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Summary: In th is  s tudy  we have  invest igated var ious  componen t s  of the  s t imulus - sec re t ion  
coupl ing  p rocess  leading to a ldos terone  secre t ion  f rom the  cal f  adrena l  g lomeru losa  cells  as  
evoked by  ang io tens in  II (All) and  p o t a s s i u m  (K÷). The roles of Ca 2+, ca lmodul in  and  prote in  
k inase  C in t he  s u s t a i n e d  phase  r a the r  t h a n  ini t iat ion of a ldos terone  secre t ion  were of  special  
interest .  Our  inves t iga t ions  revealed tha t  the  reduc t ion  of extracel lu lar  Ca 2+ by EGTA or 
i n t e r rup t ion  of Ca 2+ influx by n i t rendip ine  a t  va r ious  t ime po in t s  af ter  s t imula t ion  wi th  e i ther  
AII or  K + m a r k e d l y  c o m p r o m i s e d  a ldos te rone  secret ion.  Ca lmodu l in  inhib i tors ,  
ca lmidazo l ium and  W-7 reduced  a ldos terone  secret ion profoundly.  Agonis ts  of pro te in  k inase  
C, phorbol  es te r  or  diacylglycerol  ana logues  failed to s t imula te  a ldos terone  secre t ion  while  t he  
p ro te in  k inase  C inhibi tor ,  H-7, only part ial ly inhibi ted a ldos te rone  secre t ion  at a 
c o n c e n t r a t i o n  which  comple te ly  inhibi ted  prote in  k inase  C activity. Ca lmodu l in  inh ib i to rs  
p r o d u c e d  s ignif icant ly  g rea te r  inhibi t ion of a ldos te rone  secre t ion  t h a n  inh ib i to rs  of pro te in  
k inase  C. © 1992 Academic Press, Inc. 

Trans i en t  e levat ions  in in t race l lu la r  ca lc ium (Ca 2+) are  bel ieved to p lay  a role in bo th  

po t a s s ium-  and  ang io tens in -media ted  a ldos terone  secre t ion  {1,2}. Some of the  concomi tan t  

events  assoc ia ted  with  a ldos terone  secret ion evoked by ang io tens in  and  p o t a s s i u m  are  shared ,  

bu t  o thers  a re  disparate .  Both induce  a rise in cytosolic free Ca 2+ concen t ra t ion  in adrena l  

g lomeru losa  cells  bu t  by different mechan i sms .  Angiotens in  (3-6) b u t  not  p o t a s s i u m  {7} h a s  

been  s h o w n  to cause  hydrolysis  of phosphoinos i t ides  in adrena l  cells l iberat ing at leas t  two 

pu ta t ive  in t race l lu la r  med ia to r s  -- inosi tol  1 ,4 ,5- t r i sphospha te  (IP 3) and  diacylglycerol.  

Adrena l  g lomeru losa  cells con ta in  receptors  for IP a {8) and  IP 3 h a s  b e e n  demons t r a t ed  to 

re lease  Ca 2÷ f rom in t race l lu la r  s tores  {9) and  diacylglycerol is known  to s t imula te  pro te in  

k inase  C {PKC) activity. R a s m u s s e n  and  co-workers  {10} have pos tu la ted  tha t  angiotens in-  

med ia t ed  a ldos te rone  secre t ion  involves an  init ial  p h a s e  re la ted  to a rap id  rise in in t race l lu la r  

Ca 2+ followed by a s u b s e q u e n t  sus t a ined  phase  media ted  by the  in terac t ion  of diacylglycerol 

wi th  PKC. The  r ise  in  in t race l lu lar  Ca 2+ in adrena l  g lomeru losa  cells  induced  by  ang io tens in  

occurs  as  a resu l t  of mobi l iza t ion of in t racel lu lar  Ca 2÷ (10} as  well as  recep tor -media ted  Ca 2+ 

influx th rough  p l a s m a  m e m b r a n e  Ca 2+ channe l s  (1 1}. Potass ium,  on  the  o ther  hand,  causes  

* To w h o m  cor respondence  should  be  addressed.  
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depolarization of the adrenal cell and influx of Ca 2÷ again through Ca 2+ channels  (1,2). 

Angiotensin but  not potassium has been reported to cause redistribution of PKC in the adrenal 

glomerulosa cells (12), a process associated with PKC activation. Both angiotensin and 

potass ium may require calmodulin as well as PKC; yet the relative importance of calmodulin 

and PKC may be different for the two secretagogues since diacylglycerol, the putative activator 

of PKC, is generated by hydrolysis of phosphoinositides in response to stimulation by 

angiotensin but  not by potassium. The relative importance of Ca 2+ for the sustained phase of 

aldosterone secretion evoked by angiotensin and potassium has not been systematically 

evaluated. 

In this s tudy we have investigated the role of extracellular Ca 2÷ and Ca 2+ influx during the 

sustained phase of aldosterone secretion by manipulating extracellular Ca 2÷ or Ca 2÷ influx at 

various t ime points of incubation of adrenal g10merulosa cells after initiation of st imulation 

with either angiotensin or potassium. Additionally, we have examined the effects of agonists 

of PKC, phorb01 ester and diacylglycerol analogues as well as inhibitors of calmodulin and 

PKC on aldosterone secretion. The results of these studies implicate Ca2+-calmodulin system as 

the critical mediator  of the sustained phase of aldosterone secretion. 

Mater ia l s  a n d  M e t h o d s  

Tritiated (1,2,6,7-3H)-aldosterone was obtained from Amersham Co., Arlington Heights, 
IL. Collagenase was obtained from Cooper Chemicals, Malvern, PA. 1-oleoyl-2-acetylglycerol 
(OAG) was purchased from Molecular Probes, Eugene, OR and 1,2-dioctanoylglycerol (DOG) was 
purchased from Life Science Resources, Milwaukee, WI. The protein kinase inhibitor, 1-(5- 
isoquimoline sulfonyl}-2-methylpiperazine (H-7 in the water-soluble dihydrochloride form) 
was purchased from Seikagaku America Inc., St. Petersburg, FL. All other chemicals including 
the calmodul in  inhibitors, calmidazolium and N-(6-aminohexyl-5)-chloro-l-napthalene 
sulfonamide (W-7) were obtained from Sigma Chemicals Co., St. Louis, MO. 

Calf adrenals were obtained from a local abattoir. Adrenal glomerulosa cells were 
prepared by dispersing thin (0.5 mm) slices of the outer adrenal cortex with collagenase (3.0- 
3.5 mg/ml) and DNAse (50 Ilg/ml) as described earlier (13). At the end of the dispersion the cells 
were filtered through nylon mesh and washed twice. The viability of the cells was determined 
by trypan blue exclusion and the cells counted on a hemocytometer. Cell viability was 
routinely 90-95%. All incubations were carried out in triplicate in a shaking bath at 37°C in an 
atmosphere of 95% 02 and 5% CO 2. In experiments involving extracellular Ca 2÷ manipulation, 
in one set of experiments 3.6 mM EGTA was added at 1 or 5 minutes after starting the 
incubation with All (10 .8 M) or K ÷ (9 mM) to give a ratio of EGTA to Ca 2÷ of 2:1 .  In other 
experiments, the EGTA concentration was kept at 1 mM while Ca z÷ concentration was varied 
from 0.25 mM to 2 raM, EGTA was added at 5 or 30 minutes after starting the cell incubation 
with All (10 8 M) or K + (9 mM). Cells incubated without EGTA or secretagogues served as 
unst imulated cells in each experiment. Incubations performed in the presence of AlI or K + 
without EGTA served as controls for stimulated cells. The cells in each experiment were 
incubated for a total of 120 minutes.  In experiments involving Ca2÷-channel blockade, 
nitrendipine was added at 1, 5 or 30 minutes after starting the incubation in the presence or 
absence of AlI or K ÷. The cells were allowed to incubate up to 2 hours. Incubations without 
nitrendipine served as controls. 

To test  the potential involvement of calcium mobilization and PKC activators on 
aldosterone secretion, adrenal glomerulosa cells were incubated for 2 hours  with phorbol ester, 
12-O-tetradecanoyl phorbol 13-acetate (TPA) 10 or 100 riM, Ca2+-ionophore, A23187 10 or 50 
riM, TPA 100 nM+ A23187 50 nM, or diacylglycerol analogues, OAG or DOG 10 or 50 lalVI with or 
without All (10 .8 M). In other experiments adrenal glomerulosa cells were incubated without 
(basal) or with All (10 -8 M) or KC1 (9 mM) for 2 hours in the presence or absence (control) of 
calmodulin inhibitors, calmidazolium or W-7 or PKC inhibitor, H-7 in the water insoluble 
form or water soluble form, in concentrations of ranging from 100 nM to 100 IxM. Aldosterone 
in all experiments was measured  by radioimmunoassay as reported earlier (5). The effect of 
increasing concentrations of W-7 and H-7 on PKC activity was measured in cytosol prepared 
from homogenized caK adrenal glomerulosa cells. The preparation of the cytosol and assays of 
the enzyme activity were as described before (14). Statistical analysis involved analysis of 
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var iance  and  t t e s t s  us ing  the  m e a n s  + s e m  of each group of data. In some cases  3-way analysis  
of var iance  h a s  b e e n  used.  

Resu l t s  

To examine  the  role for ext racel lu lar  Ca 2÷ in  the  s u s t a i n e d  p h a s e  of a ldos te rone  

secret ion,  ad rena l  g lomeru losa  cells were  s t imula ted  by AII or K +, and  EGTA w a s  t h e n  added  to 

the  i n c u b a t i o n  m e d i u m  at va r ious  t ime po in t s  to r educe  extracel lu lar  Ca ~÷ concen t ra t ion .  In 

one se t  of exper iments ,  3.6 mM EGTA w a s  added  to the  i ncuba t ion  m e d i u m  (Ca 2÷ concen t ra t ion  

1.8 raM) e i ther  a t  1 or 5 m i n u t e s  af ter  ini t ia t ion of s t imula t ion  of the  ad rena l  cells by  AII or K +. 

C o m p a r e d  wi th  cont ro ls  (when no EGTA w a s  added),  the  delayed r educ t ion  in extracel lular  Ca 2÷ 

wi th  EGTA marked ly  a n d  c o m p a r a b l y  r educed  AII- and  K÷-mediated a ldos t e rone  sec re t ion  

(91% and  90% inhib i t ion  for AII a n d  83% and  84% for K + at  1 or 5 m i n s  respectively). In o ther  

exper iments ,  in  wh ich  the  EGTA to Ca 2+ ratio w a s  varied (from 0.5 to 2.0) EGTA l m M  w a s  added  

after  e i ther  5 or 30 m i n u t e s  of ongoing incuba t ion  of t he  ad rena l  cells in t he  p r e s e n c e  or 

absence  of AII or K ÷. Incuba t ions  to which  no EGTA was  a d d e d ,  served as  controls .  Again, the  

degree of inh ib i t ion  w a s  d e p e n d e n t  on  the  EGTA/Ca 2÷ ratio (or to be  specific, the  amb i en t  free 

Ca ~+ concen t r a t i on  of t he  medium)  and  the  t ime point  dur ing  the  i ncuba t ion  w h e n  EGTA w a s  

a d d e d  (Fig. 1). W h e n  the  EGTA/Ca 2÷ ratio w a s  the  greates t ,  the  inhibi t ion of the  a ldos te rone  

sec re t ion  w a s  the  m o s t  profound.  Similarly, earl ier  add i t ions  of EGTA c a u s e d  the  g rea tes t  

inh ib i t ion  of a ldos te rone  secre t ion.  There  w a s  very little difference wi th  regard  to t he  type  of 

secretagogue.  

To examine  the  involvement  of Ca 2÷ c h a n n e l s  in the  s u s t a i n e d  p h a s e  of a ldos te rone  

sec re t ion  ad rena l  g lomeru losa  cells were  s t i lnu la ted  wi th  AII or K ÷ a n d  n i t r end ip ine  w a s  t h e n  

a d d e d  at  va r ious  t ime points .  W h e n  a fixed concen t r a t i on  of n i t rend ip ine  (10 gM) was  added  to 

t he  i n c u b a t i o n  m e d i a  af ter  1 or 5 m i n u t e s  following ini t ia t ion of s t imu la t i on  wi th  AII or K +, 

m a r k e d  inh ib i t ion  of a ldos t e rone  sec re t ion  r e s u l t ed  (65% a n d  69% inhib i t ion  for All a n d  70% 

a n d  76% for K ÷ at  1 or 5 m i n s  respectively). However, in  expe r imen t s  in wh ich  n i t r end ip ine  

w a s  a d d e d  in  varying c o n c e n t r a t i o n s  af ter  e i ther  5 or 30 m i n u t e s  of ongoing incuba t ion ,  the re  

w a s  g rea te r  inh ib i t ion  of a ldos te rone  sec re t ion  w h e n  n i t r end ip ine  w a s  a d d e d  at  5 m i n u t e s  
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Fig. 1. Effects of delayed alteration of extracellular Ca 2÷ on the AII- or K÷-induced aldosterone 
secretion in the presence of EGTA (lmM) added at 5 (left) or 30 (right) minutes of ongoing 
incubation. *p < 0.05 **p < 0.01. 
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incubation on aldosterone secretion over 2 hours  in response to AlI or K +. *p < 0.05 **p < 0.01. 
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rather  than  30 minutes  of incubation (Fig. 2). Nitrendipine caused a concentration-dependent 

inhibition of aldosterone secretion at both time points. 

To examine the potential role of protein kinase C activation, adrenal cells were incubated 

with phorbol ester, Ca 2+ ionophore and diacylglycerol analogues on aldosterone secretion. 

TPA did not st imulate aldosterone secretion (ng/million cells) appreciably (control 66.3_+1 vs. 

TPA 10nM, 69-+0.6 or 100nM, 69_+1 o r A  23187 10nM, 69_+1 or 50nM, 70+3). Similarly, diacyl- 

glycerol analogues, OAG or DOG in doses of 10 or 50 ~M or TPA 100 nM+ A23187 50 nM (data 

not shown) failed to alter aldosterone secretion appreciably. TPA 100nM inhibited All-stimu- 

lated aldosterone secretion significantly (All 10nM, 131_+3.7 vs. All + TPA 100nM, 110+1). 

To further evaluate the role of calcium or PKC in aldosterone secretion, adrenal cells 

were t reated with calmodulin and protein kinase C inhibitors. Calmodulin inhibitors, W-7 

(Fig. 3} and calmidazolinm (Fig. 4) inhibited aldosterone secretion at doses of 1 pJVl or higher 

and at doses of 50 or 100 ~Vl inhibited it by 90-95%. The PKC inhibitor, on the other hand, 
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Fig. 4, Effects of increasing concentrat ions  of calmidazolium on aldosterone secretion over 2 
hours  of incubation, evoked byAII or K ÷. *p < 0.05 **p < 0.01, 

Eig. 5. Effects of varying doses of W-7 and H-7, 1-(5-isoquinoline sulfonyl-2-methyl) 
piperazine dihydrochloride on protein kinase C activity in cell-free system. 

r educed  a ldosterone secret ion to a lesser  extent  (Fig. 3). W-7 produced  significantly (p<0.001) 

grea te r  inhibi t ion of a ldosterone secret ion t h a n  that  p roduced  by H-7. Only at doses  of 100 lxM 

did H-7 reduce  a ldos terone  secret ion below 50%. The wa te r  soluble form (dihydrochloride) of 

H-7 was  only sl ightly more  effective t h a n  wa te r  insoluble  form of H-7 solubfl ized in d imethyl  

sulfoxide (data not  shown). Exper iments  were performed to examine  the  effect of W-7 and  H-7 

on PKC activi ty u n d e r  cell-free condit ions.  H-7 inhibi ted cytosolic PKC activity in a dose-  

dependen t  m a n n e r  above the  dose of 1 ~tM, while W-7 inhibi ted PKC activity somewha t  at the  

dose of 100 ~ (Fig. 5). 

Discuss ion  

In our  p resen t  s tudies ,  we have  demons t ra t ed  tha t  the  removal  of ext racel lu lar  Ca 2÷ after 

s t imula t ion  of adrena l  g lomeru losa  cell resu l t s  in decreased  a ldos terone  secret ion.  

Similarly,  ca l c ium c h a n n e l  b lockade  with  n i t rendip ine  af ter  s t imula t ion  with  ang io tens in  II 

or  p o t a s s i u m  was  assoc ia ted  with  concen t ra t ion -dependen t  r educ t ions  in a ldos terone  

secret ion.  These  f indings under sco re  the impor tance  of both  the  con t inua l  p resence  of 

ex t race l lu la r  Ca 2+ and  the  inf lux of Ca 2÷ for the  m a i n t e n a n c e  of a ldos terone  secre t ion  after  

in i t ia t ion  of s t imula t ion  with  ang io tens in  or  po tass ium.  

Different t empora l  pa t t e rns  repor ted  of changes  in cytosolic free Ca 2÷ as  induced  by 

ang io tens in  and  p o t a s s i u m  (15,16), are  cons is ten t  with the  resu l t s  of our  exper iments .  Removal  

of ex t race l lu lar  Ca 2+ or  CaZ÷-channel b lockade by ni t rendipine  has  been  repor ted  to resul t  in a 

decrease  in the  m a g n i t u d e  of the  initial r ise in cytosolic free Ca 2÷ in response  to both  

p o t a s s i u m  and  angio tens in  (15,16). The secondary  sus ta ined  rise in cytosolic free Ca z÷ evoked 

by ang io tens in  is a t t enua ted  by the  absence  of extracel lular  Ca z÷ (17). These  f indings 

s t r eng then  the  t ene t  of our  observat ions  tha t  con t inua l  influx of Ca 2÷ is a cri t ical  concomi tan t  

of the  sus t a ined  a ldosterone secret ion evoked by both  secretagogues.  Two different types of 

vo l tage-dependen t  Ca 2÷ channe l s  (L and T channels)  have  been  identified in the  bovine adrenal  

g lomeru losa  cells by pa tch  c lamp t echn iques  and bo th  have  been  implicated in ca lc ium knflux 
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during aldosterone secretion (18,19). Nifedipine is said to be a specific inhibitor of L channels 

(20). In the light of our findings, this can be interpreted to mean  that  nitrendipine inhibits T 

channels  or both L and T channels. 

The results of our studies are also supported by other observations (2 I) showing that  the 

turnover  of phosphoinosit ides,  although initially independent of Ca 2÷ influx, require Ca 2÷ 

influx for its continuation. Taken together with our findings this may mean  that  continued 

hydrolysis of phosphoinosit ides has  a bearing on the st imulus-secretion coupling in response 

to angiotensin If. Continual phospholipid turnover would provide the prolonged increases in 

diacylglycerol, IP a a n d / o r  inositol 1,3,4,5-tetrakisphosphate (IP4), of which the latter may be 

critical in promoting Ca 2÷ influx (22). Receptors for IP 4 have now been identified in the adrenal 

glomerulosa cells (23). Diacylglycerol can also be responsible for Ca2+-influx (24). 

Alternatively, elevated Ca 2+ by itself is able to maintain the increased steroid synthesis and 

secretion (25) without the need for participation of PKC. Other studies (26) which have shown 

potentiation of angiotensin-induced aldosterone secretion by Ca 2+ ionophore, A23187 or Ca 2+ 

channel agonist, BAY K8644 seem also to be supportive of such an idea. Ca 2+ influx may be 

essential  not  only to main ta in  optimal cytosolic Ca 2+ concentration but  to replenish 

intracellular Ca 2+ stores (25,27). 

In the case of potassium, it was less surprising that  removal of extracellular Ca 2+ and 

calcium channel  blockade promptly compromised its ability to sustain aldosterone secretion 

since potass ium increases cytosolic free Ca 2÷ mainly by influx through voltage-dependent 

channels  and does not cause increased production of diacylglycerol from phosphoinositide 

hydrolysis .  

In one previous report (11), phorbol ester was shown to increase aldosterone secretion in 

perifused bovine adrenal glomelaalosa cells. Diacylglycerol analogue, OAG, has also been 

reported to stimulate aldosterone secretion (3). In contrast, we were unable to stimulate 

aldosterone secretion either by phorbol ester itself or in combination with A23187 during 

static incubat ion of adrenal cells. Diacylglycerol analogues were similarly ineffective. When 

added with angiotensin If, phorbol ester inhibited aldosterone secretion slightly at the high 

dose, as reported also by Kojima et al. (28). While high doses of phorbol ester can produce effects 

other than  st imulation of PKC, failure of low dose of phorbol ester or diacylglycerol analogues 

to increase aldosterone secretion seems to discount the importance of the PKC. A recent report 

appears to concur with this assessment  (29). Nonetheless, the continued formation of 

diacylglycerol in the adrenal  glomerulosa cells during angiotensin-mediated st imulat ion of 

aldosterone secretion (30,31) may serve some as yet undefined function which may even be 

independent of PKC since the latter is likely to be down-regulated and therefore desensitized by 

the continual  production of diacylglycerol. 

The calmodulin inhibitors, calrnidazolium and W-7, and PKC inhibitor, H-7, have been 

used widely by various investigators (32-36). Our studies revealed that  for both angiotensin If- 

and potassium-induced aldosterone secretion, the calmodulin inhibitor, W-7, proved to be 

more influential as an inhibitor on a molar basis than  H-7. In fact, W-7 completely inhibited 

aldosterone secretion in st imulated cells compared to the partial inhibitory effects of H-7 at 

comparable concentrations. Furthermore, when the inhibitory effects of W-7 and H-7 on PKC 
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activity were examined in cytosolic extracts of adrenal glomerulosa cells, we observed that  W-7 

at concentrations, which completely blocked aldosterone secretion as observed in 

experiments involving whole cells, minimally inhibited PKC activity. In contrast,  H-7 

maximally reduced PKC activity at a concentration at which it only partially inhibited 

aldosterone secretion in experiments involving whole cells. Since H-7 is able to inhibit 

calmodulin dependent protein kinase at high (Ki= 97~tM) concentrations but  it inhibits PKC at 

much  lower (IRA= 6glVl) concentrations {34), the effect of H-7 at high concentrations on 

aldosterone secretion could conceivably be attributed to its action on calmodulin-dependent 

protein kinase ra ther  than  PKC inhihibition. Calmldazolium, another  inhibitor of 

calmodulin, also reduced aldosterone secretion in the same manner  and to the same extent as 

W-7. These results further suggest that the effect of W-7 is indeed through its inhibition of 

ealmodulin. Taken together, these findings imply that Ca 2+ and calmodulin may be more 

important than  PKC in the acute effects of angiotensin and potassium on aldosterone 

secretion. To put it differently, there is little need to invoke a role of PKC in the intracellular 

events leading to aldosterone secretion from the glomerulosa cells. The Ca2+-calmodulin 

system by itself may adequately explain the acute cellular basis of aldosterone secretion 

evoked by angiotensin. 
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