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Summary. In the urinary bladder of the toad Bufo marinus, the
basal rate of synthesis of a number of proteins was modulated in
a bidirectional way (i.e., induced or repressed) by aldosterone
and by trilodothyronine (T3). Each hormone was therefore char-
acterized by a distinct domain of response. When both hormones
were added simultaneously, the two domains consistently over-
lapped at least for one protein, termed AIP-1, or aldosterone-
induced protein 1 (M, ~ 65 kilodaltons, p; = 6.7, as analyzed by
two-dimension gel electrophoresis). The physiological role of
AIP-1 is unknown, but could be related to the late mineralocorti-
coid response. In five experiments, T; (60 nm, 18-hr incubation)
consistently repressed AIP-1, while aldosterone-dependent so-
dium transport (late response) was significantly inhibited, as pre-
viously described. The repression of AIP-1 was also observed as
early as 6 hr after aldosterone addition. In addition, sodium bu-
tyrate (3 mm), which was previously shown to also selectively
inhibit the late mineralocorticoid response, was also able to re-
press AIP-1. Our results suggest that AIP-1 is one of the proteins
involved in the mediation of the late mineralocorticoid response.

Key Words Bufo marinus - triiodothyronine - hormonal do-
main - aldosterone - sodium butyrate - transepithelial sodium
transport

Introduction

In the urinary bladder of the toad Bufo marinus,
we have shown that thyroid hormones inhibited the
aldosterone-dependent Na* transport in vivo and in
vitro (Rossier et al., 1979a, b; Geering et al., 1984).
This antagonism appears to be mediated by specific
nuclear receptors for triiodothyronine (Ts) (Geering
& Rossier, 1981). The binding of T; to nuclear re-
ceptors is assumed to lead to the induction and/or
repression of specific proteins (Ivarie et al., 1980)
which could, in turn, interfere at different steps of
the action of aldosterone (Rossier et al., 1984): i) a
pretranscriptional step, that is the binding of aldo-
sterone to its cytoplasmic sites and/or the binding of
the receptor-steroid complex to chromatin acceptor

sites; ii) a transcriptional step, namely by inhibition
of the synthesis of specific mRNA’s coding for the
aldosterone-induced proteins (AIP’s); iii) a transla-
tional step, by prevention of the synthesis of AIP’s;
iv) a post-translational step, by interaction with the
physiological expression of AIP’s at specific cellu-
lar sites (i.e. plasma membrane, mitochondrion,
etc.). In a previous paper (Rossier et al., 1984), we
did not obtain any firm evidence for the first possi-
bility, i.e. T3 did not appear to display major effects
on the regulation of the aldosterone receptor, which
could explain in a simple manner its antimineralo-
corticoid action.

In the present study, we examined whether T;
could antagonize in a selective manner the induc-
tion of proteins specifically controlled by aldoster-
one (AIP’s).

Aldosterone is able to induce a number of cyto-
solic, membrane or mitochondrial proteins (Ben-
jamin & Singer, 1974; Scott & Sapirstein, 1975;
Edelman, 1978; Law & Edelman, 1978a,b; Geheb
et al., 1981; Geering et al., 1982). This action is best
detected by two-dimensional polyacrylamide gel
electrophoresis (2D gel). As shown recently (Geheb
et al., 1981), aldosterone consistently induced pro-
teins (p; 5.8 to 6.4, M, 70 to 80 kD) which can be
recovered either from a membrane-rich fraction or
(at least for one of them) from the cytosolic frac-
tion.

In the present study, we decided to use the
same basic approach in order to determine the hor-
monal domain of aldosterone and T, in the toad
bladder. Aldosterone-induced (and/or repressed)
proteins could be selectively controlled by Tj.
Thus, any overlapping in the action of both hor-
mones could be at the site of interaction between
the two hormones leading to the antagonism ob-
served at the physiological level, i.e. transepithelial
sodium transport.
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Materials and Methods

REAGENTS

35S methionine (1000 Ci/mmol} was from Amersham Corp. Al-
dosterone was a generous gift from Ciba-Geigy.

ANIMALS

Adult male and female Bufo marinus were obtained from C.
Sullivan, Nashville, Tennessee. They were handled before ex-
periments as described (Geering et al., 1984).

SoD1UM-TRANSPORT MEASUREMENT

Perfusion of the animal, incubation of the hemibladder and mea-
surement of electrophysiological parameters (short-circuit cur-
rent (SCC) method) were carried out according to our previous
publications (Geering et al., 1984). After 1-hr preincubation, six
different protocols were used:

Protocol A: Aldosterone vs. Control

After 4-hr preincubation, aldosterone (80 nm) was added at £ to
one set of hemibladder (test) and the diluent (ethanol) to paired
controls. After 18-hr incubation, tissue labeling was started.

Protocol B: Ty vs. Control

After 1-hr preincubation, T; (60 nM) was added at 7_;y, in both
mucosal and serosal media incubating one set of hemibladders
(test) and the diluent (NaOH) was added to the paired controls.
After 21-hr incubation, tissue labeling was started.

Protocol C: (T + Aldosterone) vs. Aldosterone

Protocol C was identical to Protocol B, but at #,, aldosterone (80
nM) was added in both mucosal and serosal media incubating
both sets of hemibladders. PD and SCC were measured at #_;p,
towr and tign. Results are expressed as PD, SCC/hemibladders
and R. hemibladders as described (Geering et al., 1984).

Protocol D: (T3 + Aldosterone) vs. Aldosterone
{6 hr)

T (60 nM) was added at 7_3, in both mucosal and serosal media
incubating one set of hemibladders and the diluent (NaOH) was
added to the paired controls. At fy,, aldosterone (80 nm) was
added to both mucosal and serosal media incubating both sets of
hemibladders. PD, SCC and R were measured at f_; p; fo and fghrs
time at which tissue labeling was started.

Protocol E: Butyrate vs. Control (10 hr)

Sodium butyrate (3 mm) was added at 7_,y, in both mucosal and
serosal media incubating one set of hemibladders (test) and the
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diluent (NaCl) was added to the paired controls. PD and SCC
were measured at 74y, ty and tgy,, time at which tissue labeling
was started.

Protocol F: (Butyrate + Aldosterone) vs.
Aldosterone (6 hr)

Protocol F was identical to Protocol E. except that at 1, aldoste-
rone (80 nM) was added in both mucosal and serosal media incu-
bating both sets of hemibladders. PD and SCC were measured at
f_anr o and t4y,, time at which tissue labeling was started.

TissUE LABELING AND CELL LysIs

At tighr, the tissues were cut off the glass canulas with a razor
blade and rinsed in fresh medium containing their respective
hormones. They were then rinsed three times (3 X 5 min) in 10 ml
of medium lacking methionine and finally incubated in 25-ml
Erlenmeyer flasks containing 4 ml of media (lacking unlabeled
methionine) supplemented with »S methionine (250 wCi/ml;
~1000 Ci/mmol) and the hormones. One to three hemibladders
per flask were incubated at 25°C (pH 7.4, gassed with 5% CO,/
95% O,) under constant shaking, for 60 min. Preliminary experi-
ments showed that this incubation time was sufficient for pro-
teins to be labeled at a specific activity high enough for analysis
within 2 to 12 weeks, but still within the linear uptake of 3'S
methionine into the total protein pools. This labeling protocol
should therefore favor the detection of. newly synthetized pro-
teins induced by hormones, independently of any hormonal ef-
fect on their rate of degradation. Incorporation was stopped by
rapidly cooling the sample on an ice bath, and all subsequent
steps were carried out at 0 to 4°C. Epithelial cells were scraped
off the underlying tissue and washed twice in 5 mi of bicarbon-
ate-Ringer’s solution. In order to determine the domain of each
hormone and avoid any problem of recovery, no cell fractiona-
tion was used in this study.

Total cell extracts were prepared according to the method
described by O’Farrell (1975), either immediately or after storage
of the cells for up to 4 weeks in liquid nitrogen. Epithelial cells
{from one to three hemibladders) were put into 120 ul sonication
buffer. Sonication was performed 4 X 1 sec on a B-12 Branson
sonifier (macrotip, position 4) on an ice bath with 10-sec cooling
intervals. Then 15 ul DNAse (Sigma, Type I, 1 mg/ml) were
added on the ice bath with intermittent vortexing. After 5 min,
urea (162 mg, ultrapure) and 150 ul lysis buffer were added and
mixed at 0°C until samples were solubilized. Sometimes, small
pieces of connective tissue or cell debris were not completely
solubilized by this procedure. Therefore, all samples were rou-
tinely spun in an Eppendorf centrifuge (at 0°C) for 2 ¥ 2 min.

Supernatants were removed and aliquots (3 x 5 ul) taken
and precipitated in 10% TCA for Lowry determination and mea-
surement of incorporation of ¥*S methionine into TCA-insoluble
material. Same amounts of radioactivity (2.5 X 10° to 5 x 10°
cpm, 10 to 40 yl aliquot, with no more than 200 ug per sample)
were used for 2D gel electrophoresis.

Two-DIMENSIONAL GEL ELECTROPHORESIS

2D-gels were carried out according to O’Farrell (1975). Equilib-
rium isoelectric focusing was conducted at 6800 V hr. The sec-
ond dimension was run on linear (8 to 15%) SDS-polyacrylamide
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Table 1. Effects of T; on baseline and aldosterone-dependent sodium transport

Condition n SCC (A + SE) P PD, PD (mV = SE) P
(pairs)
scc, SCCu-  ASCCym PDy, — PD, APDy,
SCC, test-cont. test-cont.
Protocol A
Control 12415 — 2+ 9 36944 +24+35 .
Bl . —_— < .
Aldo ? 141 £28 4170+ 22 12EB P<O000L oo Sy i34 w3 T36E 34 P<0.001
Control 19360 - 78= 9 45278  —128+68
,
Aldo 6 191260 +29x6 IO P<005 o ig0  412exsg TH4T62 P <0.00]
Control _ 152229 — 45+ 17 402+41 - 3738
Aldo 15 161 =29 +113+3 TP8E2ZP<000L 40h 43 oS54y TEHIE32 P <0.001
Protocol B
Control ! 181229 —o95=20 ) 482259 15246
T ? 2248 150 x45 =30 PSOT e 65 —i7g+ss 1 E3L P>04
Control . 164+47 —35+18 453478  —91+72
T 6 17552 —108=37 ~ P EB P00 66 _logrsg T105E39 P<005
Control ‘ (74+24 — 7016 47046 ~11938
T, 16 198 =35 —130x3) ~ 0F2 P<00S 46 17244 T OS4*28 P>0.
Protocol C
Aldo _ 303 £49 1138 + 82 60.1 - 67  +19.6+ 8|
Aldo + T, '© 254 £29 107226 2B EB P<002 LSy garag "H9F88 P<001
Aldo . 156 =28 + 32 + 30 44.6+34  +104+33
- < 258+ 4. .
Aldo + T, 7825 —100x28 2T L0005 gLy Cissxse DBTA2 P<0005
Aldo . M= +RE 542+ 47 1149+ 53
Aldo + T, ' 2625 —lisx19 207 ES P<0005 G0 3y _hagesy “BTEST P<0.001

* From Rossier et al. 1984; ® present study; © combined data from 2 and b, sodium transport was determined as described in Materials

and Methods; 9 Student’s paired ¢ test.

slab gels. Isoclectric points were determined by slicing the cylin-
dral gel (first dimension) into 5-mm sections and measuring the
pH after a 10-min extraction into 2 ml of bidistilled water for ! hr.
For the determination of the apparent molecular weight in the
second dimension, the following MC-labeled standards
(Amersham) were used: phosphorylase b (92.5 and 94 Kd), bo-
vine serum albumine (BSA, 69 Kd), ovalbumin (46 Kd), carbonic
anhydrase, 30 Kd), and lysozyme (14.3 Kd).

DEFINITION

Induction, repression and their derivation refer strictly to in-
creases or decreases in the rate of synthesis of individual pro-

teins (Ivarie et al., 1981). Their usage is not intended to imply a

transcriptional mechanism of action by the hormones used in the
present study.

Results

In order to determine the domain of action of thy-
roid hormone and aldosterone, it was important to
check the sodium transport responses in the same
tissues submitted to further biochemical analysis.
For each protocol, six pairs of hemibladders were
used to measure the sodium transport (measured by
the short-circuit current (SCC) method) and their

potential difference (PD) at the time of addition of
aldosterone (#y,,) and 18 hr later (¢54,). Supramaxi-
mal doses of T; (60 nM) and aldosterone (80 nm)
were used throughout the study. Since this protocol
is similar to that used in a previous study (Rossier et
al., 1984), the SCC and PD of the present study are
shown in Table 1 and compared to that previously
obtained. The two series gave very similar results.
In Protocol A (Aldo vs. Control), aldosterone elic-
ited a significant increase of PD and SCC (APD gy,
=+254+6.2mV, P <0.001; ASCCgp, = +100 +
37 pA, P < 0.05; n = 6 pairs). In Protocol B (T; vs.
control), T; significantly inhibited baseline SCC and
baseline PD (APD = 10.5 = 3.9 mV, P < 0.05;
ASCC = ~73 £ 23 pA, P < 0.02; n = 6), an effect
which was observed before but did not reach the
level of significance. When combined together, it
appears that the effect on PD is not significant (APD
= ~54*x28mV, P <0.1), while there remained a
slight significant decrease of SCC (ASCC = —60 + 2]
rA; P <0.05; n = 16). As previously shown (Ros-
sier et al., 1979a, b; Geering et al., 1984), this inhibi-
tion of the baseline sodium transport does not ap-
pear to be of cytotoxic nature, since Tj significantly
increased the electrical resistance during this period
(ARjg = +135 = 35Q; P < 0.001; n = 16). In Proto-
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Fig. 1. Two-dimensional gel autoradiograms from toad urinary bladder cell proteins pretreated with aldosterone (18 hr, 80 nm) (Panel
B) or with diluent (Panel A); with T; (20 hr, 60 nm) (Panel D) or with diluent (Panel C); with aldosterone (18 hr) + T (20 hr) (Panel F) or
with aldosterone alone (18 hr) (Panel E). Paired pools of epithelial cells (4 vs. B; C vs. D; E vs. F) were labeled with 3°S methionine (250
Ci/ml) for 60 min at 25°C and lysed according to O’Farrell (see Materials and Methods). Regions of the gel (M, 30 to 70 kD; p; 6.2 to
7.0) which are blown up in Fig. 2 are indicated in brackets. Approximate M, are indicated on the ordinate (SDS-PAGE migration).

Approximate isoelectric points are indicated on the abscissa (IEF)

col C (aldosterone vs. (aldosterone + T3)), T, elic-
ited its usual antagonism, significantly inhibiting the
aldosterone-dependent PD and SCC (APD = —25.8
+42mV, P<0.005; ASCC = —132 uA = 21 uA, P
< 0.001, n = 6 pairs). The physiological responsive-
ness of these tissues to aldosterone and T; having
been checked, it was possible to determine their
domain of action at the translational level (relative

rate of synthesis) by labeling the overall proteins
with ¥S methionine and analyzing the labeled prod-
ucts by 2 D gels, as described in Materials and
Methods. In each protocol (A to C), three pairs of
hemibladders were analyzed separately, while the
three last pairs were pooled before labeling, leading
to the analysis of four independent data. The results
of a representative experiment are shown in Fig. 1
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Table 2. Effects of T; (60 nm), aldosterone (80 nM) and sodium butyrate (3 nM) on the incorporation of S methionine into the total pool

of proteins of toad bladder epithelial cells

Experiment Tissue Time of 35S methionine incorporated? into protein
incubation Specific activity (cpm - 10%mg protein)
(hr)
Control Aldo T (Aldo + Ty) Butyrate But + T;
1 Pilot 4 quarters of bladder 18 3.64 3.56 5.21 4.44 — —
2 Prot Ab 3 paired hemibladders 18 3.63 4.42 — — — —
3.31 2.99 —_ — — —
6.75 4.74 — —_— — —
Prot B¢ 3 paired hemibladders 18 2.43 — 3.32 — — —
5.89 — 9.14 —_ — —
2.97 — 5.55 — — —
Prot C¢ 3 paired hemibladders 18 —_— 1.15 — 1.64 — —
— 3.56 — 7.47 — —
— 2.79 — 5.54 — —
3 Prot Ab I pool of 3 paired
hemibladders 18 3.97 2.69 — — — —
Prot B¢ idem 18 3.41 — 2.84 — — —
Prot C¢ idem 18 — 3.54 — 2.31 — —
Prot D 1 paired hemibladder 6 — 3.44 — 3.88 — —
Prot E 1 paired hemibladder 6 3.00 — — — 3.61 —
Prot F 1 paired hemibladder 6 — — — — 3.7 3.30

@ Incorporation of S methionine (200-250 uCi/ml, specific activity > 1000 Ci/mm) was carried out for 60 min at 25°C as described in
Materials and Methods. Epithelial cells were scraped and lysed according to O’Farrell. Five ul aliquots (triplicate) were taken from
each homogenate and precipitated overnight with 100 ul of TCA 10% (vol/vol). Precipitates were washed twice in cold 5% TCA and
then dissolved in 150 ul NaOH IN. Forty ul of the dissolved precipitate were neutralized with HCI I~ and ¥S radioactivity was counted
after addition of 10 ml of Biofluor (Packard®). One hundred ul were used for protein determination according to Lowry. Specific
activities were compared in protocols A—C with a Student’s paired 7 test in experiments 1 to 4 (18 h).

® Protocol A: Control = 4.26 + 0.63 (X 10¢ cpm/mg prot} vs. Aldo = 3.68 3 0.40 (X 108 cpm/mg prot) (mean * SE; 1 = 5 pairs; P > 0.3).
¢ Protocol B: Control = 3.67 + 0.60 (x10° cpm/mg prot) vs. Ty = 5.21 + 1.11 (X10° cpm/mg prot) (mean + SE; n = 5 pairs; P > 0.1).
¢ Protocol C: Aldo = 2.92 + 0.47 (X 10° cpm/mg prot) vs. {Aldo + T3) = 4.28 = 1.06 (X 10° cpm/mg prot) (mean * SE; n = § pairs; P >

0.3).

and the summary of data in Tables 2 and 3. In addi-
tion, the results of a pilot (18-hr incubation) experi-
ment (without sodium transport measurement) and
a 6-hr incubation (with sodium transport measure-
ment) (Protocol D) are also included in these tables.

As shown in Table 2, aldosterone and T, had
minimal and no significant effects on the specific
activity of the total protein pool, suggesting that
these hormones have no major effect on the overall
rate of protein synthesis and/or on the uptake of 3°S-
methionine into the precursor cytosolic pool.
Therefore, the selective induction or repression of
protein was studied by loading the same amount of
radioactivity on the first dimension (isoelectric foc-
using).

As shown in Fig. 1 (panels A and B), the overall
pattern of protein synthesis was at first sight not
markedly influenced by aldosterone (Protocol A:
aldo vs. control). However, upon closer examina-
tion, a number of changes in spot intensities can be
observed throughout the gel. Depending on the time
of exposure of the X-ray film (from 10 days to 3
months), it is possible to resolve more than a thou-

sand different proteins in this type of gel. In this
experiment, ten proteins can be easily identified as
AIP’s, but interestingly, at least five were repressed
(ARP’s). In the pilot experiment, one major spot
(AIP-1) was already observed and appeared to be
repressed by Ts. This region of the gel is enlarged
in Fig. 2 (Panels A and B). Three AIP’s (AIP-1, AIP-
2, AIP-3) are clearly observed. They cluster in the
same region of the gel but with distinct molecular
weights and isoelectric points (Table 3). AIP-1 has
an apparent M, of about 65,000 daltons and a p; of
about 6.7. AIP-2 has a slightly higher molecular
weight (68,000 daltons) and the same p; (6.7). AIP-3
has a still higher molecular weight (~69,000
daltons), but a more acidic p; (~6.6). The basal rate
(in control tissues) of synthesis of AIP-2 and AIP-3
appeared to be very low, while that of AIP-1 was
readily detectable. On the same area of the gel, it is
also evident that a least two proteins are repressed
by aldosterone. ARP-1 has an apparent M, of 58,000
(pi = 7.0), while ARP-2 is of lower molecular weight
(33,000 daltons, p; = 6.8). It is also apparent that a
large number of spots (for instance the major spot at
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Fig. 2. Regions (Mr30to 70 Kd; p: 6.2 10 7.0) of two-dimensional gel autoradiogram of Fig. 1. Panels A and B: control vs. aldo. Panels C
and D: control vs. T;. Panels E and F: aldo vs. (aldo + T3). AIP-1, AIP-2, AIP-3 are circled. ARP-1 and ARP-2 are indicated by closed
arrowheads, TIP-1 by an open square and TRP-1 by a closed arrow. See Table 3 for summary of data

47,000 daltons, p; = 6.5) are not modulated by al-
dosterone and can serve as reference spots.

In Fig. 1 (Panels C and D), the same type of
analysis was conducted (Protocol B, T3 vs. Con-
trol). In the region of interest for further analysis
(Fig. 2, C and D), one can observe a thyroid-in-
duced protein (TIP-1) with an apparent M, of
~52.,000 daltons (p; = 6.9) and one thyroid-re-

pressed protein (TRP-1: M; 63,000, p; = 6.4). It is
apparent that the AIP-1, AIP-2 and AIP-3 are also
slightly repressed by Ts.

Finally, when given together (Protocol C: aldo
vs. (aldo + T3)), T3 and aldosterone induced and
repressed the expected proteins. Of special interest,
however, was that AIP-1, AIP-2 and AIP-3 were
markedly inhibited by Ts. This repression cannot be
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Table 3. Effects of aldosterone and T on the relative rate of synthesis of seven proteins analyzed by 2D gel electrophoresis

Figure symbols? Incubation condition (18 and 6 hr)

Approximate M, and p;

Aldosterone us. control T; vs. control {Aldosterone + T3) vs. Aldo M, Ui
Open circle + (6/6) 0 (6/6) — (6/6) AIP-1 65000 6.7
Open circle + (2/6) 0 (6/6) — (2/6) AIP-2 68000 6.7
Open circle + (2/6) 0 (6/6) — (2/6) AIP-3 69000 6.6
Closed arrow head — (6/6) 0 (6/6) 0 (6/6) ARP-1 58000 7.0
Closed arrow head — (6/6) 0 (6/6) 0 (6/6) ARP-2 33000 6.8
Open square 0 (6/6) + (5/6) + (5/6) TIP-1 52000 6.9
Closed arrow head 0 (6/6) — (6/6) — (6/6) TRP-1 63000 6.4

2 Symbols as indicated in Figs. 1-3.

+ means induced, 0 means no change, and — repressed by reference to the paired control. In parentheses, number of observations
showing the specific change out of 6 experiments (5 experiments: I8 hr incubation; 1 experiment: 6 hr incubation).

explained by some kind of gel artifact, since, on the
same area, thyroid hormone had its expected stimu-
latory effect, on one protein (TIP-1).

In Table 3, a summary of the data obtained in
the course of five independent experiments (for
each protocol) is displayed. From this table, it is
apparent that AIP-1 is consistently inhibited by T;
in all conditions tested. It is also clear that Ts had
specific and consistent effect of its own, especially
as far as TIP-1 and TRP-1 are concerned. ARP-1
and ARP-2 were also consistently detected through-
out the present study, but were never affected by
T;. Within the limited number of spots analyzed
here, only AIP-1 seems to be areal candidate as one
of the proteins mediating the physiological antago-
nism between T; and aldosterone. AIP-1 was also
inhibited in a 6-hr incubation (Protocol D} (data not
shown).

Finally, since this protein could be important in
determining the late mineralocorticoid response, it
was of interest to test whether sodium butyrate,
another antagonist of this response (Truscello et al.,
1983), could selectively modulate the synthesis of
AlIP-1. As shown in Fig. 3 (Protocol F), sodium
butyrate was able to selectively inhibit AIP-1 (and
AIP-2 and -3 as well) at a time when the late miner-
alocorticoid response was already inhibited, as
shown previously. Interestingly, butyrate displayed
its own domain of action (butyrate induction or re-
pression).

Discussion

AIP-1: AN OVERLAPPING DOMAIN
FOR T3 AND ALDOSTERONE

In the present paper, we examined whether thyroid
hormone could selectively modulate the induction
of protein by aldosterone as analyzed by two-di-

mensional gel electrophoresis. As was proposed by
Ivarie et al. (1981) for glucocorticoid hormone, it is
clear that aldosterone can selectively control the
expression of a restricted number of genes, thereby
determining what is termed a hormonal domain. A
set of aldosterone-induced proteins (membrane-
bound and cytosolic) have been previously de-
scribed by Geheb et al. (1981). The proteins de-
scribed cluster within the same range of molecular
weight (70,000 to 80,000 daltons) and isoelectric
points (5.8 to 6.4). The three major AIP’s described
in this paper correspond rather well to this category
(AIP-1, -2 and -3 with M, between 65,000 and
69,000 daltons and a p, between 6.6 and 6.7), since it
is obviously not possible to standardize such gels
with a great accuracy. We did not attempt to iden-
tify the cell compartment in which these AIP’s were
localized, since we intended to determine a hor-
monal domain as proposed by Ivarie et al. (1981). In
a manner analogous to that described by Ivarie et al.
(1981) for glucocorticoid, we also observed that al-
dosterone is able to repress a number of proteins
such as ARP-1 and ARP-2, findings which were
consistently observed throughout our study.
Likewise, T; was able to induce and repress its
own set of proteins, such as TIP-1 and TRP-1, thus
demonstrating its specific hormonal domain. Since
we knew from our previous studies (Geering et al.,
1984; Rossier et al., 1984) that T; antagonized aldo-
sterone-dependent sodium transport, it was of inter-
est to determine whether an overlap between the
two hormonal domains could be detected. Clearly,
AIP-1 (and to a lesser extent AIP-2 and AIP-3)
could represent such a common site of regulation
for the two hormones. The selectivity of the interac-
tion is ensured by the observation that TIP-1 was
induced whether aldosterone was present or not. At
the present time, we do not know what the physio-
logical roles of AIP-1, -2 and -3 are. Qur data, how-
ever, suggest that these proteins might be involved
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Fig. 3. Two-dimensional gel autoradiogram from toad urinary bladder proteins from one paired hemibladder pretreated with aldoste-
rone (6 hr; 80 nM) (Panel C) or aldosterone (6 hr; 80 nm) + sodium butyrate (10 hr; 3 mm) (Panel D) (Protocol F) or with sodium butyrate
(10 hr; 3 mm) (Panel B) or with diluent (10 hr; 3 mm NaCl) (Panel A) (Protocol E). AIP-1, AIP-2 and AIP-3 are circled. BRP-1 and BRP-2
(butyrate repressed proteins) are indicated by closed arrowheads. BIP-1 (butyrate induced protein) is squared. Sodium transport
measurement: Protocol E butyrate (test) vs. diluent (control): PDgy, (test) = 49.5 mV vs. PDgp, (control) = 56.6 mV; SCCq(test) = 93
wA vs. SCCqr (control) = 105 uA. Protocol F Butyrate + Aldo (test) vs. aldo (control): PDgy,(test) = 46.4 mV vs. PDg,(control) =

67.8 mV; SCCey(test) = 180 pA vs. SCCqn(control) = 240 nA

in the late action of aldosterone, that is during the
phase in which sodium transport increases without
changes in transepithelial electrical resistance
(Geering et al., 1984). We have previously shown
that aldosterone increases the biosynthesis rate of
the alpha and beta subunits of Na,K-ATPase in the
toad bladder (Geering et al., 1982) during this late
mineralocorticoid response. In the same study it
was shown, however, that T; was inactive. In other
words, T; did not change the basal rate of Na,K-
ATPase synthesis nor the aldosterone-dependent
rate of synthesis. In addition, it can be easily shown
that Na,K-ATPase is not resolved in the gel system

used here (Geering et al., unpublished observa-
tions). While it is clear that Na,K-ATPase is one of
the AIP’s appearing during the late mineralocorti-
coid response (Geering et al., 1982), this study
shows that other proteins might also play an impor-
tant role in this response. Indeed, there are at least
three reasons to believe that AIP-1, -2 and -3 belong
to a set of proteins physiologically relevant to the
Jate response. First, our experimental protocol (la-
beling after 6 or 18 hr of aldosterone incubation)
would automatically favor the detection of such
proteins. Second, the fact that these AIP’s are pre-
cisely antagonized by T3, which selectively inhibits
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the late response, is compatible with this idea.
Third, sodium butyrate, another selective inhibitor
of the late mineralocorticoid response (Truscello et
al., 1983) was also able to repress the induction of
AIP-1, AIP-2 and AIP-3. It is noteworthy to recall
that sodium butyrate, which acts by a different
mechanism than Tj, also differs from T, in that it is
itself able to antagonize the induction of Na,K-
ATPase (Truscello et al., 1983). A clear and defini-
tive understanding of the physiological role of
AlP’s, ARP’s, TIP’s, and TRP’s cannot be given
before these gene products are defined in molecular
terms. Until this has been achieved, it is, of course,
impossible to exclude independent parallel path-
ways accounting for the sodium transport effects
unrelated to the induced and/or repressed protein,
as defined by our current methodology. From this
point of view, one should bear in mind that the 2-D
gel analysis may still only reveal 10% of the gene
products controlled by aldosterone and/or thyroid
hormones. It should also be emphasized that our
observations are restricted to the amphibian model
and that we do not know whether they will apply to
the mammalian kidney, since it is established that
thyroid hormone has acquired new functions in ho-
meotherm animals (Rossier et al., 19794). Our data,
however, emphasize the complexity of the action of
aldosterone which is presented as a model in the
next section.

MECHANISM OF ACTION OF ALDOSTERONE:
A CoMPLEX RESPONSE

The relationship between induced (or repressed)
proteins and the physiological response is by no
means easy to establish. It is, however, tempting to
speculate that various AIP’s and ARP’s act at dif-
ferent intracellular sites, mediating transepithelial
sodium transport. As illustrated in Fig. 4, AIP’s and
ARP’s could be divided into two categories: those
involved in a constitutive pathway for sodium trans-
port (sites 1, 3, 5) and those involved in a regulatory
pathway. The regulatory pathway (sites 2, 4, 6) is
directly implicated in the transport of sodium across
the epithelial cell at three critical sites.

The first site is the apical membrane locus of
the amiloride-sensitive sodium channel, which a
number of authors have found to be involved in the
early response to aldosterone (Cuthbert & Shum,
1975; Lewis & Wills, 1981; Palmer & Edelman,
1981; Palmer et al., 1982; Garty & Edelman, 1983;
Kipnowski et al., 1983; Sariban-Sohraby et al.,
1983).

The second site is the basolateral membrane,
locus of the ouabain-sensitive sodium pump. An
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Fig. 4. Model of the mechanisms of action of aldosterone. An
epithelial cell is schematically represented. Aldosterone (A)
crosses the plasma membrane and links to its ‘‘cytosolic’® (solu-
ble) receptor (R). The complex (AR) is “‘activated’’ and links to
chromatin acceptor sites in the nucleus. Upon this interaction,
transcription is induced or repressed. Induced or repressed pro-
teins (AIP’s or ARP’s) mediate an increased transepithelial ion
transport at different sites. Constitutive pathway: sites 1, 3, 5.
Regulatory pathway: sites 2, 4, 6. See explanation in Discussion

equally large number of data support the idea that
Na,K-ATPase is involved in either the early miner-
alocorticoid response (Schmidt et al., 1975; Doucet
& Katz, 1981; Petty et al., 1981) or the late one
(Garg et al., 1981; Handler et al., 1981; Natke &
Stoner, 1982; Geering et al., 1985; O’Neil & Hay-
hurst, 1985).

The third site is the tight junction apparatus
which controls the overall leakiness of the tissue.
Only scarce data so far are available concerning this
last site (Uhlich et al., 1969; Paccolat et al., 1984).

The regulatory pathway involves a set of molec-
ular events (e.g. phosphorylation-dephosphoryla-
tion, acylation, transmethylation) which modulate
the constitutive pathway. Three sites of regulation
could be envisaged (see 2, 4, 6 in Fig. 4).

First, the insertion (and/or the expression) of
the sodium channel at the apical membrane. Along
these lines, it has recently been suggested that the
action of aldosterone might be mediated by a trans-
methylation reaction occurring in vesicles that
carry an amiloride-sensitive sodium transport (Sari-
ban-Sohraby et al., 1984).

Second, the insertion (and/or the expression) of
the sodium pump at the basolateral membrane could
be regulated by an AIP which could be induced dur-
ing the early or late phase of aldosterone action.

Third, sodium transport could also be regulated
either by controlling the energy supply (ATP) (Cor-
tas et al., 1984) to the sodium pump or the ATP/
ADRP ratio, which in turn could modify the apical
sodium permeability. A number of data support this
concept (Kinne & Kirsten, 1968; Kirsten et al.,
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1968; Law & Edelman, 1978b; Marver & Schwartz,
1980; Beauwens & Crabbé, 1983).

Finally, one should consider the possibility that
the time course of induction and repression of vari-
ous proteins may well vary for each protein. Thus,
the early or the late mineralocorticoid response
could be sequentially controlled by different AIP’s
and ARP’s. The complexity of such a pleiotropic
response will be understood once a combined mo-
lecular and genetic approach is available for tack-
ling this problem.
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