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Summary. Recent data describing the effects of aldosterone on the induction of messen- 
ger RNA (=mRNA) and ribosomal RNA (= rRNA) are reviewed. In the urinary bladder 
of the toad, aldosterone induces a few specific polyadenylated mRNAs (= 
poly(A)(+)mRNA) during the latent period, i.e., 30 to 60 rain after hormone addition. 
Later, i.e., 90 to 240 min after aldosterone addition, 18S and 28S cytoplasmic rRNA 
subunits are also induced. The effect on poly(A)(+)mRNA is mineralocorticoid-specific 
and correlates well with the aldosterone-dependent Na § transport. Actinomycin D which 
inhibits both poly(A)(+)mRNA and nonpolyadenylated mRNA (=poly(A)(-)mRNA) 
totally abolishes the response to aldosterone on Na + transport. 3'deoxyadenosine (cordyce- 
pin), which inhibits poly(A)(+)mRNA but not poly(A)(-)mRNA, only inhibits 50 to 
60% of the physiological response. These differential effects suggest that an intact 
poly(A)(-)mRNA pathway is also an important factor in mediating the action of aldoste- 
tone. In contrast, 3'deoxycytidine, which inhibits rRNA but not mRNA, does not impair 
the mineralocorticoid response, at least during the first 3 hr of aldosterone action. 

A ma jo r  act ion o f  a ldos te rone  is to p r o m o t e  N a  § r eabso rp t ion  across  

a var ie ty  o f  epithelia.  This effect  appears  to be media ted  by a cascade  

o f  events as summar ized  in Fig. 1 (see recent  reviews by Fe ldman ,  F u n d e r  

& Ede lman ,  1972, and  Ede lman ,  1975). The mos t  widely accepted  m o d e  

o f  ac t ion  o f  this ho rmone ,  the so-called induction hypothesis, pos tu la tes  

three ma jo r  events:  

1) Pretranscriptional steps: Migra t ion  o f  D-Aldos te rone  f r o m  the 

b lood  capi l lary  into the cy top lasm of  the ta rge t  cell;  b inding o f  the 

s teroid to a s tereospecif ic  cy top lasmic  receptor ,  and  t ransfer  o f  this com-  

plex to c h r o m a t i n  accep tor  sites. 

2) A transcriptional and/or posttranscriptional step." Induc t ion  o f  the 

synthesis o f  different  types of  R N A ,  such as m R N A  or r R N A .  

3) A translational step : Trans la t ion  o f  the induced  m R N A s  into their  

respect ive proteins,  a ldos te rone - induced  prote ins  (AIPs),  which  are in 

tu rn  responsible  for  the increased Na  + t ranspor t .  
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Fig. 1. Models proposed for the mechanism of aldosterone action on Na + transport. Aldos- 
terone (A) diffuses across the basolateral membrane of a target cell and binds to a stereospe- 
cific cytoplasmic receptor (R) to generate an active complex (AR). Induction hypothesis: 
The active complex enters the nucleus where it binds to chromatin sites leading to the 
induction of RNA and in turn protein synthesis (aldosterone-induced protein = AIP), which 
ultimately mediates the physiological effect by modifying the permeability of the apical 
membrane (b) or the basolateral membrane (a) to sodium or by increasing the supply 
of energy to the system at the mitochondrial level (c). The various levels of hormonal 
control are indicated on the right. Noninduction hypothesis. The possibility of a "pre- 
transcriptional" effect by-passing the nucleus is indicated: the complex (AR) could then 
have direct effects on (a), (b) or (c). On the left, the major inhibitors of aldosterone 
action have been listed. TPIA stands for 2-methyl-2[p-(1, 2, 3, 4-tetrahydro-l-naphthyl) 

phenoxy] propionic acid, and inhibitor of lipid synthesis (Lien et al. 1975) 

The induc t ion  o f  specific m R N A s  appears  to be one o f  the key fac tors  

in the ac t ion  o f  a ldos te rone  and  o f  a var ie ty  o f  s teroid h o r m o n e s  (King  

& Mainwar ing ,  1974). Dur ing  the last five years  or  so, cons iderab le  

evidence  has been  adduced  to suppor t  the concep t  tha t  s teroid h o r m o n e s  

increase p ro te in  synthesis,  p r imar i ly  by the regula t ion  o f  m R N A  induc-  

t ion (Rosen  & O 'Mal ley ,  1975; Schimke,  M c K n i g h t  & Shapiro ,  1975), 

and  tha t  they  p r o m o t e  the synthesis  and the accumula t i on  of  r R N A  

(King  & Mainwar ing ,  1974). Wi th in  this f r amework ,  I wish to review 

the da ta  tha t  po in t  to  a role  o f  a ldos te rone  in the induc t ion  of  r n R N A  

and  r R N A  and  try to relate  t hem to the mine ra loco r t i co id  ac t ion  o f  

the h o r m o n e .  
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Action o f  Aldosterone on Incorporation o f  Labeled Precursors 
into Total, Nuclear, and Cytoplasmic RNA 

Indirect evidence for the induction hypothesis came first from the 
use of inhibitors of RNA synthesis, such as Actinomycin D (Edelman, 
Bogoroch & Porter, 1963; Williamson, 1963; Lahav, Dietz & Edelman, 
1973; Lifschitz, Schrier & Edelman, 1973) or 3'deoxyadenosine (cordyce- 
pin) (Chu & Edelman, 1972). Both inhibitors effectively block the re- 
sponse of Na § transport to aldosterone in the toad bladder and the 
rat kidney. However, this type of experiment does not indicate whether 
aldosterone induces the synthesis of specific RNAs de novo or whether 
the synthesis of the macromolecules (especially of short-lived mRNAs 
and/or proteins) is simply necessary (" permissive" effect) to trigger the 
aldosterone response by another pathway. This indeed represents an 
entirely different hypothesis for the action of aldosterone, and is indicated 
in Fig. 1 as the noninduction hypothesis. 

The possibility that aldosterone induces de novo RNA synthesis has 
been studied in a variety of target ceils. A common experimental approach 
has been to measure the incorporation of labeled precursors (mostly 
3H-uridine or 3H-orotic acid) into total RNA or into crude nuclear 
or cytoplasmic RNA fractions. In many studies, aldosterone increased 
the incorporation of precursors into RNA, sometimes enhanced the turn- 
over of RNA, in the urinary bladder of the toad (Porter, Bogoroch 
& Edelman, 1964; Rousseau & Crabb6, 1968; Rousseau & Crabb6, 1972; 
Hutchinson & Porter, 1972, 1975; Rossier, Wilce & Edelman, 1974; 
Wilce, Rossier & Edelman, 1976a) the rat kidney (Fimognari, Porter 
& Edelman, 1967; Forte & Landon, 1968; Mishra & Feltham, 1975), 
the mouse kidney (Suzuki, Ogawa & Inoue, 1976) or the rat intestine 
(Watts & Wheldrake, 1976). 

In the majority of these studies, the magnitude of the aldosterone 
effect on the incorporation of labeled precursors into total, nuclear, 
or cytoplasmic RNA was small and ranged from 10 to 30%, depending 
on the type of precursor and labeling. However, no increase in chemical 
RNA could be observed in the first 20 hr after aldosterone addition 
(Hutchinson & Porter, 1972). 

In three studies, the effect of aldosterone was either inconsistent 
or not significant, even on examining RNA fractionated by sucrose den- 
sity gradients or by polyacrylamide gel electrophoresis (Sharp & Komack, 
1971; Van6ura, Sharp & Malt, 1971; Rousseau & Crabb6, 1972). These 
discrepancies are perhaps not so surprising when it is considered that 
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Fig. 2. General model of RNA transcription in an amphibian nucleus. The transcription 
of the three major classes of RNA (rRNA, tRNA and mRNA) is depicted. On the left, 
three inhibitors of RNA synthesis are indicated: (i) Actinomyein D inhibits the transcription 
of all classes of RNA (ii) Ydeoxyadenosine inhibits transcription of rRNA and tRNA, 
and the posttranscriptional polyadenylation of rnRNA. The production of Poly(A) 
( - ) rnRNA is not inhibited (iii) 3'deoxycytidine selectively inhibits the rRNA pathway. See 

text for explanation 
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aldosterone might induce the synthesis of  only a few classes of  m R N A ,  

which do not overall represent more than 2 to 5% of the total cell 

RNA.  
To detect such modest  effects raises difficult technical and meth- 

odological problems. Fig. 2 is a very simplified model of  R N A  transcrip- 
tion in an eukaryotic cell. On this diagram, the synthesis of  the three 
major R N A  classes in an amphibian cell are represented: r ibosomal  

R N A  (rRNA),  transfer R N A  ( tRNA) and messenger R N A  (mRNA).  
Ribosomal  R N A  is synthesized in the nucleolus as a heavy precursor 
(40S in amphibian), where it is methylated to a high degree and cleaved 
into nuclear 28S and 18S r R N A  subunits. Finally, after a lag period 
of  abou t  90 min, it passes into the cytoplasmic protein synthesis ma- 
chinery. Transfer R N A  is synthesized in the nucleoplasm, methylated, 
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and rapidly transferred into the cytoplasm. Ribosomal RNA and transfer 
RNA constitute up to 95% of the cellular (chemical) RNA. Messenger 
RNA derives apparently from a heavy precursor (presumably the hetero- 
geneous nuclear RNA, i.e., HnRNA) which is rapidly processed by cleav- 
age and minimal but specific methylation at the 5'end of the molecule 
("capping"). The 3'ends of some of the molecules are then polyadeny- 
lated. This posttranscriptional modification of the mRNA molecules al- 
lows the definition of two distinct classes of mRNA: (i)the poly- 
(A) (+)mRNAs  which code for most of the cellular and secretory 
proteins, and (ii) the p o l y ( A ) ( - ) m R N A  (nonpolyadenylated molecules) 
which code for proteins such as histones. Both classes of mRNA together 
represent at most 2 to 4% of the cell RNA. If aldosterone induces 
only a limited number of specific mRNAs, it is easily understood why 
they cannot be detected without using both adequate labeling and purifi- 
cation techniques. 

Action of Aldosterone on Poly (A) ( + ) m R N A  

Recently we reported that aldosterone increased the incorporation 
of 5-3H-uridine into a class of minimally methylated, rapidly labeled 
cytoplasmic RNAs ("putative mRNA")  that sedimented at 9S to 12S 
on nondenaturing sucrose density gradients (Rossier et aI., 1974). This 
effect was apparent during the latent period (first 60 min) before the 
hormone exerted its physiological action and was also observed at 120 
to 180 min when using a pulse chase labeling technique. A 30 min 3H- 
uridine pulse and a chase of a thousand fold excess of unlabeled precursor 
for 90-150 rain favored the detection of a transitory effect of aldosterone. 
In another study (Wilce etal., 1976a), we reported that aldosterone 
increased the incorporation of 3H-uridine and 3H-adenosine (30' pulse 
and 150'chase format) into cytoplasmic po ly (A) (+ )RNA isolated by 
oligo(dT)-cetlulose chromatography. A major effect was observed in a 
class of po ly (A)(+)RNAs that sedimented at 12S on nondenaturing 
sucrose density gradients, and to a lesser extent at 7S and 18S. The 
effect ofaldosterone was most marked during the first 30 min of hormone 
action. A large increase in the incorporation of 3H-uridine into poly- 
( A ) ( + ) R N A  extracted from the epithelial cell of the urinary bladder 
of the toad has also been reported in two preliminary studies, where 
the effect was particularly pronounced in mitochondria-rich cells (Scott 
& Sapirstein, 1974; Brown & Scott, 1976). 
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Table 1. Effects of aldosterone on Na + transport and poly(A)(+)RNA at steady state 

Condition Na + transport [ 3 H ] p o l y ( U )  �9 poly(A) hybrid 
gA/hemibladder 

Nucleus Cytoplasm 
SCC0 SCC12h [3H]cpm/~tg DNA [3H]cpm/gg RNA 

Control 224 +25 234 +17 46 +5.4 203 _+5.9 
Aldosterone 227 +29 396 _+29 57 +5.2 221 -+5.6 

Fractional 1.03-+0.06 1.72+0.08 1.240+_0.100 1.090+_0.014 
change A/C 

Paired t test NS p<0.001 p<0.05 p<0.01 

60 bladders, divided into 24 paired pools of 5 hemibladders each were incubated in (HCO~) 
Ringer solution either in presence of the diluent (control) or in presence of 7- l0 -s M 
aldosterone for 12 hours at 25 ~ Sodium transport was measured by the short-circuit 
current technique as previously described (Rossier et al.01974). At the end of the incubation, 
total nuclear RNA and cytoplasmic RNA were extracted, as indicated previously (Rossier 
et al., 1974). Thirty gg aliquots (in triplicate) of nucleic acid were hybridized with [3H]poly(U) 
(specific activity 63gCi/gMPi) for 30min at 0~ as described by Rosbash and Ford 
(1974). Hybrids were then digested with ribonuclease and [3H]activity in the poly(A)-po- 
ly(U) hybrid was counted. The data are presented as mean_+sEM, n=10. In two pools, 
fractional changes in [3H]poly(U) �9 poly(A) hybrid deviated by more than 5 and 6 standard 
deviations respectively and have not been included in the statistics. 

The early increase in labeling of the p o l y ( A ) ( + ) R N A  induced by 

aldosterone may result in a net accumulation of  these species during 

the action of the hormone. Hybridization of the unlabeled cytoplasmic 

or nuclear RNA to a high specific activity 3H-poly(U) probe is an 

accurate and sensitive method. The basis of the technique (Rosbash 

& Ford, 1974) is to hybridize the poly(A) of mRNA to a tritiated polyuri- 

dine oligonucleotide (3H-poly(U)), a complementary sequence, which 

will form a stable hybrid with poly(A). The poly(A).  Poly(U) hybrid 

is then separated from the free poly(U) and assayed for radioactivity 
by scintillation spectrometry. It provides a method to titrate accurately 

the amount  of poly(A) in any biological extract and thus to quantitate 

the accumulation of a few p o l y ( A ) ( + ) m R N A s  induced by a steroid. 

As shown in Table 1, aldosterone increased Na § transport  by 72% 

(P<0.001) after 12hr, the amount  of  cytoplasmic poly(A) by 9% 

(P < 0.01) and nuclear poly (A) by 24% (P < 0.05). The overall increase 

in cytoplasmic poly(A), al though significant, was very small. However, 
it corresponded to larger increases in po ly (A)mRNA of certain sizes 

when the cytoplasmic RNA was first fractionated on a sucrose density 
gradient and then challenged in each fraction by the ~H-poly(U) probe. 
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Aldosterone increased the amount  of cytoplasmic poly(A) in three dis- 
tinct RNA classes one sedimenting at 9S (+41%),  one at 12S (+  10%) 
and one at 18S (+22%).  

Comparable results but with a slightly different hybridization tech- 
nique have been previously reported (Wilce et al., 1976a). Overall, the 
data presented above are consistent with the inference that aldosterone 
stimulates poly ( A ) ( + ) R N A  synthesis and/or rapidly stabilizes their turn- 
over, leading to the accumulation of certain classes of  mRNA in the 
cell. The number and the types of protein coded by these induced mRNAs 
are not known at the present time. Many recent reports (Benjamin & 
Singer, 1974; Scott & Sapirstein, 1975) indicate that aldosterone enhances 
the incorporation of labeled precursors into various proteins of different 
sizes. The function and the precise subcellular localization of these 
induced proteins have not yet been identified. A notable exception is 
the induction of citrate synthase in rat kidney mitochondria as reported 
by Law and Edelman (upublished report). As citrate synthase appears 
also to be induced in the toad bladder system (Kirsten, Kirsten & Sharp, 
1970), it now becomes possible to explore the link between induced 
rnRNAs and induced proteins, providing that monospecific antibodies 
can be raised against the citrate synthase. This would allow the establish- 
ment of a biological assay for the citrate synthase mRNA activity. 

Role o f  m R N A  in the Response o f  Na + Transport to Aldosterone 

The results discussed imply that the induction of mRNA by aldoste- 
rone mediates its effect on Na + transport. However, no direct experimen- 
tal evidence for such a link is presently available but circumstantial 
evidence summarized below speaks for such a relationship. The effect 
of aldosterone on the incorporation of 3H-uridine into cytoplasmic RNA:  
(i) is observed at a physiological concentration of hormone and during 
the latent period before any significant change in Na § transport;  (ii) 
is not induced by 17e-isoaldosterone (Rossier et al., 1974), a stereoisomer 
which does not bind to the cytoplasmic receptor (Herman, Fimognari 
& Edelman, 1968) ; (iii) is not induced by cortisol (Rossier et al., 1974), 
a glucocorticoid which is effective in the toad; and (iv) is antagonized 
by spironolactone (SC 9420) (Hutchinson & Porter, 1970; Rossier et al., 
1974; Rossier, Wilce & Edelman, 1977a), a competitive inhibitor of 
aldosterone for its effect on Na § transport (Porter, 1968) and its cytoplas- 
mic receptor (Marver et al., 1974). Moreover, by varying the molar ratio 
of agonist to antagonist and observing the change in Na + transport  
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and incorporation of uridine into 12S cytoplasmic RNA, a linear relation- 
ship between these two parameters was observed (Rossier et al., 1977a). 

So far we have only considered the possible role of aldosterone- 
induced p o l y ( A ) ( + ) m R N A .  More recently, we have obtained indirect 
evidence that the p o l y ( A ) ( - ) m R N A  could also be an important  factor 
in mediating the Na + transport  response. This inference is based on 
the differential effect of two well-characterized inhibitors of RNA synthe- 
sis: Actinomycin D and 3'deoxyadenosine (cordycepin) (see Fig. 2). Acti- 
nomycin D (2 gg/ml in the incubation medium) inhibited 70 to 75% 
of the incorporation of 3H-uridine into p o l y ( A ) ( + ) R N A  and totally 
abolished the response of Na § transport to aldosterone. 3'deoxyadeno- 
sine (30 gg/ml) produced an equivalent inhibition of 3H-uridine incorpo- 
ration into p o l y ( A ) ( + ) R N A  but significantly inhibited the sodium re- 
sponse only by 50%. A majol" difference between these inhibitors (see 
Fig. 2) is the fact that Actinomycin D inhibits the synthesis of both 
poly (A) (+ )  and poly (A) ( - )  mRNA while 3"deoxyadenosine leaves that 
of p o l y ( A ) ( - ) m R N A  intact. It is not yet clear whether the effect of  
aldosterone on p o l y ( A ) ( - ) m R N A  is inductive or "permissive" 

Action o f  Aldosterone on rRNA 

Different studies provide indirect evidence that aldosterone also pro- 
motes the synthesis of rRNA. For instance, aldosterone increased RNA 
polymerase I activity (the nucleolar enzyme for rRNA transcription) 
(Liew, Lin & Gornall, 1972) and the RNA polymerase I/II activity ratio 
(Chu & Edelman, 1972) in rat kidney nuclei. In the toad bladder, aldoste- 
rone-stimulated methylation of nuclear rRNA (18S, 28S, and 40S) by 
[methyl-3H]methionine within 30 rain and of 28S cytoplasmic rRNA sub- 
units within 90 min of continuous exposure to the precursor and the 
hormone (Wilce, Rossier & Edelman, 1976b). In addition the incorpora- 
tion of 14C-uridine into cytoplasmic 4S tRNA, 18S and 28S rRNA 
was enhanced after 240 rain of continuous exposure to both precursor 
and hormone. Aldosterone had minimal effects on the 3H and 1~C labeled 
acid-soluble pool. Taken together these results suggest that aldosterone 
augments the synthesis of rRNA. The effect is observed very early at 
the nuclear level but is only detectable after 90 min in the cytoplasm. 

Role o f  rRNA in the Response to Aldosterone 

The appearance of newly synthesized rRNA subunits in the cytoplasm 
at the end of the latent period suggests that a coordinate synthesis of 
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m R N A  and r R N A  may be of importance in the onset of the Na  § response. 

To assess this possibility, we took advantage of 31deoxycytidine, an 

inhibitor of the synthesis of r R N A  that had minimal effects on that of  
m R N A  (Rossier etal . ,  1977b). We observed that 3'deoxycytidine did not 

inhibit the response of  Na § transport  to aldosterone for at least 3 hr. 

The initial mineralocorticoid response is thus not dependent  on an intact 

r R N A  pathway. However,  the action of aldosterone on r R N A  metabolism 

could play a role in sustaining the response for longer periods, but  this 

hypothesis has not  yet been explored. 

Conclusion 

We have briefly reviewed the evidence for the induction of  the syn- 

thesis of  R N A s  by aldosterone and their possible role in the mineralocor- 

ticoid action of  the hormone. We have deliberately left aside the possibil- 

ity that aldosterone might also have effects on Na § transport  which 
are not mediated by the genetic pathway, for instance on lipid metabolism 

(Goodman,  Allen & Rasmussen, 1971; Goodman,  Wong & Rasmussen, 

1975; Lien, Goodman  & Rasmussen, 1975), as these have recently been 

reviewed (Rasmussen, Goodman  & Max, 1977). However,  as the effect 

of  aldosterone on lipid synthesis is also inhibited by R N A  synthesis 

inhibitors such as 3 'deoxyadenosine (Lien, Goodman  & Rasmussen, 
1976), a direct effect has not yet been clearly demonstrated. Moreover,  

one should not overlook the complexity of  the action of  aldosterone 

which apparently can increase, to a g{eat extent independently, the trans- 

port  of  three different ions: Na +, K + and H § The cell type and the 

biochemical pathways which are involved in these various actions are 
thus far from being clearly delineated and understood. 

Supported in part by grants 3.2630.74 and 3.731.076-Fonds National 
Suisse de la Recherche Scientifique. 
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