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S u m m a r y .  In earlier studies, aldosterone increased the incorporation of precursors 
into a class of cytoplasmic RNA with the characteristics of messenger RNA (mRNA), 
in toad bladder epithelium. In the present studies, this effect was analyzed further with 
a competitive antagonist, spironolactone (SC-9420). Paired hemibladders were labeled with 
3H-uridine (30 rain pulse- 140 min chase), with or without aldosterone (3.5 x 10-8 M, 
7 • 10-8 M) in the presence or absence of SC-9420 (7 x 10-6 M, 2.5 • 10- s M) at molar 
ratios of 200:1 to 280:i. Cytoplasmic RNA, either the total phenol-SDS extract or poly- 
adenylated-RNA (poly(A)(+)-RNA) obtained by oligo-deoxythymidylate-cellulose (oli- 
go(dT)-cellulose) chromatography was analyzed in linear 5-20% sucrose gradients. Eight 
sets of experiments were completed in which the short-circuit current (scc) was monitored 
for 180 min and the incorporation of 3H-uridine (30 rain pulse-150 rain chase) was simul- 
taneously determined on pools of epithelia from 5 to 10 hemibladders. The fractional 
change in sec correlated linearly with the fractional change in 3H-uridine of 12S cytoplasmic 
RNA (r=0.95, p<0.001). The poly(A)(+)-RNA fraction had no detectable rRNA or 
tRNA and gave a heterogeneous pattern, typical of mRNA, in the sucrose gradients. 
In the presence of exogenous aldosterone, SC-9420 inhibited the incorporation of 3H-uridine 
into poly(A)(+)-RNA (particularly 12S). These results support the inference that induction 
of mRNA mediates the action of aldosterone on Na + transport. 

A var ie ty  o f  exper iments  indicate tha t  the initial steps in the ac t ion 

o f  a ldos te rone  on  N a  + t r anspo r t  involve b ind ing  of  the s teroid to stereo- 

specific cy top lasmic  receptors ,  t ransfer  o f  this comple r  to c h r o m a t i n  

accep to r  sites, and  induc t ion  o f  R N A  synthesis [7]. The steps in this 

* Present  address:  Institut de Pharmacologie, Universite de Lausanne, Lausanne, Switzer- 
land. 
~'* Present  address .  Department of Applied Biology. The University of Wales, Institute 
of Science and Technology, Cardiff, U.K. 



178 B.C. Rossier, P.A. Wilce, and I.S. Edetman 

sequence of  molecular events, however, have not been fully characterized. 
We recently noted that aldosterone increased the incorporat ion of 3H- 

uridine into nonmethylated,  9S 12S cytoplasmic R N A  prior to the onset of 

the effect on Na + transport,  in the toad bladder [23]. Messenger R N A  

( m R N A )  has been characterized by its minimal methyl content and sedi- 

mentat ion constants in the 5S to 30S range [20, 21]. Thus, our earlier 

findings suggested that aldosterone augments the synthesis of  mRNA.  

Further  evidence in support  of  this inference was obtained by Wilce 
et al. [27]. In the isolated toad bladder, aldosterone increased the incorpo- 

ration of  precursors into po lyadenyla ted-RNA [poly(A)(+)-RNA].  
P o l y ( A ) ( + ) - R N A  has been identified as the m R N A  rich fraction [6]. 

This effect on p o l y ( A ) ( + ) - R N A  was most marked during the latent 
period, namely within the first 30 min of  the action of the hormone 

[27]. That the effect of  aldosterone on nonmethylated 9S-12S cytoplasmic 

R N A  was mineralocorticoid-specific was implied by the failure of cortisol 

(a potent  glucocorticoid) to elicit these responses and by the effective 
inhibition by spironolactone (SC 9420) of  both  the biochemical and trans- 

port  responses [23]. These findings prompted  the use of spironolactone 
as a probe in a further analysis of the mediating role of induction of  
p o l y ( A ) ( + ) - R N A  in the mineralocorticoid action of  aldosterone. 

The spirolactones compete with aldosterone for binding to the cyto- 

plasmic receptor [11, 13]. The resultant spirolactone-receptor complex 
fails to bind to chromatin acceptor sites, presumably preventing initiation 

of  induction of R N A  synthesis [18]. An antagonist that acts at the first 

step in a cascade of molecular events should inhibit all subsequent steps. 

If  augmented synthesis of  m R N A  mediates the action on Na + transport,  
there may be a quantitative relationship between the magnitudes of  the 

effects of aldosterone on R N A  metabolism (cytoplasmic 12S R N A  and 
po ly (A) (+ ) -RNA)  and on Na + transport  as modulated by spirolactone. 

This prediction was evaluated in the present studies. 

Materials and Methods 

Materials 

The incubation medium (frog-Ringer's solution) contained (all in mM) 90 NaC1, 3 KC1, 
25 NaHCOa, 0.5 MgSO4, 0.5 KHzPO4, 1 CaCI2 and 6 glucose; pH = 7.6 (gassed with 3 % COz); 
osmolality=230 mOsm. Gentamycin sulfate was added to a final concentration of 10 ~tg/ml 
and the medium was filtered through a 0.45 ~ Millipore filter. All glassware and other 
solutions were heat sterilized. D-Aldosterone was obtained from CalBioChem Corp., and 
oligo-deoxythymidylate-cellulose (T2) (oligo(dT)-cellulose) from Collaborative Research. 
Spironolactone (SC 9420) was a generous gift from Searle Co. All of the conventional 
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reagents were either reagent grade or spectroquality. Aquasol(R) and 5-3H-uridine (26-28 Ci/ 
mmole) were purchased from New England Nuclear. 

Transport and Labeling Procedures 

Colombian female toads (Bufo Marinus) obtained from Tarpon Zoo (Florida) were 
partially immersed in saline (0.075 M) at room temperature for 48 to 72 hr before use. 
After double pithing and perfusion of the circulation with about 200 ml of oxygenated 
frog-Ringer's solution, hemibladders (mucosal side outside) were mounted as sacs on plastic 
cannulas. The sacs were filled with 5 ml and immersed in 90 ml of the frog-Ringer's solution 
and the temperature of the bath was maintained at 25 (_+ 0.2)~ The transepithelial potential 
difference (pd) and short-circuit current (scc) were measured at 30 rain intervals by the 
method of Walser et al. [26]. Four hours after the sacs were mounted, three protocols 
were used: (1) spironolactone vs. control, (2) aldosterone vs. control, and (3) spironolac- 
tone + aldosterone vs. aldosterone. SC 9420 was dissolved in 100% ethanol; the final concen- 
tration of ethanol in frog-Ringer's solution did not exceed 0.2%. The antagonist or the 
diluent was always added to the serosal and mucosal media 20 min before addition of 
aldosterone or the diluent. At "to" , aldosterone was added to the mucosal and serosal 
media. Ten minutes later, 3H-uridine (10 ~tC/ml) was added to the serosal media of both 
the control and test preparations, and 30 rain thereafter, a 100-fold excess of nonradioactive 
uridine was added to the same media (30 min pulse-  140 rain chase). The incubation was 
terminated 180 rain after addition of aldosterone. In one experiment a 30 rain pulse format 
was used and the incubation was ended 40 rain after addition of aldosterone. 

Isolation of  Cytoplasmic RNA and Poly(A) ( + )-RNA 

The hemibladders were washed twice with ice cold frog-Ringer's solution and all subse- 
quent steps were carried out at 0-4 ~ The epithelial cells were harvested by scraping 
with a glass slide. Five to 10 paired hemibladders were pooled into test and control groups. 
The pooled cells were homogenized with 15 strokes at maximum speed in a motor driven 
Teflon-glass Potter-Elvehjem homogenizer. Cytoplasmic RNA was isolated by Penman's 
procedure [19], modified as previously described [23]. Poly(A)(+)-RNA of the cytoplasmic 
extracts was collected by a modification of the method of Aviv and Leder [1, 27]. 

Sucrose Gradient Analysis o f  RNA 

Equal amounts, 1 to 2 A26 o units, (1 A~6 o uni t=32 pg RNA, light path= 10 ram) 
of test and control cytoplasmic RNA or Poly(A)(+)-RNA (0.015 0.030 A260 units) were 
layered on 5 ml, 5-20% linear sucrose density gradients and centrifuged at 45,000 rpm 
in the SW 50.1 rotor of the L2-65B Beckman ultracentrifuge at 4 ~ for 195 rain. Thirty 
fractions were collected with an ISCO Model 183 gradient fractionator monitored at 254 nm 
(UA-5 Absorbance Monitor). Each fraction was added to 10 ml of Aquasol and analyzed 
for 3H content in a Mark II Nuclear Chicago Liquid Scintillation Spectrometer, The recov- 
ery of radioactivity from the gradients varied from 90 to 95%. 

Acid-Soluble Pool 

Aliquots of the crude homogenates were acidified with ice-cold trichloroacetic acid 
(TCA) to a final concentration of 10%. The precipitates were collected by centrifugation 
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at 10,000 x g for 10 min and then washed twice by the same procedure with ice-cold 5% 
TCA. The supernatants of all of these steps were pooled and assayed for 3H content 
in Aquasol in a Mark II Nuclear Chicago Liquid Scintillation Spectrometer. The DNA 
content of the precipitates was determined by the technique of Burton [3]. 

Statistics 

The significance of the difference in the mean values were estimated by the paired 
Student t test and the regression line by the method of least squares [25]. 

Results 

Ef fec t s  o f  Spirono[actone on Na  + T r a n s p o r t  a n d  R N A  M e t a b o l i s m  

T o  as ses s  t h e  e f fec t s  o f  S C  9420 in t h e  a b s e n c e  o f  e x o g e n o u s  a l d o s t e -  

r o n e ,  p a i r e d  h e m i b l a d d e r s  w e r e  i n c u b a t e d  w i t h  e i t h e r  t h e  a n t a g o n i s t  

o r  t he  d i l u e n t  fo r  180 ra in .  A t  a c o n c e n t r a t i o n  o f  7 x 10 - 6  M, s p i r o n o l a c -  

t o n e  h a d  n o  s i g n i f i c a n t  e f fec t  o n  t h e  scc a t  a n y  t i m e  d u r i n g  the  p e r i o d  

o f  e x p o s u r e .  A f t e r  180 m i n ,  t h e  scct/SCCo r a t i o s  w e r e  1.21 + 0 . 1 4  a n d  

1 . 3 0 + 0 . 1 3  (p > 0 . 4 )  in  t h e  c o n t r o l  a n d  S C - 9 4 2 0 - t r e a t e d  g r o u p s ,  r e s p e c -  

t i v e l y  ( T a b l e  1). S i m i l a r l y ,  e x c e p t  fo r  a s ing le  f r a c t i o n  a t  a b o u t  4S,  th i s  

c o n c e n t r a t i o n  o f  s p i r o n o l a c t o n e  d i d  n o t  c h a n g e  t h e  s u c r o s e  g r a d i e n t  

s e d i m e n t a t i o n  p r o f i l e  o f  c y t o p l a s m i c  R N A  (F ig .  1). A t  a h i g h e r  c o n c e n -  

t r a t i o n  (2.5 x 10 . 2  M), h o w e v e r ,  s p i r o n o l a c t o n e  s i g n i f i c a n t l y  d e p r e s s e d  

Table 1. Effects of spironolactone and aldosterone on Na + transport 

Pairs of hemi- SC-9420 Aldosterone sccJscco p 
bladders (No.) (M) (M) 

9 0 0 1.21+0.14 >0.4 
7 x 10 - 6  0 1.30+_0.13 

8 0 0 0.90+0.10 <0.01 
2.5• 10 -5 0 0.65--+0.08 

8 7 x l 0  -6 3.5X 10 -s  1.02-+0.18 <0.01 
0 3.5 X 10 a 1.52-+0.07 

8 2.5X 10 -s  7 x l 0  -8 0.98• <0.01 
0 7 • 10 .8 1.35-+0.09 

8 0 0 0.92 +_ 0.08 0.01 
0 7 X 10 -8 2.05+_0.25 

Paired hemibladders were incubated with or without SC-9420, aldosterone or a combi- 
nation of these agents, scc~ denotes the short-circuit current at t =  180 rain. and SCCo 
at t=0,  where zero-time was the time of addition of SC-9420 (in the absence of aldosterone) 
or of the addition of aldosterone. In the combination experiments, the SC-9420 was 
always added 20 rain before the aldosterone. The results are given as mean +_S~M. The 
p values were obtained by the paired student t test. 
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Fig. 1. Sucrosegradient analysis of the effects of spironolactone (7 x 10-6 M) on cytoplasmic 
RNA. Paired hemibladders were incubated in SC 9420 or the diluent and labeled with 
3H-uridine (30 rain pu l s e -  140 min chase). Epithelial cytoplasmic RNA was analyzed on 
a linear 5-20% sucrose gradient. The 3H activity (cpm/fraction) of the hemibladders treated 
with SC 9420 ( - i ~  or with the diluent @o-)  is indicated by the ordinate on the left, 
and absorbance at 254 nm (A25~) is indicated by the continuous line and the ordinate 
on the right. The A254 peaks provided the calibrations at 4S, 18S and 28S. The aH activity 

has been normalized to the total RNA (i.e., the area under the absorbance curve) 

the scc; the scct/SCCo ratio was 28% lower than in the control hemiblad- 
ders (p < 0.01) (Table I). The incorporation of 3H-uridine into t2S cyto- 
plasmic RNA was impaired to some extent by spironolactone. The spe- 
cific activity of the 12S RNA was 14% less in the spironolactone 
(2.5• 10 -s M) group (Fig. 2). Since these hemibladders were pre-incu- 
bated in steroid-free media for only 4 hr, it is possible that at very 
high concentrations, spironolactone competed effectively with residual 
endogenous aldosterone. 

Effects of  SC 9420 on the Response to Aldosterone 

In previous studies, we found that at concentrations of 3.5 • 10 -8 M 
and 7 • 10-s M, aldosterone augmented the incorporation of 3H-uridine 
into 9S-12S cytoplasmic RN A of toad bladder epithelium [23, 27]. At 
a molar ratio of 100:1, SC 9420 significantly inhibited this effect [23]. 
Similar experiments, at a molar ratio of SC 9420/aldosterone of 200:1 
are summarized in Table 1. The scct/scco ratios after 180 rain of incuba- 
tion were 50% greater with aldosterone (3.5 • 10-s M) than with aldoste- 
rone (3.5 • 10 s M)+spironolactone (7 • 10 - 6  M) (p < 0.01).  Under these 
conditions, as shown in Fig. 3, spironolactone suppressed the incorpora- 
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Fig. 2. Sucrose gradient analysis of the effects of spironolactone (2.5 x 10- s M) on cytoplas- 
mic RNA. Paired hemibladders were incubated in SC 9420 or the diluent, and labeled 
with 3H-uridine (30 min pulse-  140 min chase). Epithelial cytoplasmic RNA was analyzed 

as described in the legend of Fig. l 
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Fig. 3. Sucrose gradient analysis of the effects of spironolactone (7 x 10-6 N) a~d aldosterone 
(3.5x 10 .8 M) on cytoplasmic RNA. Paired hemibladders were incubated with SC 9420 
or the diluent for 20 min. All hemibladders were then given aldosterone and labeled with 
3H-uridine (30 min pulse-140 min chase). 3H activity of the hemibladders incubated in 
aldosterone ( - I ~  or in aldosterone+SC 9420 t o - )  is indicated by the ordinate on the 

left. Epithelial cytoplasmic RNA was analyzed as described in the legend of Fig. I 
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Fig. 4. Sucrose gradient analysis of the effects of spironolactone (2.5 x 10- 5 M) and aldoste- 
rone (7 x 10-8 N) on cytoplasmic RNA. Paired hemibladders were incubated with SC 9420 
or the diluent for 20 min. All hemibladders were then given aldosterone and labeled with 
3H-uridine (30 min pulse- 140 rain chase). 3H activity of the hemibladders incubated in 
aldosterone (-o-)  or in aldosterone+SC 9420 @�9 is indicated by the ordinate on the 

left. Epithelial cytoplasmic RNA was analyzed as described in the legend of Fig. 1 

t ion  of  3H-ur id ine  into cy top lasmic  R N A ,  par t icu lar ly  in the region 

be tween 4S and  18S. Inh ib i t ion  o f  the small peak  at 28S also was evident.  

To  c on f i r m  the  cor re la t ions  be tween  the  effects of  sp i rono lac tone  on 

the Na  § t r a n spo r t  and  R N A  responses  to a ldos te rone ,  similar experi- 

ments  were comple t ed  at  a h igher  c o n c e n t r a t i o n  o f  the h o r m o n e .  At  

2 . 5 x  1 0 - S M  sp i rono lac tone  and  7 x  1 0 - S M  a ldos te rone  (mola r  r a t i o =  

280:1),  the scct/scco ra t io  was inhib i ted  by 37% (Table  1). This  effect 

was a c c o m p a n i e d  by a m a r k e d  inhib i t ion  o f  labeling o f  cy top lasmic  

R N A  in the 4S to 18S reg ion  (Fig. 4). 

We r e po r t ed  prev ious ly  on  the effects o f  a ldos te rone ,  at a concen t ra -  

t ion  o f  3.5 x 10 -8  M, on  the scc and  on  the i n c o r p o r a t i o n  o f  3H-uridine 
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Fig. 5. Sucrose gradient analysis of the effects of aldosterone (7 x 10 -8 M) on cytoplasmic 
RNA. Paired hemibladders were incubated in atdosterone ( - I~  or the diluent ( o - )  and 
labeled with 3H-uridine (30 rain pulse-140 min chase). Epithelial cytoplasmic RNA was 

analyzed as described in the legend of Fig. 1 

into cytoplasmic R N A  of the toad bladder [23]. To provide a basis 
of comparison for the results obtained with spironolactone (2.5 • I0-5 M) 

and aldosterone (7 x 10 -s  N) (see above), the response to aldosterone 

alone at 7 x 10- a ~, was documented. As shown in Table 1 and in Fig. 5, 
at this concentration aldosterone augmented the scc (+ 123 %, p < 0.01) 

and the labeling of  cytoplasmic RNA throughout  the gradient, especially 

in the 4S to 18S region. 

Quantitative Relationship Between Na + Transport 
and RNA Metabolism 

To assess the quantitative relationships between Na + transport and 
RNA metabolism under the influence of  the agonist and antagonist, 
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Table 2. Summary of the effects of spironolactone and aldosterone on Na § transport 
and 12S cytoplasmic RNA 

SC-9420 Aldosterone scc 12S RNA Source 
(M) (M) fractional change fractional 

change 

3.5 x 10 - 6  0 1.03 1.08 [23] 
0 0 
7 x 10 - 6  0 1.07 1.03 Table 1 
0 0 Fig. 1 
2.5 • 10 s 0 0.72 0.86 Table 1 
0 0 Fig. 2 
0 3.5 x 10 -8 1.19 1.22 [23] 
3.5 x 10 6 3.5x 10-8 
0 3.5 x 10 -8 1.41 1.53 Table 1 
7 xl0 -6 3.5• .8 Fig. 3 
0 7 • 10- 8 1.37 1.46 Table 1 
2.5x10 5 7 x10-8 .Fig. 4 
0 3.5 x 10 -8 1.97 1.75 [23] 
0 0 
0 7 x 10 -8 2.23 1.76 Table 1 
0 0 Fig. 5 

Paired hemibladders were labeled with 3H-uridine for 30 min followed by a 140 min 
chase, and scc's were measured for 180 min (see legends of Table 1, Figs. 1-5). The same 
format was used in the experiments of Rossier et al. [23]. The fractional change in scc was 
calculated as: (sccffscco)d(sccJscco)~, where the subscript "e"  (experimental) denotes spiro- 
nolactone (alone) or aldosterone (alone) and the subscript "e"  (control) either the diluent 
or spironolactone+ aldosterone in combination. The fractional change in labeling of 12S 
cytoplasmic RNA in the sucrose gradients was calculated as: (3H activity of 12S fractions)J 
(3H activity of 12S fractions)c, where "e" and "c"  refer to the additions described above. 
The 12S point was determined by interpolation of a line joining the 4S, 18S and 28S peaks. 
3H activity represents the sum of the three fractions that form the 12S region of the gradient. 

the 12S class o f  cy top lasmic  R N A  was chosen  for measurement .  The 

12S po in t  in the sucrose gradients  was identif ied by reference to the 

4S, 18S and  28S a b s o r b a n c e  peaks at 254 nm. The three f ract ions  that  

f o r m e d  the 12S peak  were poo led  and  the specific activities used to 

c o m p u t e  the f rac t ional  changes  summar i zed  in Table  2. It  is apparen t  

by inspect ion that  the effects o f  the agonis t  and  an tagonis t  on  the s c c ' s  

correlates  with the effects on labeling o f  12S cy top lasmic  R N A  with 

3H-uridine. The quant i ta t ive  assessment  of  the cor re la t ion  between these 

pa ramete r s  is shown in Fig. 6 (data  points  f r o m  Table  2). The dependence  

o f  the f rac t ional  change  in s c c  on the f rac t ional  change  in the specific 

activity o f  12S R N A  fits a least squares  l inear regression with a correla-  

t ion  coefficient  o f  0.95 (p < 0.001). 
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Fig. 6. Relationship between Na ~ transport and 12S cytoplasmic RNA. The fractional 
changes in scc on the ordinate and the fractional changes in specific activity of 12S cytoplas- 
mic RNA on the abscissa were computed as the ratio of the respective values of the 
paired hemibladders, and are listed in Table 2. The points correspond to: aldosterone 
(7 x 10-8 M)/diluent (e); aldosterone (3.5 x 10 8 M)/diluent (e); aldosterone (3.5 • 10-8 M)/ 
aldosterone (3.5 x 10-8 ta)+ SC9420 (7 x 10 6 M) (11); aldosterone (7 x 10-8 M)/aldosterone 
(7 x 10 -8 M)+SC9420 (2.5 x 10 5 M) (A); aldosterone (3.5 x 10 -8 M)/a~dosterone 
(3.5 x 10 8 r~)+SC 9420 (3.5 x 10 6 M) (0); SC 9420 (7 x 10 - 6  M)/diluent (a); SC 9420 

(3,5 X 10 6 M)/diluent (o); SC 9420 (2.5 x 10 -5 M)/diluent (•) 

Effects o f  Spironolactone and Aldosterone 
on Cytoplasmic Poly(A) ( + ) -RNA 

T h e  resul t s  in Fig.  6 m a y  ref lect  a c t i v a t i o n  by  a l d o s t e r o n e  o f  pa ra l l e l  

p a t h w a y s  r e g u l a t i n g  N a  + t r a n s p o r t  a n d  R N A  m e t a b o l i s m  i n d e p e n d e n t l y ,  

o r  sequen t i a l  a c t i v a t i o n  o f  R N A  synthes i s  a n d  N a  + t r a n s p o r t .  I f  the  

la t te r  is t he  case,  a r e a s o n a b l e  c a n d i d a t e  fo r  the  m e d i a t o r  is m R N A .  

This  poss ib i l i ty  was  e x p l o r e d  f u r t h e r  by  s tudies  o n  the  r e l a t i onsh ip s  

b e t w e e n  the  effects  o f  the  m o d u l a t o r s  o n  scc a n d  c y t o p l a s m i c  p o l y ( A ) ( + ) -  

R N A .  
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Table 3. The effects of spironolactone and aldosterone on the incorporation of 3H-uridine 
into the acid soluble pool and RNA fractionated by oligo (dT) cellulose chromatography 

Pairs S C - 9 4 2 0  Aldo- Acid-soluble Cytoplasmic High-salt Low-salt 
of hemi- (M) sterone pool RNA eluates eluates 
bladders (M) (cpm/mg (cpm/mg (cpm/mg (cpm/mg 
(No.) DNA) RNA) RNA) RNA) 

9 7 x 10 -6 0 520 570 465 8150 
0 0 675 740 570 8830 

Fractional change: 0.77 0.77 0.82 0.92 
8 0 3.5 x 10 -s 795 710 745 7820 

7 x 10-6 3.5 x 10 -s 875 535 560 6360 
Fractional change: 0.91 1.33 1.33 1.23 

Paired hemibladders were incubated in SC-9420 or the diluent (upper half), or in aldoste- 
rone with or without spironolactone (lower half). The protocols are described in the legends 
of Table 1 and Figs. 1 and 3. The acid-soluble pools, cytoplasmic RNA extracts and oligo 
(dT)-cellulose chromatography (high-salt and low-salt eluates) were obtained as described in 
the text. The sources of the RNA, i.e., the toad bladder epithelia, were from the correspond- 
ing pairs listed in Table 1 and Figs. 1 and 3. The high salt eluates were obtained with 0.5 g 
KC1-0.01 g Tris HC1 (pH=7.4), and the low-salt eluates (poly(A)(+)-RNA) with 0.01 M 
Tris HC1 (pH=7.4). RNA was measured by absorbance at 260 nm (1-A26o unit=32 gg 
RNA; light path= 10 mm). 

Accord ing ly ,  the cy top lasmic  extracts  ( shown in Figs. 1 and  3) were 

subjected to o l i g o ( d T ) - c h r o m a t o g r a p h y .  In the absence  of  exogenous  

a ldos te rone ,  SC 9420 (7 x 10-6M) depressed  the i n c o r p o r a t i o n  o f  3U- 

ur id ine  into to ta l  cy top lasmic  R N A  by 23%,  but  this effect was the 

same as the decrease  in the 3H con ten t  o f  the TCA-so lub l e  ex t rac t  (acid- 

soluble pool)  (Table  3). As expected,  the specific act ivi ty o f  the 

p o l y ( A ) ( + ) - R N A  (low-salt  eluates) was 12 to 15-fold higher  than  the 

to ta l  cy top lasmic  R N A  or  the R N A  in the high-sal t  eluateso SC 9420 

had  a min imal  effect on  the specific act ivi ty o f  the p o l y ( A ) ( + ) - R N A  

poo l  (Table  3). The  low-sal t  e luates  were also ana lyzed  by sucrose gradient  

cent r i fuga t ion .  The  specific act ivi ty o f  p o l y ( A ) ( + ) - R N A  sediment ing at 

< 9S was unaf fec ted  by sp i rono lac tone ,  but  was lowered  by 20 to 40% 

in the 10S to 28S region (Fig. 7). 

In  the presence  o f  exogenous  a ldos te rone ,  SC 9420 d imin ished  the 

specific act ivi ty o f  to ta l  cy top lasmic  R N A ,  the R N A  in the high-sal t  

eluates and  the p o l y ( A ) ( + ) - R N A  despite a small rise in aH con ten t  

o f  the ac id-soluble  poo l  (Table  3). The  sucrose grad ien t  analysis o f  these 

p o l y ( A ) ( + ) - R N A  f rac t ions  revealed  a p r o m i n e n t  peak  in the 9S to 18S 

region,  cen te red  at 12s, tha t  was comple te ly  erased  by  sp i rono lac tone  

(Fig. 8). These  results are in acco rd  with an a l d o s t e r o n e - d e p e n d e n t  induc- 
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Fig. 7. Sucrose gradient analysis of the effects of SC 9420 (7 x 10 6 M) on Cytoplasmic 
Poly(A)(+)-RNA. Paired hemibladders were incubated in SC 9420 or the diluent and 
labeled with 3H-uridine (30 min pulse-140 min chase) as described in legend of Fig. 1. 
Epithelial cytoplasmic RNA extracts were fractionated by oligo(dT)-cellulose chromato- 
graphy. The poly(A)(+)-RNA pool was analyzed on linear 5 20% sucrose gradients. The 
standard S values were determined from the A254 peaks (4S, 18S, 28S) of total cytoplasmic 
RNA centrifuged in identical gradients (parallel tubes) at the same time. The 3H activity 
of the hemibladders treated with SC 9420 (-e-)  or with the diluent (-�9 is indicated 

by the ordinate 

t ion  of  12S p o l y ( A ) ( + ) - R N A .  In these exper iments ,  a pulse-chase fo rma t  

was used;  specifically a 30 min pulse o f  3H ur id ine  co inc ident  with the first 

30 min of  exposure  to a ldos te rone  fo l lowed by a 150 min chase. Since 

sp i rono lac tone  appa ren t ly  inhibits  the first step in the mine ra locor t i co id  

pa thway ,  the b inding of  a ldos te rone  to the recep to r  [18], the inh ib i to ry  

effect on  p o l y ( A ) ( + ) - R N A  me tabo l i sm  should  have been exer ted  very 

early in the course  o f  ac t ion  o f  ados te rone .  

To  insure that  the inh ib i to ry  effect o f  SC 9420 was im p o sed  dur ing  

the la tent  per iod  (i.e., first 60 min),  pa i red  hemib ladders  were preincu-  

ba ted  for  20 min with ei ther  SC 9420 (7 x 10 6 M) or  the di luent  and  
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Fig. 8. Sucrose gradient analysis of the effects of SC 9420 (7• 10-6 M) and aldosterone 
(3.5 • 10 8 M) on cytoplasmic poly(A)(+)-RNA. The incubation and labeling conditions 
are described in the legend of Fig. 3. The poly(A)(+)-RNA (oligo(dT)- cellulose chromato- 
graphy) was analyzed as described in the legend of Fig. 7. Aldosterone is denoted by 

- � 9  and aldosterone+SC 9420 by - o  

all hemibladders were then challenged with aldosterone (3.5 x 10 -s  M). 
Ten min after the addition of aldosterone (to). 3H-uridine was added 
to all of the media, for 30 min. At the end of this period of incubation 
( t=40 min), the scct/scco ratios were 1.24+0.10 and 1.06+_0.12 (n=9  
pairs, p > 0.13) in the aldosterone, and aldosterone+spironolactone 
groups, respectively. The cytoplasmic RNA extracts of the pooled epithe- 
lia were fractionated by oligo(dT)-cellulose chromatography and the 
poly(A)(+)-RNA pools were then analyzed by sucrose gradient centrifu- 
gation (Fig. 9). As noted previously, aldosterone promoted incorporation 
of 3H uridine into poly(A)(+)-RNA in the 11S 13S region of the gradient 
and SC 9420 eliminated the 12S peak. These results confirm that spirono- 
lactone inhibition of incorporation of 3H uridine into poly(A)(+)-RNA 
(particularly the 12S class) precedes the antagonism of the effect of 
aldosterone on Na + transport. 



190 B.C. Rossier, P.A. Wilce, and I.S. Edelman 

4S 18S 28S 
,0 1 ; ; 20- 

uJ~176 15 ~ ~  

z I0, tm 

"7- 
t~ 

I I 0 t0 20 
FRACTION NUMBER 

Fig. 9. Sucrose gradient analysis of the effects of SC 9420 (7x 10 ̀ 6 M) and aldosterone 
(3.5 • 10 8 M) on cytoplasmic poly(A)(+)-RNA labeled with 3H-uridine for 30 min. The 
experimental conditions were as described in the legend of Fig. 8, except that labeling 
with aH-uridine was limited to a 30 min pulse introduced 10 rain after addition of aldoste- 

rone. Aldosterone is denoted -o -  and aldosterone + SC 9420 by -�9 

D i s c u s s i o n  

In the isolated toad bladder, the spirolactones are competitive inhib- 

itors of  the aldosterone-dependent  increase in scc [22]. In the former 
experiments, the spirolactones did not impair either the scc  response 

to vasopressin or glucose uptake from the medium. In the rat kidney, 
the spirolactones impaired the binding of 3H aldosterone to cytoplasmic 

receptors; the pattern conformed to that of competitive inhibition [9, 11]. 
In the adrenalectomized rat (in vivo) ,  a spirolactone (SC 26304) inhibited 
the binding of 3H aldosterone to renal cytoplasmic and nuclear receptors, 
and the aldosterone-dependent  rise in the urinary K §  § ratio, propor-  
tionately [18]. Additional findings indicated that 3H-SC-26304 occupied 

the same cytoplasmic receptor sites as 3H aldosterone but  the spirolac- 
tone-receptor complex failed to translocate to the nucleus and bind to 
the chromatin acceptor sites [18]. At very high concentrations, however, 
spirolactones may have a direct toxic effect. Thus, at concentrations 
greater than 7 x 10- s M, spirolactone depressed the scc  across the isolated 
toad bladder abrupt ly [5, 22]. For  this reason, the maximum concentra- 
tion of  SC 9420 used in the present study was 2.5 x 10- 5 N. In aldoste- 
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rone-free media, 2.5 x 10- 5 M SC 9420 inhibited the s c c  and incorporation 
of 3H uridine into 12S cytoplasmic RNA, proportionately. The effect 
on the s c c  was maximal after 180 rain of incubation (Tables 1 and 2). 
In view of the relatively brief period of pre-incubation of the hemibladders 
in steroid-free media, i.e., 4 to 5 hr, these results may reflect displacement 
of endogenously bound aldosterone by spironolactone, or mild toxicity. 

Our results confirm the findings of Hutchinson and Porter [14] of 
inhibition by spirolactones of the incorporation of precursors into unfrac- 
tionated cytoplasmic and nuclear RNAs. Moreover, aldosterone-depen- 
dent augmentat ion of incorporation of 3H-uridine into 12S cytoplasmic 
RNA and 9S 18S poly(A)(+)-RNA is markedly impaired by spironolac- 
tone (Tables 2 and 3 and Figs. 4, 8 and 9). These results are also in 
accord with our earlier findings of aldosterone-dependent increases in 
incorporation of aH-uridine into 9S-12S cytoplasmic RNA (spironolac- 
tone-sensitive) and into poly(A)( + ) -RNA [23, 27]. 

The implication of induction of mRNA,  inferred from the effects 
of aldosterone on (nonmethylated) 12S cytoplasmic RNA and 
poly(A)(+)-RNA, in mineralocorticoid action raises two further ques- 
tions: How many distinct mRNA's  are induced? For which proteins 
are these mRNA's  coded? Although satisfactory answers to these ques- 
tions are not yet available, recent studies imply that aldosterone induces 
a number of proteins of varying properties. In the isolated toad bladder, 
aldosterone enhanced the incorporation of amino-acid precursors into 
electrophoretically separated peptides with molecular weights of 12,000 
[2], and of 17,000 to 38,000 [24]. Neither the subcellular distribution 
nor the functions subserved by these proteins have been identified as 
yet. Similar studies, in the adrenalectomized rat, identified induction 
of a cytosol protein (of unknown function) with a molecular weight 
of 31,0001. Augmentat ion of the activities of a variety of enzymes by 
aldosterone has also been described in both toad bladder and rat kidney. 
In the toad bladder, aldosterone increased the activity of a phosphatase 
that acted on a membrane-bound phospho-protein [17]. In both the 
toad bladder and the rat kidney, aldosterone increased the activities 
of several mitochondrial enzymes, including glutamate-oxalacetate trans- 
aminase, isocitrate dehydrogenase (TPN § and citrate synthase [15, 16]. 
Recently, it was found that aldosterone stimulated the incorporation 
of amino acids into renal citrate synthase and that this effect was inhibited 

1 p.y. Law and I.S. Edelman. Effect of aldosterone on incorporation of amino acids 
into renal medullary proteins (in preparation). 
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by actinomycin D and spirolactone (SC-26304) ~. It is probable, therefore, 
that aldosterone induces the synthesis of a variety of proteins with many 
functions. The roles played by these proteins in enhanced transepitheliat 
Na § transport remains to be elucidated. 

In the present study, a remarkable correlation (r=0.95) between the 
augmentation of Na § transport and labeling of 12S cytoplasmic RNA 
was found (Fig. 6). Although this correlation (even if the 12S RNA 
represents mRNA) does not establish a causal relationship, these findings 
certainly are in accord with the inference that induction of mRNA's  
mediate mineralocorticoid action. 

The linear relationship (rather than a saturation function) between 
the fractional change in Na + transport and the fractional change in 
the specific activity of 12S cytoplasmic RNA may indicate that the 
induced proteins are rate-limiting with respect to the transport response; 
implying that under the conditions of these experiments the Na § pump 
operates below the maximal capacity provided, of course, that the Na § 
pump itself is not induced. It is of interest that a linear relationship 
has also been described for the aldosterone-dependent fractional increases 
in s c c  and citrate synthase activity in the toad bladder [15, 16]. That 
the Na + pump operates at less than maximal capacity under maximal 
aldosterone stimulation in the isolated toad bladder is also implied 
by the finding that vasopressin increases the s c c  to a considerable fu r the r  
extent even in the presence of excess steroid [10, 12]. This argument 
assumes that vasopressin and aldosterone act on the same cells in the 

epithelium. 
The implication of induction of m R N A  synthesis in the mechanism 

of action of aldosterone is consonant with steroid-dependent accumula- 
tion of specific mRNA's  in a number of other systems (e.g., responses 
to progestins, estrogens, androgens and glucocorticoids [7]). With respect 
to aldosterone, the present results are also in accord with the sensitivity 
of the mineralocorticoid response to actinomycin D and cordycepin, well- 
characterized inhibitors of RNA synthesis [4, 8]. 
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