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Summary.  Aldosterone increases transepithelial Na + transport in 
the urinary bladder of Bufo marinus. The response is character- 
ized by 3 distinct phases: 1) a lag period of about 60 min, ii) an 
initial phase (early response) of about 2 hr during which Na-- 
transport increases rapidly and transepithelial electrical resis- 
tance falls, and iii) a late phase (late response) of about 4 to 6 hr 
during which Na- transport still increases significantly but with 
very little change in resistance. Triiodothyronine (T3, 6 riM) 
added either 2 or 18 hr before aldosterone selectively antago- 
nizes the late response. T~ per se (up to 6 riM) has no effect on 
base-line Na + transport. The antagonist activity of T3 is only 
apparent after a latent period of about 6 to 8 hr. It is not rapidly 
reversible after a 4-hr washout of the hormone. The effects ap- 
pear to be selective for thyromimetic drugs since reverse T~ 
(rT3) is inactive and isopropyldiiodothyronine (isoT2) is more 
active than T3. The relative activity of these analogs corresponds 
to their relative affinity for T3 nuclear binding sites which we 
have previously described. Our data suggest that T3 might con- 
trol the expression of aldosterone by regulating gene expression, 
e.g. by the induction of specific proteins, which in turn will in- 
hibit the late mineralocorticoid response, without interaction 
with the early response. 
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Introduction 

A major effect of aldosterone in the toad urinary 
bladder is to increase transepithelial sodium trans- 
port (Ludens & Fanestil, 1976; Crabb& 1977; Mar- 
ver, 1980). Recently, we reported that thyroid hor- 
mones had no effect on base-line sodit~m transport 
but antagonized the mineralocorticoid response in a 
dose-dependent manner (Rossier et al., 1979a; Ros- 
sier, Rossier & Lo, 1979b; Geering & Rossier, 
1981). The antagonism was observed at triiodothy- 
ronine (T3) concentrations (0.06 to 6 riM) which 
were compatible with a physiological rather than a 
pharmacological effect. This observation prompted 
us to look for the existence of T3 nuclear binding 

sites. We did indeed observe high affinity (Kd = 57 
pmol), low capacity (56 fmol/mg protein) nuclear 
binding sites for T3 (Geering & Rossier, 1981) which 
could well be functionally related to the antiminera- 
locorticoid action of T3. Tara (1974), Greenberg, 
Najjar and Blizzard (1974) and Oppenheimer and 
Surks (1975) all present experimental evidence sug- 
gesting that T3 mediates most of its effects through 
regulation of the gene expression of various specific 
proteins. Depending on the system, the latent pe- 
riod of the action of thyroid hormone varies from 6 
to 12 hr. In the present paper we have examined in 
detail i) the time course of T3 effect on sodium 
transport and tissue electrical resistance, ii) its spe- 
cificity (by examining the relative biological activity 
of two related analogs (rT3 and isoTz) and iii) its 
reversibility. 

Abbreviations. The abbreviations and trivial names used are: 
triiodothyronine or T3, 3,5,3'-triiodo-L-thyronine; T4 or thyrox- 
ine, 3,5,3',5'-tetraiodo-L-thyronine; reverse T~ or reverse 
triiodotbyronine, 3,3',5'-triiodo-L-thyronine; isoT~ or isopropyl- 
diiodothyronine, 3',5-diiodo-3'-isopropyl-L-thyronine. 

Materials and Methods 

Adult male and female toads (Bufo marinus) were from C.P. 
Chase Co., Miami, Florida. They were kept in a terrarium with 
free access to a water tank kept at 25~ (_+ I~ and fed once a 
week with newborn mice. For 4 to 5 days preceding experiments, 
animals were kept in 0.045 M NaCl at 25~ (_+ I~ They were 
killed by double-pithing and perfused through the heart with a 
Ringer's solution (Ringer A) containing (in mM): NaCa 90, KC1 3, 
NaHCO3 25, MgSO4 0.9, KH2PO4 0.5, CaC12 1, glucose 6 (osmo- 
larry = 230 mOsm), and gentamicin 5 mg/liter, pH was 7.4 when 
the solution was gassed with 5% COz-95% Oz at 25~ For incu- 
bations, an amino acid-enriched Ringer's (Ringer B) was used. It 
contained in addition (mM): L-alanine 3.2, L-arginine 1.6, L-aspar- 
agine 0.7, g-cysteine 0.6, L-glutamine 2, I.-glutamic acid 0.14, 
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glycine 0.9, L-histidine 0.6, L-isoleucine 0.3, L-leucine 0.4, L- 
lysine 0.4, L-methionine 0.19, L-phenylalanine 0.27, L-serine 0.7, 
L-threonine 0.9, L-tryptophan 0.04, L-tyrosine 0.5, L-valine 0.4, 
L-proline 0,4, L-aspartic acid 0.14, penicillin (25 rag/liter) and 
cefalotin (25 rag/liter). Solutions were filtered through Millipore 
filters (0.22 ix). All glassware was heat-sterifized, and gas was 
filtered through Millipore Cathivex filters. 

MEASUREMENT OF Na § TRANSPORT 

Na + was measured by the short-circuit current (SCC) method in 
paired hemibladders mounted on glass canulas (Rossier et al., 
1980). The everted sacs were filled with 5 to 10 ml of Ringer B 
and immersed in 80 ml of the same medium. After 60 min of 
preincubation (t-2hr or t 18 hr), thyromimetic drugs (T3, isoT2, 
rT3) were added to the serosal side of the test hemibladders and 
the diluent (NaOH) to the paired controls. The incubation was 
either continued without change or in the presence of aldoste- 
rone (to) added 2 or 18 hr after the thyroid hormones. The follow- 
ing experimental groups were studied: 1) Aldosterone (80 riM) vs.  

control; 2) T3 (6 riM) vs. control; 3) isoT2 (6 riM) vs .  control; 4) rT3 
(6 nM) vs. control; 5) T3 (6 n M ) +  aldosterone (80 nM) vs.  aldo- 
sterone (80 nM); 6) isoT2 (6 riM) + aldosterone (80 nM) vs.  aldo- 
sterone (80 nM); 7) rT3 (6 riM) + aldosterone (80 riM) vs.  aldoste- 
rone (80 riM); 8) T3 (6 riM) vs .  control for 18 hr followed by a 4-hr 
washout. Then both test and control hemibladders were chal- 
lenged with aldosterone. 

The electrophysiological data were expressed as SCC per 
hemibladder (Rossier et al., 1980) where SCC (A) = SCC, - 
SCCo. SCCo was the value of SCC at the time of addition of 
aldosterone and SCCt its value at any given time before or after 
SCCo. Total tissue resistance (R in Ohm x hemibladder total 
surface) was calculated as the ratio of PD (mV) and SCC (mA). R 
was computed as described for SCC: R = Rt  - Ro .  Ro averaged 
350 to 390 ft �9 hemibladder. It is a convenient way of expressing 
our results since the exact surface area is never measurable and 
since we are mainly interested in relative changes induced by 
various hormonal treatments. The errors on R measurement are 
obviously larger than on PD and on SCC, which were previously 
estimated to be within 5% (Rossier et al., 1980). However, the 
error on R is still small compared to the rather large changes in R 
induced by aldosterone (up to 40% of control values). The signifi- 
cance of the difference in the mean values ( S C f t e s t  - S f C c o n t r o  I 

and Rtest -- Rcontrol) was estimated by Student's paired t-test ac- 
cording to the method of Snedecor and Cochran (1971). 

PLASMA T, 

Plasma T4 was measured by radioimmunoassay as described 
(Rossier et al., 1979a). 

MATERIAL 

Aldosterone was a generous gift of Ciba-Geigy SA. T3 and rT3 
were from Henning, Berlin. IsoT2 was kindly provided by Prof. 
E.C. Jrrgensen, School of Pharmacology, University of Califor- 
nia, San Francisco. All reagents were of analytical grade. 

Results 

SHORT- AND LONG-TERM EFFECTS 

OF ALDOSTERONE ON Na + TRANSPORT 

In order to insure stable experimental conditions for 
up to 30 hr of tissue incubation in vitro, the Ringer's 
solution (B) was supplemented with amino acids 
and additional antibiotics (see Materials and Meth- 
ods). Figure 1 shows the effect of 80 nM aldosterone 
on transepithelial Na § transport (SCC) and total tis- 
sue resistance (R) after a short preincubation period 
in vitro. The mineralocorticoid tissue response was 
characterized by 3 phases: 1) a latent period of 
about 60 min during which neither SCC nor R were 
significantly changed; 2) an early response lasting 2 
to 3 hr during which SCC increased rapidly and R 
fell concomitantly; 3) a late response where SCC 
still increased for the next 4 to 5 hr while R re- 
mained unchanged. A steady state of Na § transport 
was reached 6 to 8 hr after the addition of aldoste- 
rone and from then on the response was maintained 
as long as the hormone was present in the medium. 
Occasionally, SCC decreased slowly over the next 
12 hr, but it always remained significantly higher 
than base-line values even after 20 hr of tissue incu- 
bation. The statistical evaluations of these effects 
are given in the legends of the various Figures. 

It has been suggested that the tissue response to 
aldosterone might be more important and more re- 
producible after overnight tissue incubation in a ste- 
roid-free medium (Porter, Bogoroch & Edelman, 
1964). 

Figure 2 shows, however, that with the new 
experimental conditions used in this study, the mag- 
nitude of the tissue response to aldosterone was 
very similar after long-term preincubation. The la- 
tent period might be somewhat prolonged and the 
base-line more stable but the significance of these 
differences is difficult to assess in unpaired experi- 
ments. 

EFFECT OF T 3 ON BASE-LINE 

AND ALDOSTERONE-DEPENDENT N a  § TRANSPORT 

In a first experiment we tested whether T3 could 
modify the base-line Na + transport over an ex- 
tended tissue incubation period (20 hr). A dose of 6 
nM T3 was chosen since it has been shown previ- 
ously that this concentration saturates the nuclear 
binding sites for T3 in this tissue and produces a 
nearly maximal antimineralocorticoid response 
(Geering & Rossier, 1981). 

As shown in Fig. 3, T 3 per se had no significant 
effect either on Na § transport or on tissue resis- 
tance. However, when T3 (6 riM) was added to one 
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Fig. 1. Effects of  aldosterone on transepithelial Na" transport 
(A) and transepithelial electrical resistance (B) in the toad blad- 
der. Aldosterone (80 riM) was added at time 0 hr to test hemiblad- 
ders ( t )  and diluent to paired controls (�9 Na-  transport is 
expressed as short-circuit current (SCC), as described in Materi- 
als and Methods.  SCCo (0)  = 155 -+ 33/xA; SCCo (O) = 160 -+ 27 
/xA (P < 0.8); R�9 ( I )  = 385 -+ 49 f~; R�9 (�9 = 384 x 38 f~ (P < 
0.9). From to to t3: S C C  (early) = SCC3 - SCCo. SCC (early) 
aid�9 (0)  increased significantly (+220 -+ 35 p,A: P < 0.001) while 
SCC (early) control (�9 did not (+22 -+ 16/xA: P < 0.3). The net 
increase (aldo-control) is 198 -+ 34/xA; P < 0.001). R (early) aid�9 
( I )  decreased significantly ( -160  -+ 27 ft;  P < 0.001) while R 
(early) control ((3) did not ( - 3 8  -+ 32 f~; P < 0.3). The net 
decrease was thus: - 122 -+ 24 f~; P < 0.001. From t3 to t7 hr : SCC 
(late) = SCC7 - SCC3. SCC (late) aldo (0)  increased signifi- 
cantly (+78 -+ 26 /xA; P < 0.02) while SCC (late) control (O) 
decreased significantly ( - 5 8  -+ 18 /xA; P < 0.02). The net in- 
crease (aldo-control) was 135 -+ 38/xA (P  < 0.01) during the late 
phase. The total mineralocort icoid response on SCC. SCC (total) 
= (SCC7 - SCCo) control = 344 -+ 64/xA (P < 0.001). The early 
response (198/xA) represents 59% of  the total response and the 
late response (136/xA) 41% of  the total SCC response.  By con- 
trast, R (late) aldo (0)  and R (late) (�9 did not change signifi- 
cantly ( - 1 9  -+ 9 f~; and +34 -+ 17 f~; P < 0.1) and R7 reached 
almost exactly the same level observed at Ro. The total response 
o f R  R (total) = ( R 7  - Ro) a l d o -  ( R  7 - Ro) control was -175 -+ 
25 ~ ;  P < 0.001. The early and the late response on R represent  
70 and 30% of  the total response,  respectively 
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Fig. 2. Effects of  aldosterone on transepithelial Na + transport 
(A) and tissue resistance (B) after preincubation of  bladders for 
20 hr in steroid-free medium. SCCo control (�9 = 69 -+ 9/xA; 
SCCo aid�9 (0)  = 80 -+ 13/xA (n = 10 pairs, P < 0.3); R�9 control 
(�9 = 365 -+ 36 f~; R�9 aldo (Q) = 373 -+ 49 f~ (P < 0.8). From to to 
t21/2 (early response): SCC (early) aldo (0)  increased significantly 
(+ 125 + 27/xA; P < 0.005) while SCC (early) control (�9 did not 
change significantly ( - 9  -+ 6/xA; P < 0.3). The net difference 
(aldo-control) was + 134 -+ 30 -+ 30/xA (P < 0.005). R (early) aid�9 
(0) fell significantly ( -104  - 20 ~ ;  P < 0.005) while R early 
control (�9 increased (+70 -+ 35 f~; P < 0.1). The net difference 
(aldo-control) was -174  -+ 41 {) (P < 0.005). From t2v2 to t6 (late 
response): SCC (late) aid�9 ( t )  increased significantly (+97 -+ 31 
/~A, P < 0.02) while SCC control (�9 did not change (+6 -+ 8/xA; 
P < 0.5). The net difference (aldo-control) was 91 -+ 30/zA (P < 
0.02). R (late) aldo (O) and R (late) control did not change signifi- 
cantly ( -31  -+ 15 1) and - 8  -+ 45 f~, respectively). The net 
difference (a ldo--control)  - 2 3  -+ 20 1~ was not significant. The 
total response of  SCC was SCC (total) = (SCC6 - SCCo) aldo - 
(SCC6 - SCCo) control = 255 -+ 59/xA (P < 0.005). The early 
(125 k~A) accounted for 56% and the late response for 44%, re- 
spectively, of  the total SCC response.  The total response o f R  R 
(total) = (R6 - Ro) aid�9 - (R6 - Ro) control was -197 -+ 60 ~ (P  
< 0.001. The early responses ( -174  f~) accounted for 78% and 
the late response ( -23  {~) for 22% respectively, of the total R 
response 

set of hemibladders 2 hr before the addition of al- 
dosterone, the Na § event was clearly impeded, but 
only after 6 to 8 hr of incubation (Fig. 4). Character- 
istically the drop in tissue resistance observed with 
aldosterone in the first 3 hr was not affected by T3, 
thus indicating that the hormone operated rather in 

the late phase of the Na + transport response. We 
tested this hypothesis further by preincubating the 
tissue in the presence of T3 for 16 hr before addition 
of aldosterone. 

As shown in Fig. 5, the Na + transport response 
was inhibited after 3 to 4 hr but again the drop in 
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Fig. 3. Effects of t r i iodothyronine (T3) on base-line Na*  (A) and 
tissue resistance (B). T3 (6 riM) was added at time 0 hr to test 
hemibladders (@) and diluent to paired controls ((3). SCC and R 
were computed as described in Materials and Methods.  SCCo 
control (�9 156 -+ 16/xA; SCCo T3 (0)  = 166 -+ 18/xA (n = 10 
pairs, P < 0.3); S C C 2 0 h r  = - 16 -+ 16/xA (P < 0.3); Ro control ((3) 
= 317 _+ 33 ~ ;  Ro T 3 (Q) = 290 -+ 29 ~ (P < 0.3); R20hr = 66 +-- 40 

(P < 0.2) 

tissue resistance was not at all antagonized by T 3. 
This experiment was repeated with a 10-fold higher 
concentration of T3 which produced similar results. 
However, such high concentrations of T3 acting 
during long incubation periods tended to signifi- 
cantly increase the tissue resistance above control 
values, as was shown in a companion paper (Ros- 
sier et al., 1983a). 

E F F E C T S  OF T 3 ANALOGS ON B A S E - L I N E  

AND A L D O S T E R O N E - D E P E N D E N T  N a  + TRANSPORT 

The specificity of the observed antagonism was as- 
sessed by testing 2 analogs of T3 for their biological 
activity, i) rT3, which has been shown to be biologi- 
cally inactive in a number of experimental systems 
(Koerner et al., 1975) and which exhibits no affinity 
for the nuclear T 3 binding sites, and ii) isoT2, which 
is a most potent thyromimetic drug with respect to 
both biological activity and ability to displace T 3 
from its nuclear binding sites. 
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Hg. 4. Effects of T3 on the action of aldosterone on transepithe- 
lial Na + transport and tissue resistance. T3 was added at time - 2  
hr to test hemibladders (O) and diluent to paired controls (0), At 
time 0 hr aldosterone (80 riM) was added to both sets of hemiblad- 
ders. R and SCC were computed as described in Materials and 
Methods. SCCo aldo (@): 165 -+ 24 ~xA; SCCo aldo + T3 (�9 162 
-+ 29 >A (n = 10 pairs; P < 0.9); Ro aldo (@): 334 -+ 28 ~ ;  Ro + T3 
(�9 380 -+ 40 ~ (P < 0.3); SCCgh r (test-control) = - 4 0  -+ 29/xA 
(P < 0.2); R4hr (test-control) = - 2 0  -+ 21 f~ (P < 0.4); SCC,sh~ 
(test-control) = -314  +_ 44 b~A (P < 0.001); RIshr (test-control) = 
+45 -+ 49 ~ (P < 0.4) 

As shown in Fig. 6, rT3 was biologically inac- 
tive in our experimental system at a concentration 
(6 riM) at which T 3 nearly displayed its full activity. 
On the other hand, isoT2 at the same concentration 
(6 nM) effectively antagonized the late aldosterone 
response qualitatively similar to T 3 (Fig. 7). 

Since base-line SCC values at to were compara- 
ble in all experimental hemibladders (Figs. 1, 3-7) 
and since T3, rT3, and isoTz groups were never sig- 
nificantly different from control groups, it was pos- 
sible to construct a composite graph in which data 
are expressed in absolute values as /xA per 
hemibladder (Fig. 8). Five experimental groups are 
represented: aldosterone, aldosterone + rT3, aldo- 
sterone + T3, aldosterone + isoT2 and "Controls" 
(control, T3, rT3, isoT2 groups combined). The fol- 
lowing order of antimineralocorticoid activity can 
tentatively be established: isoT2 - T3 > rT3. It 
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should be noted that even with the most active an- 
tagonist (isoT2), SCC values were always signifi- 
cantly higher than in control conditions. Thus, it 
seems that thyromimetic drugs are not able to com- 
pletely abolish the mineralocorticoid response. 

R E V E R S I B I L I T Y  OF T HE  

A N T A G O N I S T I C  A C T I V I T Y  OF T3 

In this experiment one of two sets of hemibladders 
was pretreated for 20 hr with 6 nM T3. The 
hemibladders were then extensively washed during 
2 hr before challenging both sets with aldosterone. 
As shown in Fig. 9, the antimineralocorticoid activ- 
ity persisted even in the absence of T3. Typically, 
the effect of aldosterone on R was not at all modi- 
fied by T3 pretreatment while SCC was clearly in- 
hibited. 

R E L A T I O N S H I P  B E T W E E N  P L A S M A  T 4 

A N D  THE M I N E R A L O C O R T I C O I D  R E S P O N S E  

M E A S U R E D  IN VITRO 

In order to assess the physiological role of thyroid 
hormone as a potential antagonist in vivo of aldo- 
sterone, we measured plasma T4 in 3 groups of ani- 
mals at different times of the year and then checked 
the mineralocorticoid response in the same animals. 
As shown in the Table, mean plasma T4 varied sig- 
nificantly from time to time over a fivefold range 
(0.6 to 3.1 riM). In all 3 groups, aldosterone elicited 
a significant response (P < 0.001), but the magni- 
tude of the response varied significantly over a two- 
fold range. The mineralocorticoid response was in- 
versely related to the plasma T4 concentration, 
suggesting that the aldosterone-T3 interaction might 
also occur in vivo. The aldosterone response mea- 
sured in the absence of thyroid hormone in vitro 
suggests that the effect of thyroid hormone has a 
long half-life and is not rapidly reversed by the incu- 
bation in a T3-free medium. 

Discussion 

T I M E  C O U R S E  OF A L D O S T E R O N E  E F F E C T  

ON S O D I U M  T R A N S P O R T  

AND ELECTRICAL R E S I S T A N C E  

In the present experimental conditions, the electro- 
physiological parameters (SCC and R) could be fol- 
lowed up for long periods of time. The 3 distinct 
phases in the action of aldosterone--that is a latent 
period, an early response with an increase of SCC 
and a fall of R, and finally a late response with fur- 
ther increase of SCC and little change of R--are  
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Fig. 5. Effects of']" 3 on the action of aldosterone on transepithe- 
lial Na" transport  (A) and t issue resis tance (B). T~ (6 riM) was 
added at time - 1 6  hr to test hemibladders  (�9 and diluent to 
paired controls (0) .  At t ime 0 hr aldosterone (80 riM) was added 
to both sets of  hemibladders ,  SCC and R were computed  as 
described in Materials and Methods .  SCCo test (O) = 121 + 17 
/xA; SCCo control (0 )  = 97 +- 18 p~A (n = 10; P < 0.2); R,, test  (�9 
= 380 -+- 34 fl;  Ro control (0)  = 302 -+ 36 fZ (P < 0.05); SCC2hr 
(test-control) = -31  -+ 12/zA (P < 0.05); SCC7hr (test-control) = 
- 6 7  • 18/xA (P  < 0.01); R~hr (test-control) - 21  • 21 f~ (P < 
0.4); .RTh r (test-control) = - 4 7  • 30 l] (P < 0.1) 

easily recognized (Figs. 1 and 2). Our data confirm 
the study of Spooner and Edelman (1975) obtained 
in a different experimental setup (SCC and R were 
measured in classic Ussing's chambers over a 6-hr 
period). The concept of a dual action of aldosterone 
has been questioned by others (Civan & Hoffmann, 
1971). We feel, however, that our incubation condi- 
tions are closer to the physiological ones and permit 
a better conservation of tissue properties without 
bacterial contamination. In addition, bladders 
mounted as sacks have a higher base-line resistance 
(Walser, Butler & Hammond, 1969) and are less 
subject to edge damage--an important point when 
studying the effects of aldosterone on tissue resis- 
tance. 

It should be pointed out that the early and the 
late responses are clearly continuous and overlap- 
ping processes. The beginning of the early response 
is easily defined by the end of the latent period and 
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(O) = 144 +_ 61/xA (n = 10, P < 0.9) (aldo + rT3); SCC~s hr (test-control) = - 37 -+ 35 txA (P < 0.3). Panel liB: Ro control  (11) = 414 -+ 55 
FL (aldo alone); Ro test  (O) = 418 -+ 50 1~ (aldo + rT3); Rzshr (test-control) = +61 • 62 ~ (P < 03 )  

is characterized by the classic fall in R. The end of 
the early response is variable and occurs 2 to 4 hr 
after aldosterone addition when the effect of aldo- 
sterone on R is near maximum. The beginning of the 
late response cannot be easily determined. It cer- 
tainly overlaps the early phase since the overall re- 
sponse appears monotonous. Data from Figs. 5 and 
9 would suggest that this phase can start as early as 
120 min after aldosterone addition. Interestingly, in 
the toad bladder of Bufo bufo, the two phases are 
easily distinguished (Rossier et al., unpublished ob- 
servations). The end of the late response can be 
defined when the maximum overall response is 
reached. Again the time at which this maximum is 
observed is quite variable: from as early as 6 hr in 
some experiments (Figs. 1, 2, 5, 9) to as late as 18 hr 
in others (Figs. 4 and 6). The reasons for the large 
variations observed in the 3 phases of aldosterone 
action (i.e., latent period, early and late response) 
remain obscure. 

The existence of two effects of aldosterone 
which can be separated on an electrophysiological 
basis raises interesting questions concerning the 
mechanism of action of the hormone. First, is the 
late response specific to the steroidal action? In 

other words, is it related to a primary effect of al- 
dosterone or is it only Secondary to the early in- 
crease in sodium permeability, which would di- 
rectly trigger an overall adaptive change in the 
capacity of the epithelium to transport sodium? 
Second, how should we revise our current hypothe- 
sis on the manner in which aldosterone acts at the 
subcellular level? We would like to discuss the ef- 
fect of thyromimetic drugs in this context since 
these drugs might in the long run shed some light on 
this problem. 

T H Y R O I D  H O R M O N E S  A N D  R E L A T E D  A N A L O G S  

ANTAGONIZE S E L E C T I V E L Y  THE 

L A T E  M I N E R A L O C O R T I C O I D  R E S P O N S E  

As shown previously, T3 (6 riM) and related analogs 
had no significant effect on SCC or R over a 20-hr 
period of incubation (Fig. 3). However, they inhib- 
ited a significant fraction of the aldosterone-depen- 
dent SCC with no change of R (Figs. 4 and 5). Even 
after 18 hr of exposure to T3, the early response to 
aldosterone was not inhibited. The effect of T 3 was  
specific to thyromimetic drugs since isoT2 was ac- 
tive whereas rT3 was not. It appears that the early 



K. Geering et al.: Thyroid  H o r m o n e - - A l d o s t e r o n e  Antagonism 21 

30(?" 

ha 

Ig 
ILl 

100 

=t, 

o 
r 0 

-100 

300" 
er 
ha 

~ 200 
:E 
ha -,F 

<~ 100 
::L, 

r 
0 

<3 

-100' 

A 

20(? �84 

w 
D 

5: 
ha "r 

~ -200 

t~ 
<3 

4 i2+ 1 
m 0 

-200 

<5 
-~00'_ 

T=ME( h ) "r=ME( h ) 
16 20 2& 

Fig. 7. Effects  of  isopropyldi iodo-thyronine (isoT2) on base-line Na + transport  (IA) and t issue res is tance (IB) and effects of  isoT2 on the  
action of a ldosterone on transepithelial  Na  § t ransport  (IIA) and tissue resis tance (IIB). IsoT2 was added at t ime - 2  hr to test  
hemibladders  (@) and diluent to paired controls  (O) (/). At time 0 hr aldosterone (80 nM) was added to both sets of  hemibladders  (I/). 
SCC and R were computed  as described in Materials and Methods .  Panel IA: SCCo control (O) = 123 -+ 54/xA (diluent); SCCo test  (@) 
= 105 • 22/zA (n = 10, P < 0.7) (iso - T2); SCC20hr (test-control) = +11 • 51/xA (P < 0.9). PanelIB: Ro control (O) = 469 • 68 {~ 
(diluent); Ro test  (0 )  = 391 • 27 f~ (P < 0.2) (iso - T2); R20 ur (test-control) = + 118 • 85 {) (P < 0.2). Panel IIA: SCCo control (0 )  = 98 
• 15/xA (aldo alone); SCCo test  (O) = 97 -+ 21/xA (n = 10, P < 0.9) (aldo + iso - T2); SCC3hr = - 2 5  -+ 25/xA (P < 0.4): SCCIshr = 
-133  • 39/xA (P  < 0.01). Panel IIB: Ro control (@) = 535 _+ 44 f~ (aldo alone); Ro test  (O) = 512 • 47 {l (aldo + iso - T2); R3 hr = +38 • 
31 f~ (P < 0.2); RISW = +106 -+ 38 {] (P < 0,025) 

Table.  Relat ionship be tween p lasma T4 of adult  Bufo Marinus toads and the mineralocorticoid response  measu red  in vitro in the  
urinary bladder of  the same animal 

Group Time N Plasma T4 a Na" transport  response  b ASCC P 
( n M +  SE) test-control  (paired t test) 

SCCo SCCo (A/xA at t 6 hr) 
control test  -+ sE 
(p.A • SE) (/xA • SE) 

A April 15 1.6 _+ 0.2 125 _+ 25 154 • 45 81 • 17 P < 0.001 
B July 16 0.6 • 0.2 114 + 19 113 • 18 159 • 33 P < 0.001 
C October  15 3.1 • 0.1 98 • 11 108 • 13 68 • 9 P < 0.001 

a Plasma T4 was measu red  by rad io immunoassay  as described in Methods .  All groups differ significantly f rom each o ther  (unpaired 
Student ' s  t test): A vs. B, P < 0.005; B vs. C, P < 0.001; A vs. C, P < 0.001. 
b The sodium transpor t  r esponse  (aldosterone 10 nM at to) was measured  in paired hemibladders  f rom each group,  incubated in vitro as 
described in Methods .  SCCtest_contro I is the mineralocorticoid response  at t6h. The significance of the mean  differences between groups  
was est imated by unpaired S tudent ' s  t test: A vs. B P < 0.05; A vs. C P < 0.6; B vs. C P < 0.025. At to no groups  were significantly 
different f rom each other. 
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Fig. 8. Mineralocorticoid activity of aldosterone in the toad 
bladder and antagonism of T3 and thyromimetic drugs. 6 nM rT3 
(B), T3 (C) or isoT~ (D) were added to hemibladders at time - 2  hr 
and diluent to paired controls (A, E). At time 0 hr, 80 nM aldoste- 
rone was added to A, B, C and D. Na + transport is expressed as 
short-circuit current in absolute values. Data are from experi- 
ments shown in Figs. 1, 3, 4, 6 and 7 and pooled as defined in 
Materials and Methods. (A) Group Aldo; (B) Group rT3; (C) 
Group T~; (/7)) Group isoTz; (E) Group "control." Unpaired t- 
test: A vs. B, not significant; A vs. C, D, or E, P < 0.01 or less; C 
vs. E, P < 0.001; D vs, E, P < 0.01 

increase in sodium permeability and the fall in resis- 
tance cannot simply and directly trigger a second- 
ary and adaptive change in transepithelial sodium 
transport. Interestingly, another drug, sodium bu- 
tyrate, which can modify gene expression (probably 
at the transcriptional level) (Truscello, Geering, 
Gaeggeler & Rossier, 1983) is also able to selec- 
tively antagonize the late mineralocorticoid re- 
sponse without altering the early response (Rossier, 
Truscello & Geering, 1982). Antimineralocorticoid 
drugs previously described completely inhibit the 
aldosterone response: spirolactone by interaction at 
receptor level (Rossier et al., 1983b), actinomycin D 
by blocking transcription and cycloheximide by in- 
hibiting protein synthesis (Edelman, Bogoroch & 
Porter, 1963). 

Our present results indicate that the aldoste- 
rone response is complex and pleiotropic. Like glu- 
cocorticoids (Ivarie, Morris & Eberhardt, 1980), al- 
dosterone might regulate the gene expression of at 
least 2 sets of proteins (Truscello et at., 1983). The 
induction of early gene products would not be sensi- 
tive to T3 o r  sodium butyrate, while the induction of 
the late ones would. 

H o w  DOES T3 CONTROL 

THE LATE MINERALOCORTICOID RESPONSE? 

The present data cannot offer an answer to this 
question but, together with the identification of a 
specific nuclear binding site for thyroid hormone in 
the toad bladder, are consistent with the following 
induction hypothesis: binding of T 3 to specific nu- 
clear acceptor sites is followed by induction of 
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Fig. 9. Lack of reversibility of T3 antagonism on aldosterone- 
induced Na + transport and tissue resistance. T3 (6 riM) was added 
at time -20 hr to one set of hemibladders (�9 and diluent to 
controls (0). At time - 4  hr both sets of hemibladders were 
washed up to time 0 hr when aldosterone (80 riM) was added to 
both sets of hemibladders (O, @). SCC and R are computed as 
described in Materials and Methods. SCCo control (@) = 112 -+ 
17/xA; SCCo test (O) = 84 -+ 23/xA (n = 10; P < 0.2); SCC2h~ = 
+47 -+ 13/xA (P < 0.01); SCC10ur = +148 -+ 36/zA (P < 0.005). 
Ro control (0) = 336 +- 22 El; Ro test (O) = 550 +- 121 f~ (n = 10; 
P<0.1);R2h~ = - 4 _ +  131~)(P<0.9);R~0hr = - 1  +- l l 8 f I ( P <  
0.9) 

RNAs and proteins responsible for its antimineralo- 
corticoid effect. The apparent lag time for the effect 
of T3 (about 6 to 8 hr) is compatible with what is 
known about the protein induction controlled by 
thyroid hormone. The lack of reversibility after a 4- 
hr washout speaks for the induction of proteins with 
rather long half-lives. 

With the techniques presently available (for ex- 
ample two-dimensional electrophoresis gel) it will 
be possible to examine the occurrence of thyroid- 
induced protein in this tissue. One obvious function 
of such a protein which can be easily studied in this 
tissue would be the control of mineralocorticoid re- 
ceptors. The results of this first attempt to charac- 
terize the mechanism of the aldosterone-T3 interac- 
tion will be reported in a companion paper. 

This work was supported by grant no. 3-646-80 from the Swiss 
National Science Foundation. 
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