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ABSTRACT: Prev ious  s t u d i e s  have shown t h a t  a t r i a l  n a t r i u r e t i c  
p e p t i d e  (ANP) i n h i b i t s  t h e  s e c r e t i o n  of  a l d o s t e r o n e  by i s o l a t e d  
a d r e n a l  glomerulosa c e l l s  s t i m u l a t e d  by a n g i o t e n s i n  11 ,  ACTH and 
potassium i n  v i t r o  and by a n g i o t e n s i n  I1 i n  consc ious  u n r e s t r a i n e d  
r a t s .  I n  t h i s  s tudy  we i n v e s t i g a t e d  f u r t h e r  t h e  e f f e c t s  o f  
s y n t h e t i c  ANP on t h e  dose-response curve of  a l d o s t e r o n e  s e c r e t i o n  
s t i m u l a t e d  by ACTH i n  v i t r o .  ANP d i s p l a c e d  t h e  dose-response curve 
of  a l d o s t e r o n e  t o  ACTH t o  t h e  r i g h t  wi th  a  s i g n i f i c a n t  change i n  
EC,,. A s i m i l a r  e f f e c t  of  ANP was reproduced i n  v i v o  i n  consc ious  
u n r e s t r a i n e d  r a t s .  There was no s i g n i f i c a n t  e f f e c t  o f  ANP on t h e  
c o r t i c o s t e r o n e  response  t o  ACTH i n  vivo.  ANP is a  p o t e n t  r e g u l a t o r  
o f  a l d o s t e r o n e  s e c r e t i o n  which may modulate t h e  e f f e c t s  o f  ACTH on 
t h e  a d r e n a l  i n  vitr-0 and i n  vivo.  @ 1986 Society for Experimental Biology 

and Medicine 

The major f a c t o r s  which r e g u l a t e  
a l d o s t e r o n e  s e c r e t i o n  a r e  ang io ten-  
s i n  11 ,  ACTH and potassium ( 1 ,  2 ) .  We 
have r e p o r t e d  t h a t  s y n t h e t i c  a t r i a l  
n a t r i u r e t i c  p e p t i d e  (ANP) b locks  t h e  
response  of r a t  a d r e n a l  glomerulosa 
c e l l s  t o  a n g i o t e n s i n  11, ACTH and 
potassium ( 3 ,  4 ) .  A t a r a s h i  e t  a l .  ( 5 )  
s imul taneous ly  r e p o r t e d  s i m i l a r  e f f e c t s  
on a l d o s t e r o n e  p roduc t ion  wi th  an 
a t r i a l  e x t r a c t .  We a l s o  demonstrated 
t h a t  ANP i n h i b i t e d  t h e  s t i m u l a t i o n  o f  
a l d o s t e r o n e  s e c r e t i o n  by a n g i o t e n s i n  I1 
i n  v i v o  i n  c o n s c i o u s  r a t s  ( 4 ) .  
Furthermore,  t h e  p resence  o f  s p e c i f i c  
r e c e p t o r s  f o r  ANP i n  t h e  a d r e n a l  
c a p s u l e  o f  t h e  r a t  h a s  b e e n  
demonstrated ( 6 ) .  

We have now examined i n  g r e a t e r  
d e t a i l  t h e  e f f e c t  o f  ANP on t h e  
dose-response curve of a l d o s t e r o n e  
s e c r e t i o n  s t i m u l a t e d  by ACTH i n  v i t r o  
u s i n g  i s o l a t e d  r a t  a d r e n a l  glomerulosa 
c e l l s .  We have a l s o  i n v e s t i g a t e d  t h e  
e f f e c t  of ANP on a d r e n a l  s e c r e t i o n  
s t i m u l a t e d  by ACTH i n  v i v o  i n  consc ious  
u n r e s t r a i n e d  r a t s .  

accord ing  t o  a  m o d i f i c a t i o n  o f  a  
t echn ique  p r e v i o u s l y  d e s c r i b e d  ( 7 ) .  
Sprague-Dawley r a t s  weighing 250 g  were 
k i l l e d  by d e c a p i t a t i o n  and t h e  a d r e n a l  
g l a n d s  were immediately removed and 
d i s s e c t e d  f r e e  o f  f a t .  The c a p s u l e s  
were  s e p a r a t e d  from f a s c i c u l a t a -  
r e t i c u l a r i s  by manual compression. The 
c a p s u l e s  were minced and incuba ted  f o r  
40 min a t  37OC i n  F12 n u t r i e n t  medium 
(Gibco)  c o n t a i n i n g  deoxyr ibonuc lease  
( D N A ~ S ~  I from bovlne pancreas ,  Sigma) 
( 3  g m ,  c o l l a g e n a s e  ( S i g m a )  
(1.7 mg/ml) and 2% BSA ( M i l e s ) .  The 
c e l l s  were d i s p e r s e d  mechan ica l ly ,  
f i l t e r e d  through a 100 pm Nitex nylon 
f i l t e r  (Te tko)  and c e n t r i f u g e d  a t  
200 x  g  f o r  2 min. The c e l l s  were 
resuspended i n  t h e  same medium and 
pre incuba ted  f o r  2 hr a t  3 7 ' ~  i n  a  
Dubnoff  m e t a b o l i c  s h a k e r  i n  a n  
atmosphere of  95% 0, and 5% CO,. A f t e r  
c e n t r i f u g a t i o n  they  were resuspended i n  
t h e  F12 n u t r i e n t  medium and incuba ted  
i n  t h e  p resence  o f  t h e  a g e n t s  t o  be 
t e s t e d  f o r  90 min. A t  t h e  end o f  t h e  
i n c u b a t i o n ,  t h e  c e l l  suspens ion  was 
c e n t r i f u g e d  and  t h e  s u p e r n a t a n t  

MATERIALS AND METHODS. In vitro decan ted  i n t o  g l a s s  t u b e s  and f r o z e n  a t  
experiments. I s o l a t e d  r a t  a d r e n a l  - 2 0 ' ~  u n t i l  assayed f o r  a l d o s t e r o n e  by 
g l o m e r u l o s a  c e l l s  were  p r e p a r e d  radioimmunoassay. 

0037-9727186 $1.50 
Copyright O 1986 by the Society for Experimental Biology and Medicine. 
All rights reserved. 



RAPID COMMUNICATIONS 133 

In vivo experiments. M a l e  
S p r a g u e - D a w l e y  r a t s  w e i g h i n g  
approx imate ly  250 g were kep t  i n  
i n d i v i d u a l  cages  and exposed t o  l i g h t  
from 0600 t o  1800 h r  a t  a  t empera tu re  
o f  2 2 ' ~  and r e l a t i v e  humidi ty  o f  60%. 
They were  f e d  n o r m a l  r a t  chow 
c o n t a i n i n g  152  mmol/kg o f  sod ium 
( P u r i n a ) ,  and had a c c e s s  t o  water  ad 
l i b i t u m .  U n d e r  p e n t o b a r b i t a l  
a n e s t h e s i a  (Nembutal, Abbott )  (60 mg/kg 
i p ) ,  a  PE-20 po lye thy lene  c a t h e t e r  
f i l l e d  w i t h  5% d e x t r o s e  i n  water  
c o n t a i n i n g  100 U / m l  o f  h e p a r i n  (Sodium 
Heparin,  Abbott)  was p laced  i n  t h e  
j u g u l a r  v e i n ,  passed under t h e  s k i n ,  
and brought  o u t  a t  t h e  s c r u f f  o f  t h e  
neck. A f t e r  48 h r ,  t h e  consc ious  r a t s  
were s t u d i e d  between 0900 and 1200 h r .  
S p e c i a l  c a r e  was t a k e n  t o  avo id  s t r e s s  
i n  hand l ing  t h e  animals .  R a t s  weighing 
l e s s  than  b e f o r e  s u r g e r y  were n o t  used. 
ACTH and/or  ANP were d i s s o l v e d  i n  5% 
d e x t r o s e  i n  water .  ANP was i n f u s e d  i n  
a  t o t a l  volume o f  0 .3  m l  over  30 min a t  
a  r a t e  o f  50 ng per  min wi th  a  Harvard 
pump model 600-950. A t  15 min b e f o r e  
t h e  end o f  t h e  i n f u s i o n  p e r i o d ,  a  b o l u s  
i n j e c t i o n  o f  ACTH was g iven  i n  a  volume 
o f  0.2 m l .  A t  t h e  end o f  t h e  i n f u s i o n  
p e r i o d ,  t h e  r a t s  were d e c a p i t a t e d  and 
blood was c o l l e c t e d  from t h e  t runk  
d u r i n g  t h e  f i r s t  5  s e c  i n  c h i l l e d  t u b e s  
c o n t a i n i n g  EDTA f o r  d e t e r m i n a t i o n  of  
plasma r e n i n  a c t i v i t y .  The r e s t  o f  t h e  
blood was c o l l e c t e d  on h e p a r i n  f o r  
d e t e r m i n a t i o n  o f  a l d o s t e r o n e  a n d  
c o r t i c o s t e r o n e  c o n c e n t r a t i o n .  Blood 
was immediately c e n t r i f u g e d  a t  4 ' ~  and 
plasma was s e p a r a t e d  and s t o r e d  a t  
- 2 0 ' ~  u n t i l  assayed.  

Biochemical methods. Plasma r e n i n  
a c t i v i t y  was measured  by R I A  o f  
a n g i o t e n s i n  I genera ted  d u r i n g  a  2-hr 
i n c u b a t i o n  a t  3 7 ' ~  and pH 6.5 ( 8 ) .  
Plasma a l d o s t e r o n e  c o n c e n t r a t i o n  was 
measured by R I A  a f t e r  e x t r a c t i o n  and 
p a p e r  c h r o m a t o g r a p h y  ( 9 )  w i t h  a n  
an t ibody  k i n d l y  provided by Prof .  P. 
Vecse i  ( U n i v e r s i t y  o f  He ide lberg)  a s  
d e s c r i b e d  ( 7 ) .  Plasma c o r t i c o s t e r o n e  
c o n c e n t r a t i o n  was measured by R I A  a f t e r  
e x t r a c t i o n  ( 9 ) .  F o r  i n  v i t r o  
exper iments ,  a l d o s t e r o n e  was measured 
wi thou t  e x t r a c t i o n  o r  chromatography. 

ANP was s y n t h e t i c  ANP 101 -126 
p r e v i o u s l y  c a l l e d  ANF 8-33 o r  48-73 ( 3 ,  
4 ) .  I t  was k i n d l y  provided by D r .  R.F. 
Nut t  o f  Merck, Sharp and Dohme Research 

L a b o r a t o r i e s  (West P o i n t ,  Penn.).  ACTH 
was Cor t rosyn  (Organon). 

Analysis of data. F i t t i n g  and  
a n a l y s i s  o f  dose-response c u r v e s  was 
performed w i t h  t h e  computer program 
ALLFIT based on t h e  four-parameter  
l o g i s t i c  e q u a t i o n  ( 1 0 ) .  Curves were 
compared by performing a  p a r t i a l  F t e s t  
on t h e  r e s i d u a l  sum o f  s q u a r e s  a f t e r  
f i t t i n g  t h e  d a t a  wi th  o r  wi thou t  
c o n s t r a i n i n g  a  parameter  ( IC, , )  t o  be  
s h a r e d  o r  e q u a l .  A s i g n i f i c a n t  
improvement i n  t h e  goodness of f i t  
( s t a t i s t i c a l l y  s i g n i f i c a n t  r e d u c t i o n  i n  
t h e  r e s i d u a l  sum o f  s q u a r e s )  when t h e  
parameter  was n o t  shared  i n d i c a t e d  t h a t  
t h i s  parameter  was d i f f e r e n t  f o r  each 
curve .  The d e v i a t i o n s  o f  mean v a l u e s  
on t h e  f i t t e d  c u r v e s  ( r e s i d u a l s )  were 
weighted accord ing  t o  t h e  r e c i p r o c a l  of 
t h e  v a r i a n c e  o f  t h e  va lues  ob ta ined  i n  
i n d i v i d u a l  experiments .  The number of  
d e g r e e s  o f  freedom f o r  each  f i t  was 
o b t a i n e d  by s u b t r a c t i n g  t h e  number o f  
pa ramete rs  f i t t e d  from t h e  number o f  
d a t a  p o i n t s .  The n u l l  h y p o t h e s i s  was 
r e j e c t e d  when p < 0.05. 

RESULTS. In vitro experiments. The 
e f f e c t s  o f  d i f f e r e n t  ANP c o n c e n t r a t i o n s  
on a l d o s t e r o n e  o u t p u t  by i s o l a t e d  
glomerulosa c e l l s  s t i m u l a t e d  by ACTH 
a r e  shown i n  f i g u r e  1.  ACTH a t  
c o n c e n t r a t i o n s  above 30 pM produced a  
s i g n i f i c a n t  i n c r e a s e  i n  a l d o s t e r o n e  
s e c r e t i o n ,  wi th  an EC,, o f  0.3 nM, and 
a  p l a t e a u  was achieved a t  3  nM ACTH. 
I n  t h e  p resence  - o f  30 pM ANP,  t h e  
dose-response curve  of  a l d o s t e r o n e  
o u t p u t  t o  ACTH was s h i f t e d  t o  t h e  
r i g h t ,  w i t h  a n  EC,, o f  0 .9  nM 
( p  < 0.001 v s  no A N P ) .  A t  300 pM ANP, 
t h e  EC,, o f  a l d o s t e r o n e  dose-response 
curve  t o  ACTH was 1 . 1  nM ( p  < 0.001 1. 
A t  3  nM ANP t h e  d i sp lacement  t o  t h e  
r i g h t  was more pronounced and t h e  EC,, 
f o r  t h e  a l d o s t e r o n e  dose-response curve  
t o  ACTH was 1.8 nM ( p  < 0.001). A t  
t h i s  c o n c e n t r a t i o n  o f  ANP, 100 nM ACTH 
c o u n t e r a c t e d  t h e  i n h i b i t o r y  e f f e c t  of 
ANP o n l y  p a r t i a l l y  and e l i c i t e d  a  
reduced maximal response  compared t o  
t h a t  i n  t h e  absence  o f  ANP. 

In vivo experiments. I n t r a v e n o u s  
b o l u s  i n j e c t i o n s  o f  ACTH i n t o  c o n s c i o u s  
u n r e s t r a i n e d  r a t s  a t  a  dose o f  1 ,  3,  10 
and 100 ng (F ig .  2 )  produced t h e  
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Figure 1: Dose-response of aldosterone secret ion by i so la t ed  r a t  
glomerulosa c e l l s  t o  ACTH i n  the  presence of ANP. A. The r e s u l t s  
a r e  expressed a s  nanograms aldosterone per lo6  c e l l s .  The EC,, of 
t h e  aldosterone response t o  ACTH was 0.3 nM in  the  absence of ANP 
(open c i r c l e s ) ,  0.9 nM in  the  presence of 30 pM ANP (closed 
c i r c l e s )  ( p  < 0.001 1, 1.1 nM in  the presence of 300 pM A N P  
( t r i a n g l e s )  ( p  < 0.001 ) and 1.8 nM in  the presence of 3 nM ANP 
(c losed t r i a n g l e s )  ( p  < 0.001 1. B. Same data a s  A represented a s  
t h e  percent of maximal response a f t e r  subtract ion of basal  
aldosterone secret ion.  ' R e s u l t s  a r e  t h e  means of d u p l i c a t e s  i n  a  

r e p r e s e n t a t i v e  experiment .  S i m i l a r  r e s u l t s  were ob ta ined  i n  two 

add it i o n a l  exper iments .  

Figure 2: Plasma aldosterone i n  response t o  ANP (50 ng per min) a t  
d i f f e r e n t  concentrations of ACTH in  conscious unrestrained r a t s .  
The curves were f i t t e d  by constra ining the  EC,, t o  be equal fo r  the 
two curves,  i n  absence and in  presence of ANP.  This f i t  provided a 
s i g n i f i c a n t l y  higher r e s idua l  sum squares than i f  t he  EC,, was 
allowed t o  i t e r a t e  f r ee ly ,  indicat ing that  the EC,, of the 
dose-response curve of plasma aldosterone t o  ACTH without ANP was 
s i g n i f i c a n t l y  d i f f e r e n t  from tha t  in  the presence of ANP (F = 22.9, 
p < 0.003). The number of an imals  f o r  each  p o i n t  i s  g i v e n  i n  
b r a c k e t s  i n  Table  I. 

expec ted  r i s e  i n  plasma a l d o s t e r o n e  of  plasma a l d o s t e r o n e  t o  ACTH t o  t h e  
c o n c e n t r a t i o n  a f t e r  15 min. The plasma r i g h t .  A p a r t i a l  F t e s t  on t h e  
a l d o s t e r o n e  response  achieved a p l a t e a u  r e s i d u a l  sum o f  s q u a r e s  a f t e r  a 
a t  10 ng ACTH. The c o n c u r r e n t  i v  weighted f i t t i n g  o f  t h e  d a t a  ( s e e  
i n f u s i o n  of  ANP, a t  a dose of 50 ng per  a n a l y s i s  o f  d a t a )  from t h e  dose- 
min, d i s p l a c e d  t h e  dose-response curve response  curves  t o  ACTH i n  t h e  p resence  
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Table I 

Effect of ACTH and synthetic atrial natriuretic peptide (ANP) 
infused iv on plasma aldosterone. plasma corticosterone 

and plasma renin activity of conscious rats 

Group 
Plasma Plasma 

corticosterone renin activity 
(ug/dl) (ng AI/ml/hr ) 

Not infused  
5% dex t ro se  i n  water 
ANP 
ACTH ( 1  ng) 
ACTH (1 ng) + ANP 
ACTH ( 3  ng) 
ACTH ( 3  ng) + ANP 
ACTH (10  ng) 
ACTH (10 ng) + ANP 
ACTH (100 ng) 
ACTH ( 1  00 ng) + ANP 

* p < 0.05 v s  5% dex t ro se  ( c o n t r o l )  (one-way a n a l y s i s  of  var iance  
followed by a  Newman-Keuls t e s t ) .  ANP was infused  a t  50 ng per  
min. 

and i n  t h e  absence of ANP showed t h a t  
t h e  ED,, o f  b o t h  c u r v e s  were  
s i g n i f i c a n t l y  d i f f e r e n t  ( F  = 22.9 ,  
( p  < 0.003) .  I t  should be  noted t h a t  
a t  100 ng, ACTH c o u n t e r a c t e d  t h e  e f f e c t  
o f  ANP and t h e  maximum response  was 
n e a r l y  t h e  same w i t h  o r  wi thou t  ANP. 

ANP had l i t t l e  o r  no e f f e c t  on 
p l a s m a  r e n i n  a c t i v i t y  a n d  
c o r t i c o s t e r o n e  c o n c e n t r a t i o n  (Tab le  I ) .  

DISCUSSION. The main consequence o f  
t h e  a c t i o n  o f  ANP on t h e  e f f e c t  o f  ACTH 
on a l d o s t e r o n e  o u t p u t  is a  displacement  
t o  t h e  r i g h t  o f  t h e  EC,, o f  ACTH i n  
v i t r o  and t h e  ED,, o f  ACTH i n  vivo.  
T h i s  s u g g e s t s  t h a t  t h e  i n  v i t r o  and i n  
v i v o  e f f e c t s  a r e  mediated by s i m i l a r  
mechanisms. On t h e  o t h e r  hand, t h e  
d i sp lacement  o f  t h e  EC,, o f  ACTH t o  t h e  
r i g h t  s u g g e s t s  a  c o m p e t i t i v e  
antagonism. We have however r e c e n t l y  
demonstrated t h e  e x i s t e n c e  o f  s p e c i f i c  
r e c e p t o r s  f o r  ANP i n  t h e  a d r e n a l  ( 6 ) .  
ACTH does n o t  d i s p l a c e  ANP from t h e s e  
b i n d i n g  s i t e s .  Furthermore,  ANP a l s o  
b l o c k s  t h e  e f f e c t s  of a n g i o t e n s i n  I1 
and potassium on a l d o s t e r o n e  s e c r e t i o n  
3 -  1 1  We have r e c e n t l y  found t h a t  
i n  c o n t r a s t  t o  what we r e p o r t  f o r  ACTH, 
ANP d o e s  n o t  c h a n g e  t h e  EC,, o f  
a n g i o t e n s i n  I1 o r  p o t a s s i u m  on 
a l d o s t e r o n e  o u t p u t ,  bu t  r a t h e r  reduces  
m a x i m a l  r e s p o n s e  ( u n p u b l i s h e d  
o b s e r v a t i o n s ) .  T h i s  s u g g e s t s  t h a t  ANP, 

a c t i n g  on s p e c i f i c  r e c e p t o r s ,  produces 
s i m u l t a n e o u s l y  a n  a p p a r e n t l y  
c o m p e t i t i v e  antagonism of  t h e  a c t i o n  of 
ACTH and non c o m p e t i t i v e  antagonism o f  
t h e  a c t i o n  of  a n g i o t e n s i n  I1 and 
p o t a s s i u m .  S i m i l a r  e f f e c t s  were  
r e p o r t e d  by Fakunding and C a t t  (1 2 )  
w i t h  verapamil  and have been found by 
u s  w i t h  n i f e d i p i n e  ( u n p u b l i s h e d  
o b s e r v a t i o n s ) .  I t  h a s  been s p e c u l a t e d  
t h a t  t h e s e  calcium channel  b l o c k e r s  
i n t e r f e r e  wi th  t h e  a v a i l a b i l i t y  o f  
i n t r a c e l l u l a r  calcium which a c t s  a s  a  
second messenger f o r  a n g i o t e n s i n  I1 and 
potassium ( 7 ,  12 ,  1 3 )  and which may be 
r e q u i r e d  f o r  i n t e r a c t i o n  o f  t h e  
ACTH-receptor complex wi th  a d e n y l a t e  
c y c l a s e  ( 1  4 ) .  Thus, ANP may a c t  i n  a  
way s i m i l a r  t o  ca lc ium channel  b l o c k e r s  
and  i n t e r f e r e  w i t h  t h e  c a l c i u m  
requ i rement  f o r  t h e  coupl ing  o f  t h e  
ACTH-receptor  complex and t h e  
r e g u l a t o r y  s u b u n i t  o f  a d e n y l a t e  
c y c l a s e .  T h i s  would e x p l a i n  t h e  
a p p a r e n t l y  c o m p e t i t i v e  t y p e  o f  
antagonism found even though ANP b i n d s  
t o  s p e c i f i c  r e c e p t o r s  d i f f e r e n t  from 
ACTH r e c e p t o r s  ( 6 ) .  

I n  t h i s  s t u d y  ANP i n f u s i o n  d i d  n o t  
de te rmine  changes i n  plasma r e n i n  
a c t i v i t y  i n  consc ious  u n r e s t r a i n e d  
r a t s .  T h i s  resembles  what we have found 
i n  a  p r e v i o u s  s t u d y  ( 4 ) .  I t  is  
i n t e r e s t i n g  i n  t h i s  r e s p e c t  t h a t  o t h e r  
i n v e s t i g a t o r s  have r e p o r t e d  a  d e c r e a s e  
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i n  r e n i n  s e c r e t i o n  i n  a n e s t h e t i z e d  dogs 
( 1 5 ) .  Whether t h i s  is t h e  r e s u l t  of 
d i f f e r e n c e s  i n  p r o t o c o l  o r  s p e c i e s  is 
u n c l e a r  a t  p r e s e n t .  C o r t i c o s t e r o n e  
c o n c e n t r a t i o n  i n  p lasma and t h e  
response t o  ACTH was not  a f f e c t e d  
e i t h e r .  T h i s  a g r e e s  wi th  t h e  p r i o r  
observa t ion  t h a t  i n  r a t  f a s c i c u l a t a  we 
do not  d e t e c t  high a f f i n i t y  r e c e p t o r s  
f o r  ANP ( 6 ) .  

These r e s u l t s  sugges t  t h a t  ANP may 
r e g u l a t e  a l d o s t e r o n e  s e c r e t i o n  
s t i m u l a t e d  by ACTH i n  v i t r o  and i n  v ivo  
and sugges t  a  p o s s i b l e  mechanism of  
a c t i o n  of ANP. 
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