Time-course of the effect of aldosterone on a, B, and vy
xENaC mRNA abundance and rate of protein synthesis in A6 cells
cultured on filters. A6 cell monolayers cultured on filters were control
incubated or stimulated 1, 3, 6, or 24 h with 300 nM aldosterone. (A)
At the end of the stimulation period, poly (A)+ RNA was extracted
and 2 ug were analyzed by Northern blot with probes specific for a,
B, or <y subunit and for B-actin. The fractional changes in mRNA
abundance were assessed by densitometric scanning of the gels.
Values for mRNA abundance were normalized by those obtained for
B-actin. mRNA abundance of control incubated cells was arbitrarily
defined as 1. (B) At the end of the stimulation period, cells were
15-min pulse-labeled with **S methionine. a, B, and 7y subunits were
immunoprecipitated from same number of counts incorporated in the
cell lysates and resolved by SDS-PAGE. The fractional changes in the
rate of subunit synthesis were assessed by densitometric scanning of
the gels and are expressed with values obtained for control incubated
cells arbitrarily defined as 1.

This effect takes place during the early phase of aldosterone
action after a latency of < 1 h.

(2) to increase the number of the transporters after a latency
of >3 h.

The dual effect of aldosterone appears to be mediated by
transcriptional mechanisms because the early and late phases
of aldosterone action are both fully inhibited by actinomycin
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D. This view is well-supported in the A6 kidney cell model for
the aldosterone-dependent regulation of Na,K-ATPase. In this
model, the early activation of Na,K-ATPase is well-docu-
mented (13,19), as well as the late accumulation of the enzyme
preceded by a transcriptional activation of Na,K-ATPase genes
(11,14).

In the study presented here, we show that aldosterone in-
duces a late accumulation of a, B, and y ENaC mRNA.
Because we have not yet measured the rate of transcription of
these genes, we do not know whether the increased abundance
of mRNA is mediated by a direct transcriptional effect and/or
by an effect on mRNA turnover. The effects of aldosterone on
ENaC mRNA abundance in a cultured kidney cell line de-
scribed in this study are similar to those observed in rabbit
CCD cells for y ENaC (20) and somewhat larger than those
reported in rat kidney (21). In rat inner medullary collecting
ducts, either glucocorticoid hormone or mineralocorticoid hor-
mone increased the amount of a-TENaC subunit mRNA but
had no effect on the mRNA level of the B-rENaC or y-rENaC
subunits (22).

Interestingly, the effect of aldosterone on the rate of protein
synthesis was not directly proportional to the effect on mRNA
abundance. The discrepancy between the two effects was par-
ticularly significant for the a and the y subunit. We have no
explanation for these observations. They suggest, however,
that aldosterone, besides its classical transcriptional effect, may
control gene expression by different mechanisms (see below).

It is interesting to note that aldosterone has a much smaller
effect on the rate of synthesis of the 8 and no effect on the rate
of synthesis of the y subunit. We currently have no explanation
for this differential effect of aldosterone on the rate of subunit
synthesis. It is important to note that it appears that the rate of
synthesis of the a subunit is much larger than the 8 or y
subunit, both in the control and stimulated states. These dif-
ferences may reflect the stoichiometry of ENaC, which, at
present, has not been elucidated. We recently proposed that the
heteromultimeric protein is composed of more than three sub-
units (23); our data are compatible with the stoichiometry in
which there are more a subunits than B8 and/or vy subunits in the
channel complex.

Effect of Aldosterone on the Synthesis of the a Subunit
of ENaC: Implication for the Early Sodium Transport
Response

Apical sodium permeability increases in many aldosterone-
responsive epithelia, and there is an excellent correlation be-
tween the presence of amiloride-sensitive sodium channels and
the ability of aldosterone to enhance transport through those
channels (1). There are three possible basic mechanisms: first,
the number of channel proteins in the membrane can increase
as a result of the synthesis and/or insertion of new channels
into membranes; second, channels already in the membrane in
an inactive form could be activated by a covalent modification
of the channel protein; and third, the channel that spontane-
ously fluctuates between open and closed states could remain
open for a greater fraction of their time. These three basic
mechanisms are not mutually exclusive. Our data provide the
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Table 1. Rate constants of degradation and half-lives of a, B, and iy XENaC determined by pulse-chase experiments®

Pulse-Chase
Subunit
—/— Aldo +/— Aldo +/+ Aldo
a 0.032 42.6 0.022 433 0.027 394
B 0.016 59.7 0.016 50.7 0.015 63
Y ND ND 0.018 55.3 0.016 58.2
k 1 k b k tv

® A6 cells cultured on filters were 15-min pulse-labeled with >S methionine and then chased in the presence of excess cold methionine
for 0, 15, 45, 120, or 180 min, or 24 h. The experiments were performed in the absence of aldosterone (—/—) or in the presence of the
hormone (300 nM), 24 h before and during the pulse (+/—) or during the whole experiment (+/+). a, B, and 7y subunits were
immunoprecipitated from same amount of counts incorporated in the cell lysates and resolved by SDS-PAGE. The percentage of
incorporated label remaining, determined by densitometric scanning of the gels, was reported on a semilogarithmic scale. As a starting
point, we used the incorporated label at 15 min chase. The slope of the linear regression (k) (min~') was calculated, as well as the
corresponding half-lives (#z) (minute). The values are the means of three distinct experiments.

first evidence that aldosterone already increases the rate of
synthesis of the a subunit of ENaC 60 min after addition, just
at the time where sodium transport begins to rise (Figure 7),
raising the possibility that de novo synthesis of channel may
mediate in part the early increase in sodium transport. In the
oocyte expression system, we have observed that the « subunit
is the limiting factor in the assembly and/or export of newly
synthesized channels to the plasma membrane (10). If this is
also true in A6 kidney cells, the effect of aldosterone on the
synthesis of a subunits could indeed be also limiting in the
action of aldosterone on transepithelial electrogenic sodium
transport during the early phase of aldosterone action. The
rapid turnover of the a subunit (less than 50 min) is compatible
with a possible rapid insertion of newly synthesized ENaC
molecules in the apical membrane of A6 cells, mediating part
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Figure 7. Effects of aldosterone (300 nM) on A6 cells grown on
filters: summary of the results obtained at the levels of short-circuit
current (I,.), « mRNA abundance, and a rate of a subunit protein
synthesis.

or all of the early sodium transport response. Because aldoste-
rone does not change the turnover of ENaC subunits, one could
predict a direct and proportional increase in ENaC molecules
during this phase, assuming that the rate of protein synthesis is
paralleled by a similar rate of assembly, export, and insertion
into the apical membrane. This implies that the density of
ENaC molecules in the apical membrane would increase pro-
portionally to the rate of protein synthesis. Unfortunately,
using a variety of surface-labeling protocols, we have not been
able to detect ENaC molecules directly in the apical membrane
of these cells (data not shown). This is probably because the
present methodology does not allow the detection of a such low
copy number protein, which is estimated to be a few hundred
molecules in the apical membrane of one cell (24).

In the study presented here, we have not addressed the
question of whether aldosterone could regulate the assembly,
the oligomerization of the protein in the endoplasmic reticu-
lum, and its transport to the plasma membrane; each step could
be a site of hormonal regulation. Unfortunately, our antibodies
do not allow us to address these questions because we are not
able to immunoprecipitate the assembled complex in a native
configuration (non-denaturing).

In the toad bladder, the apical sodium permeability increases
during both the early and the late responses to aldosterone. It
was postulated that the mechanisms through which aldosterone
is exerting its effect are different in the two phases; in the early
phase, the enhanced permeability is caused by activation of
channels already present in the apical membrane and accessible
to luminal modifiers (25-27). During the late phase, the in-
creased permeability is sensitive to thyroid hormone and so-
dium butyrate (27) and may be caused by de novo synthesis of
channels (28).

In rat cortical collecting ducts, using physiological manipu-
lations allowing plasma aldosterone to vary within large mar-
gins (animals from a normal diet to a low-salt diet), channel
activity could be induced in animals fed a low-salt diet (high
plasma aldosterone) for at least 48 h. By contrast, animals on
a normal diet (low plasma aldosterone) did not show any
significant channel activity (29). The effect was interpreted as



mainly a result of an increase in a number of channels per
patch. This approach, however, does not allow us to distinguish
among the three basic mechanisms discussed above. These
data apparently contrast with those described by Kemendy et
al. (8), in whose study it was shown that aldosterone increased
the open probability (Po) of sodium channel in the amphibian
A6 kidney cell line. As discussed by Pacha et al., the difference
could be quantitative rather than qualitative (29). In favor of
the concept of activation, preformed apical channels in A6
cells come from studies in which aldosterone did not increase
the number of membrane amiloride binding sites (30) or in the
level of amiloride-sensitive channel assessed by idiotypic an-
tibody (31). Unfortunately, in the latter studies, it is not pos-
sible to rule out that amiloride binding protein rather than
ENaC molecules were measured by these assays.

There is no easy explanation to reconcile these apparently
contradictory studies until a more sensitive method to quantify
precisely the number of channel molecules present in the apical
membrane is developed to approach this important issue di-
rectly. Without such a method, it will remain difficult to
reconcile the conclusions of studies performed in various ex-
perimental systems that support the concept of either activation
of preformed silent channels in the apical membrane or a
switch from a low Po to a high Po gating mode with the present
data, which support an increase in the number of channel
molecules in the apical membrane.

Effect of Aldosterone on ENaC Gene Expression:
Transcriptional versus Translational Mechanisms and
State of Epithelial Differentiation

An important factor was, however, never considered in
previous studies: the extremely rapid turnover of ENaC pro-
tein. The turnover of transport protein is usually slow (for
Na,K-ATPase in A6 cells, typically around 18 h [12]). A
turnover of less than 60 min as shown here for the amphibian
ENaC would allow quite a rapid modulation of the expression
at the cell surface. Such a regulatory system may be ATP-
consuming, but ENaC is a low copy number protein (at least
1000-fold less abundant than Na,K-ATPase), thereby minimiz-
ing energy cost. The experiments presented here indicate that
the mechanisms involved may be different than previously
thought: we would like to propose that a major translational
effect of aldosterone plays a distinct role during the early phase
of hormonal action. Interestingly, this effect is only observed in
cells that are fully differentiated and express an aldosterone-
dependent electrogenic sodium transport. In a less differenti-
ated state, the abundance of mRNA coding for the 8 and vy
subunits is under strong aldosterone control, but this transcrip-
tional or posttranscriptional effect on mRNA abundance is not
sufficient to induce channel activity at the cell surface, appar-
ently because these RNA are not translated into their protein in
the intact cell. It is worthwhile to note that in tissues in which
cell turnover is high, such as rat colon (32) or avian intestine
(33), a major effect of aldosterone on B and y ENaC mRNA
abundance has been observed. In these experiments, the rate of
protein synthesis was, however, not measured and it is not
precisely known when and where during colonic crypt cell
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terminal differentiation the sodium channel protein is synthe-
sised, assembled, and exported to the apical membrane. By
immunocytochemistry, the a rENaC was clearly localized ex-
clusively in the apical membrane of the surface epithelial cells,
whereas by in situ mRNA, molecules were detected in cells in
the middle of the crypt (15,32). It could very well be that in
kidney cells in culture, with a relatively high rate of replication
(A6 cells on plastic) as in rat colonic cells, aldosterone has a
major transcriptional effect on 8 and vy subunits. In terminally
differentiated kidney cells, where the rate of replication is
small, a, B, and Yy mRNA would be constitutively expressed
and minimally controlled by aldosterone. The major effect of
aldosterone in these cells would be at the translational and/or
posttranslational levels.

Translational regulation is a well-established mechanism in
prokaryotic and eukaryotic cells. Translational regulation by
steroid hormones has also been proposed recently, and a ste-
roid modulatory element in the 5’ untranslated region of the
myelin basic protein mRNA has been identified (34). We do
not know whether the observed effect on the rate of synthesis
of a ENaC is due to a direct interaction of the aldosterone-
steroid receptor complex with the translational machinery
and/or whether it is mediated by regulatory proteins that are
transcriptionally induced during the latent period by aldoste-
rone.
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