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A B S T R A C T The effects of adrenocorticotropin
(ACTH), angiotensins I and II, increased potassium,
and decreased sodium concentrations upon steroid syn-
thesis were examined by incubation of beef adrenal tis-
sue slices.

Angiotensin II shared with ACTH the need for cal-
cium and an inhibition of its effect in the presence of
puromycin but differed in not stimulating cyclic adenosine
monophosphate (AMP). Angiotensin I was effective in
steroidogenesis. The stimulation of aldosterone syn-
thesis by increased potassium concentration was accom-
panied by an increased level of cyclic AMPand was in-
hibited in the presence of puromycin. Decreased sodium
concentration stimulated aldosterone synthesis but, alone
of these stimuli, simultaneously decreased corticosterone
levels.

It therefore appears that ACTHand potassium stimu-
late steroidogenesis at an early step in the biosynthetic
pathway through the activation of cyclic AMP, whereas
the effect of angiotensins I and II involve another mecha-
nism and decreased sodium concentration affects a later
step in steroidogenesis.

INTRODUCTION
The control of aldosterone secretion involves at least
three mechanisms: adrenocorticotropin (ACTH), angio-
tensin, and potassium. In addition, other hormones and
electrolytes may be involved. Despite intensive research
for over 15 years, considerable controversy remains
concerning the relative importance of these various
mechanisms and their possible interrelationships. Thus
the role of the renin-angiotensin system has been ques-

This work was presented in part at the Southern Society
for Clinical Investigation, 30 January 1971, and at the 53rd
Meeting of the Endocrine Society, 25 June 1971.

Received for publication 12 November 1971 and in re-
vised form 20 March 1972.

tioned in large measure because the most popular experi-
mental model, the rat, does not respond to this stimulus
nearly as well as most higher species, including the hu-
man (1).

We have previously used an in vitro model, slices
of beef adrenal cortex, to examine the effects of various
stimuli upon steroid synthesis (2, 3). As with other in
vitro models, effects could be demonstrated only with
relatively large amounts of stimuli, amounts greater than
"physiologic," in vivo. However the results were in
keeping with the major findings in man and other higher
species, including the relatively selective role of ACTH
upon cortisol and of angiotensin and potassium upon
aldosterone.

Additional studies have therefore been performed, look-
ing first at the effects of ACTHin this model since con-
siderable data are available on the mechanism by which
it stimulates steroidogenesis (4). Second, since less is
known about other stimuli, studies were directed at
comparing the possible mechanisms of action of angio-
tensin and potassium with that of ACTH. Third, the ef-
fect of varying sodium concentrations were examined
since the effect of concentration has been difficult to sepa-
rate from that of volume during- in vivo studies.

METHODS
Tissue preparation and incubation. As in the previous

studies, (2, 3) the outer slices of 16-20 fresh beef adrenal
glands were combined, cut into small pieces with scissors,
and divided into 500-mg portions for incubation. In each
study, 24-40 separate portions were incubated with at least
4 portions for each point in the experiment.

The tissues were preincubated for 1 hr in Krebs-Ringer
bicarbonate medium containing glucose at a concentration
of 200 mg/100 ml under 95% O-5%o C02 at 370C with
continuous, gentle shaking. In experiments with puromycin,
it was added to the preincubation media. The media were
replaced with 5 ml of the same solution except where
differing electrolyte concentrations were being examined.
Appropriate stimulatory agents were added and incubation
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conducted for 2 hr except in the experiments upon the con-
version of angiotensin I to angiotensin II and in some of
those upon cyclic AMP. Less variation in the steroid
levels in the control vessels and somewhat less responsive-
ness to stimulation were noted in these studies than in those
previously published (2, 3) possibly because the time from
death of the animals to start of the incubations was more
uniform but also about 15 min longer. The mean values
and the per cent SD for the three steroids in all control
2-hr incubations were: aldosterone, 2.01 jug/g tissue with
a 9.8% SD; corticosterone, 12.04 lg/g tissue with a 15.2%
SD; and cortisol, 2.01 /Ag/g tissue with a 11.6% SD.

Stimulatory agents. Amounts of these stimulatory agents
were at least 10-fold greater than the lowest doses pre-
viously noted to produce significant effects (3), to ensure
that suppression by other agents, e.g., puromycin, would
be demonstrable. ACTH was a single batch of the porcine,
aqueous product known to be biologically active on cortisol
secretion in man. Angiotensin I and II were the synthetic
asparagine-1, valine-5 polypeptides. Varying concentrations
of sodium, potassium, and calcium were obtained by using
more or less of the stock solutions in preparing the Krebs-
Ringer medium. Unless otherwise indicated, the concen-
trations in the medium, per liter, were: sodium, 142 mEq;
potassium, 5.2 mEq; calcium, 5 mEq; and bicarbonate,
25 mEq.

Assay procedures. After incubation, the media were de-
canted and 1 ml was analyzed for steroids by a double-
isotope derivative assay (5), using acetic-H3-anhydride
with a SA of 25 MuCi/Amole. The assay was modified only
by the addition of known amounts of the appropriate 4-''C
ring-labeled steroids to each sample of medium as internal
standards at the onset of the assay. In addition, two paper
chromatographic separations were used before and two
after oxidation of the tritium-labeled acetates of the dif-
ferent steroids.

Values are expressed as micrograms of steroid in the
incubation medium/gram of tissue per total incubation.
The mean and standard deviation of the values in each
group of vessels were compared with those of the control
specimens simultaneously incubated. Statistical evaluation
was by Dunnett's test for multiple comparisons with a
control (6).

Cyclic AMP assays were performed by a radioimmuno-
assay (7), validated by the complete inactivation of cyclic
AMP, either released from tissue incubates or added to the
media, by beef heart cyclic nucleotide phosphodiesterase (8).
Replicate analyses varied less than 15%. Only very low
levels of cyclic AMPcould be measured in homogenates of
the adrenal tissue under various experimental conditions,
so that only media were assayed in most experiments. Since
the recovery from the media of cyclic AMPadded to tissue
incubates fell from 74% at 15 min to only 36% at 2 hr, an
additional series of shorter incubations were done. None
of the cyclic AMPadded to the media could be measured in
the homogenates of the tissues after either 15 min or 2 hr.
After 15-min incubations, the tissue levels of cyclic AMP
remained considerably below those in the media though
the direction and degree of change under various experi-
mental conditions paralleled those in the media.

In the experiments with angiotensin I, after the period
of incubation, 0.1 ml of EDTA, 2.6 mm, and 8-hydroxy-
quinoline, 3.4 mm, were added to inhibit the enzyme involved
in the conversion of angiontensin I to angiotensin II and
the angiotensinases present in the tissue. It was not pos-
sible to have these inhibitory agents present during the
incubation period since neither angiotensin I nor angio-
tensin II were active in their presence, presumably because
of the binding of calcium and other needed cofactors. The
two angiotensins were separated by the method of Boucher
(9). 1 ml of medium was vigorously shaken with 8 ml
of Dowex resin 50W-X8 for 15 min and the mixture trans-
ferred to columns containing 2 ml of the resin. Angiotensin
II was eluted with 4 M pyridine and then angiotensin I was
eluted with 0.2 M NH4OH. The eluates were lyophlized,
redissolved in 20% ethanol, and assayed by bioassay (10)
and radioimmunoassays for angiotensin I (II) and angio-
tensin II (12).

The ability of this technique to recover and separate the
two angiotensins was checked in three experiments with a
solution containing 1200 ng of each. The initial eluate con-
tained 69.1% of the angiotensin II and 13.5% of the angio-
tensin I. The second eluate contained 72.5% of the angio-
tensin I and 8.1% of the angiotensin II. The over-all re-
covery of angiotensin I was 86% and of angiotensin II

TABLE I
Effect of Various Stimuli upon Aldosterone and Cyclic AMPLevels

in Media of Beef Adrenal Slice Incubates

Aldosterone Corticosterone Cortisol Cyclic AMP
Experi-

ment Stimulant Mean SD Mean SD Mean SD Mean SD

pg/g tissue per incubation pmoles/g tissue per incubation
1 2 hr incubation

Control 2.08 0.20 10.24 1.05 1.89 0.17 57.5 5.2
ACTH, 2 U 3.21 0.28* 17.38 1.60 4.08 0.57 105.6 12.5
Angiotensin, 20 jsg 5.57 0.63 23.75 2.50 3.34 0.28 54.3 4.0
Potassium, 9.2 mEq/liter 4.76 0.42 21.87 2.35 1.98 0.12 91.3 11.0

2 15 min incubation
Control 1.02 0.08 4.44 0.40 1.10 0.06 81.2 5.9
ACTH, 2 U 1.76 0.13 6.36 0.26 2.23 0.11 233.0 20.2
Angiotensin, 20 ,4g 2.11 0.14 7.65 0.54 1.51 0.10 85.5 6.1
Potassium, 9.2 mEq/liter 1.98 0.11 6.70 0.35 1.17 0.09 185.3 14.7

* Results in italics differ statistically from the control level with P value less than 0.05.
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was 77.2%. The recoveries of both varied less than 5%o
between the three experiments.

RESULTS
In each experiment reported, the adrenal tissue was re-
sponsive, showing at least a 25% increase above control
in the synthesis of aldosterone with angiotensin II, 10
Mg/g tissue, and in the synthesis of cortisol with ACTH,
1 U/g tissue. In these studies only media were analyzed
since, as noted before (2), changes in steroid levels
within the tissue were found to be virtually parallel to
those in the media.

Certain aspects of the action of ACTH in vitro were
confirmed in this model to validate those studies in which
comparisons to the action of ACTH were made: (a)
ACTHhad no effect upon steroidogenesis in the absence
of calcium in the incubation medium. (b) As shown in
Table I, cyclic AMP levels increased significantly in
experiments wherein ACTH, 2 U/g tissue, stimulated
steroid biosynthesis. (c) The action of ACTH upon
steroid synthesis was inhibited in the presence of puro-
mycin, 10'. By itself, puromycin decreased the level of
steroidogenesis from that observed in the control vessels.

Studies with angiotensin
Angiotensin I vs. angiotensin II. Initially, experi-

ments were performed with microgram quantities of both
polypeptides added to 500-mg portions of tissue for 2-hr
incubations. However, more than 60% of each peptide
was destroyed during that interval, and of that remaining,
70% of the angiotensin I was converted into angiotensin
II. Therefore incubations were performed for 15 min
during which an average of 32% of the peptides were
destroyed and 27% of the remaining angiotensin I had
been converted into angiotensin II.

As shown in Table II, the effects of 1 jeg of angioten-
sins I and II were compared in two experiments. In
experiment 3, similar effects were observed with both
polypeptides. Since the apparent effect of the angiotensin
I may have been produced by its one-third conversion to
angiotensin II, experiment 4 was performed using an
equivalent amount of angiotensin II as that converted
from angiotensin I. As shown in Table II, no effect was
observed with 210 ng of angiotensin II during this in-
cubation. Of the original 1080 ng of angiotensin I, an
even smaller quantity (122 ng) had been converted to
angiotensin II. Therefore the effect observed with the
angiotensin I could not be attributed simply to that
portion converted to angiotensin II.

Need for calcium. In the absence of calcium, angio-
tensin (20 ieg/g tissue) did not significantly stimulate
steroid synthesis.

Effect on cyclic AMP. As shown in Table I, cyclic
AMPlevels were unchanged in both experiments wherein

TABLE I I
The Effects of Angiotensins I and II (A-I and A-II)

upon Steroid Synthesis in Beef Adrenal Tissue

Corti-
Ex- Added Recovered Aldosterone costerone Cortisol

peri-
ment A-I A-II A-I A-II Mean SD Mean SD Mean SD

ng ng ugig tissue per
15 min

3 - - - - 0.99 0.13 11.16 1.12 1.54 0.07
1050 - 540 171 1.59 0.21* 12.86 0.85 1.93 0.16
- 1100 - 748 1.58 0.18 12.55 0.73 2.00 0.23

4 - - - - 1.74 0.21 7.52 0.69 2.46 0.21
1080 - 610 122 2.79 0.35 12.05 0.88 2.56 0.27
- 210 - 137 1.86 0.26 7.60 0.45 2.33 0.40
- 1050 - 720 2.95 0.31 11.57 1.01 2.68 0.39

* Results in italics differ statistically from the control level with P value
less than 0.05.

angiotensin exerted a significant effect (P < 0.01) upon
aldosterone synthesis. Similar results were noted in two
additional studies, one a 15 min incubation, the other a
2 hr incubation.

Puromycin. In experiment 5 of Fig. 1, angiotensin
(20 ,ug/g tissue) and in three other experiments with
both 2 and 20 ,g angiotensin, puromycin 10', and 10' M
lowered steroid synthesis and completely inhibited the
effect of angiotensin II upon steroidogenesis.

Studies with increased potassium
Effect on cyclic AMP. As shown in Table I, cyclic

AMP levels were significantly elevated in both experi-
ments wherein an increased potassium concentration

ALDOSTERONE
/jgg/g t i ssue per 2 hr

Incubation

2.91

Angiotensin 0
20 pg/g tissue

Puromycin 10-3 0

1E50

0

4.71

1.87

+ +

+ 0 +

FIGURE 1 The effects of angiotensin and puromycin alone
and in combination upon aldosterone synthesis (experiment
5).
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ALDOSTERONE

0.77

Potassium 5.2 5.2 9.8 9.8
mEq/ liter

Puromycin 10-3 0 + 0 +

FIGuRE 2 The effects of increased potassium and puro-
mycin alone and in combination upon aldosterone synthesis.

TABLE III
The Effects of Varying Sodium Concentration and Osmolality

upon Steroid Synthesis in Beef Adrenal Tissue

Sodium Aldosterone Corticosterone Cortisol
concen-

trationjOsmolality Mean LSD Mean SD Mean SD

mEqi mOsm/ £'g/g tissue per
liter liter 2 hr
160 297 1.63 0.08 23.15 2.94 3.37 0.40
142 309 1.59 0.21 20.64 1.83 2.94 0.36
142 276 1.64 0.10 22.49 1.99 3.44 0.51
123 276 1.98 0.24* 19.28 0.57(-)* 3.69 0.32
100 277 2.60 0.06 17.56 0.67(-) 4.37 0.94
100 250 2.48 0.15 16.96 1.21(-) 3.75 0.61

* Results in italics differ statistically from the control level (third line)
with P value less than 0.05.
t Values with (-) are significantly less than the control level with P value
less than 0.05.

stimulated aldosterone biosynthesis. In these studies,
cortisol was unaffected by the increased potassium.

Puromycin. In the experiment shown in Fig. 2, puro-
mycin 10( lowered steroid synthesis and completely in-
hibited the stimulation of aldosterone synthesis produced
by an increased potassium concentration. Similar in-
hibition of both aldosterone and corticosterone was ob-
served in three other experiments with puromycin 10' M
and potassium concentrations of 8.3, 9.0, and 9.3 mEq/
liter.

Studies with decreased sodium
Fig. 3 portrays the effect of a sodium concentration of

112 mEq/liter upon aldosterone and corticosterone re-
lease as compared with the effects of ACTH, angio-
tensin, and increased potassium. In that experiment and
in the experiment shown in Table III, aldosterone syn-
thesis was stimulated by the lowered sodium concentra-
tion but, in contrast to the effects of the other stimuli,
corticosterone levels were simultaneously decreased.
Rather marked decreases in sodium concentration were
required to stimulate aldosterone synthesis in this in

ACTH
2U

ALDOSTERONE

+54%

ANGIOTENSIN + 75%
2Oyig

POTASSIUM 1+124%
9.3mFq/I+1ter

-59%LI

CORTICOSTERONE

+33%

i 168%

+11l3%

FIGuRE 3 The effects of ACTH, angiotensin II, increased
potassium, or decreased sodium concentrations upon aldo-
sterone and corticosterone synthesis in beef adrenal tissue.
The values are per cent change from control vessels.

vitro preparation. In the experiment shown in Table III,
the osmolality of the media was maintained at 276 mOsm
by the addition of appropriate amounts of mannitol. No
effect of varying osmolality per se was noted in that
steroid synthesis was unchanged in the tissues exposed
to an osmolality of 250 or 309 when compared with that
observed in vessels with the same sodium concentrations
but osmolalities of 276.

DISCUSSION
This in vitro model provides a means to examine, indi-
vidually, various factors affecting adrenal steroidogenesis.
These results should be applied to human physiology with
caution but they appear to be more applicable than many
studies on lower species, particularly the rat. Rat adrenal
tissue does not produce cortisol, the major glucocorticoid
in the human and most higher species. Other major dif-
ferences between the rat and other species have been
noted, in particular the poor response of the rat to angio-
tensin (1). Our previous studies with beef adrenal tissue
have shown a relative selectivity of ACTHupon corti-
sol synthesis and of angiotensin and potassium upon al-
dosterone synthesis (3) closely paralleling the results of
in vivo studies in the sheep (13), the monkey (14), and
man (15-18). However, differences have also been ob-
served between other experimental models and the human
(18) so that caution is advised in application of all such
studies to human physiology (19). Moreover, the intact
adrenal is affected by various factors in complex interac-
tions. To isolate one factor is highly artificial, but nec-
essary to demonstrate basic mechanisms of action.

A model for the action of ACTHhas been proposed.
The mechanism is thought to first involve the binding
of ACTHto receptor sites on the plasma membrane. By
a process which requires calcium (20), the bound ACTH
stimulates adenyl cyclase in the plasma membrane, which
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in turn increases the formation of cyclic AMP. This nu-
cleotide stimulates steroidogenesis apparently by in-
creasing the synthesis of a protein needed in the con-
version of cholesterol to pregnenolone within the mito-
chondrion. Recent work has shown that cyclic AMPmay
act by releasing a phosphokinase needed for protein syn-
thesis from a receptor which keeps the phosphokinase
from being active (21).

The effect of an inhibitor of protein synthesis, puro-
mycin, has been used to construct this model of ACTH
action. Puromycin, which inhibits the incorporation of
amino acids into protein via translation of messenger
RNAat the ribosome prevents the action of ACTHand
cyclic AMP (22). Therefore the action of ACTHand
cyclic AMP is thought to involve the synthesis of a
specific regulator protein with a presumably short time
span of action. However, in common with the results
noted by others (23), we observed a decrease in steroid
synthesis in nonstimulated tissue in the presence of
puromycin. Therefore it would be more appropriate to
say that puromycin, an inhibitor of protein synthesis,
blocks steroidogenesis, whether hormone-stimulated or
not. The effect of puromycin cannot then be used as direct
proof that ACTHstimulation of steroidogenesis involves
protein synthesis.

Having confirmed the postulated mechanism of action
of ACTH in this in vitro model, we then examined the
action of angiotensin. Though angiotensin shared cer-
tain characteristics with ACTHas regards the need for
calcium and the inhibition of its effect in the presence of
puromycin, a distinct difference was noted in that angio-
tensin did not increase cyclic AMP levels.

The failure of angiotensin II to stimulate adenyl cy-
clase has been previously noted in two studies, one upon
bovine adrenal tissue fractions being examined for bind-
ing activity (24), the other upon particles of normal and
cancerous rat adrenal tissue (25).

Whether binding is required for the action of angio-
tensin, as it is for ACTH, is unknown, but angiotensin
has been shown to bind to various tissues, including bo-
vine adrenal cortical slices (26). As with ACTH (27)
its binding was not inhibited in the absence of calcium.
However, its action upon steroidogenesis does appear to
require calcium.

These studies on the binding of angiotensin are rele-
vant in another manner to the results of our work. Beef
adrenal cortex showed a greater specific binding of angio-
tensin I than of angiotensin II (24). Wehave found a
steroidogenic effect of angiotensin I not attributable to
its conversion to angiotensin II. There are no known
differences in the physiologic role of the two polypep-
tides but it is of interest that, despite the virtual ubiquity
of the enzyme which converts I into II, plasma levels of
I are considerably higher than II (28). Since angiotensin

I does bind itself to the adrenal and since it exerts a
steroidogenic effect, perhaps it is mediator of the renin-
angiotensin system upon the control of aldosterone
synthesis.

Potassium appears to be a prime modulator of al-
dosterone synthesis (29) and may be the intermediate in
the action of various stimuli (30). As in vivo (13), po-
tassium has a selective effect upon aldosterone in vitro.
Our studies have shown that its action is accompanied
by an increase in cyclic AMPand is blocked in the pres-
ence of puromycin. Wehave previously demonstrated a
potentiation by potassium of the effect of angiotensin
in vitro (3). In earlier studies with bovine adrenal slices
(31), potassium was found not to increase cyclic AMP
but the slices were prepared after removing the capsule
which would remove most if not all of the zona glomeru-
losa wherein aldosterone is formed. The absence of an
effect of potassium on cortisol synthesis is in keeping
with its previously reported failure to increase cyclic
AMPlevels within the zona fasciculata (31). Our stud-
ies included the capsule (outer slice) and potassium was
shown to stimulate both aldosterone synthesis and cyclic
AMP levels. Potassium has been reported to increase
cyclic AMPlevels in other tissues (32) and to enhance
the response of adenyl cyclase in fat cells to ACTH-
(33).

The effects of sodium concentration per se have been
difficult to separate from the effects of changes in plasma
or extracellular fluid volume in most in vivo studies.
Aldosterone is increased when fluid volume is decreased,
presumably through the renin-angiotensin system, which
acts early in the biosynthetic pathway and increases cor-
ticosterone synthesis as well (18). The stimulation of
aldosterone synthesis by a low sodium concentration
noted in these in vitro studies was unique in being ac-
companied by a decrease in the levels of corticosterone.
This observation is in keeping with other studies sup-
porting an effect of sodium depletion upon the conversion
of corticosterone to aldosterone in addition to the ex-
pected effect of angiotensin earlier in biosynthesis (34).
Studies on sheep have shown an increased conversion of
corticosterone to aldosterone with modest sodium deple-
tion but a return to the expected rate of conversion with
more severe depletion (35). Even though plasma sodium
concentration is not decreased initially with salt de-
pletion, the cellular sodium content is reduced much
earlier (36). An increased conversion of corticosterone
to aldosterone has been demonstrated in the mitochondria
of adrenals from salt-depleted rats (37) and a mechanism
by which varying sodium concentration may alter the
biosynthetic sequence between corticosterone and aldos-
terone has been postulated (38). Though these two
mechanisms, volume affecting the entire biosynthetic
pathway early via angiotensin and concentration affecting
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a later step, appear to fit most experimental data, the con-
trol of aldosterone secretion in sodium-deficient sheep
appears to involve even other, unrecognized factors
(39).

The major findings of the in vitro studies here re-
ported are in keeping with most in vivo experiments.
Obviously the intact organism can bring a number of
factors into play so that "pure" effects as seen in vitro
would not be expected. However, the ability to isolate
stimuli has provided evidence of a basic difference in the
mechanism of action of the angiotensin system and other
factors affecting adrenal steroidogenesis.
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