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The search for the physiologic mechanism con-
trolling the biosynthesis of aldosterone has centered
upon three factors-ACTH, the renin-angioten-
sin 1 system, and potassium. All three have been
shown to stimulate the production of aldosterone
in the intact animal (1-4). Despite a large num-
ber of in vivo experiments involving ,the rat, dog,
sheep, and man, the exact locus of each stimulus
within the control mechanism and the precise rela-
tionships of one to the other have not been clearly
defined. In particular, disagreement persists as to
the physiologic role of the renin-angiotensin sys-
tem (2, 3, 5).

The initial results of in vitro studies of the ef-
fects of ACTHand angiotensin on the biosynthe-
sis of adrenal steroids have been published (6).
In those studies, in which the effects upon aldos-
terone and cortisol were nonselective, relatively
large amounts of both agents were used. Addi-
tional in vitro experiments have therefore been
performed, studying the effects of smaller amounts
of these agents as well as potassium, alone and in
combination, in an attempt to elucidate further
their role in the control of aldosterone biosyn-
thesis.
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Methods
Tissue preparation and incubation. The studies were

carried out with slices of beef adrenal cortex prepared
in the manner of the previous study (6). The glands
were incubated within 2 hours after death of the animals.
Slices were taken with a microtome.

In studies upon aldosterone synthesis alone, only outer
slices were incubated, since histologically this slice in-
cludes most of the zona glomerulosa. When cortisol syn-
thesis was also studied, the next inner slice was also taken,
since it includes considerable zona fasciculata. When
only cortisol synthesis was studied, only the third slice
was used. The different slices were shown to vary in
their initial steroid content by assays of nonincubated
slices used in four separate experiments. The mean ster-
oid contents (in l'g per g tissue) were as, follows: 1)
outer slices, aldosterone 3.85; corticosterone 3.65; corti-
sol 0.68; 2) second slices, aldosterone 3.03; corticosterone
5.55; cortisol 7.80; 3) third slices, aldosterone 0.15; cor-
ticosterone 2.36; cortisol 7.23. The slices used in each
experiment were combined and minced to obtain uni-
formity. At least four vessels containing 400 to 667 mg
of tissue were incubated and analyzed separately for each
portion of each experiment.

No effect of angiotensin upon this in vitro preparation
was observed if the tissues were not first preincubated
and the preincubation media replaced with fresh media.
Therefore, in all experiments, the tissues were preincu-
bated for 1 hour in Krebs-Ringer bicarbonate medium
containing glucose at a concentration of 200 mg per 100
ml. The glucose was omitted in the studies of phos-
phorylase activity. The preincubation medium was then
replaced with 5 ml of fresh medium and the appropriate
stimulatory agent added. Each vessel was gassed with
95% 02-5% C02 and capped tightly. At least four ves-
sels served as controls in each experiment, and there were
from 24 to 44 vessels in the various studies. Incubation
was usually for 120 minutes but occasionally for 150 or
180 minutes.

Stimulatory agents. Porcine ACTH-gel,2 used in
previous studies (6) and shown to be biologically ef-
fective on steroidogenesis in man, was used in experi-
ments 1, 2, 17, and 20. In all other studies, porcine,
aqueous ACTH3 was used. Angiotensin was synthetic
asparaginyl-1, valine-5 angiotensin II, prepared in

2 National Drug, Philadelphia, Pa.
3 Upjohn, Kalamazoo, Mich.
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200-lsg amounts in vials without preservative and

dissolved in saline just before use.4 Adenosine-3',5'-mono-

phosphate (3',5'-AMP) was dissolved in Krebs-Ringer

bicarbonate medium and brought to pH 7.4 by addition of

1 N sodium hydroxide. The concentrations of potassium

in the media were varied by using more or less potas-

sium chloride. Unless otherwise specified, the potas-

sium concentration of the media was 5.8 mEq per L.

Assay procedures. After incubation, the media were

decanted, and from 2 to 5 ml was analyzed for steroids by

a double isotope derivative assay (7). The assay tech-

nique was not changed except for the addition of known

amounts of the appropriate '4C-ring-labeled steroids to

each sample of medium as internal standards at the onset

of the assay instead of after acetylation. Thereby cor-

rection was made for any losses of steroid from the very

beginning of the assay. Two paper chromatographic

separations were used before and one after oxidation of

the tritium-labeled acetates of the different steroids.

Phosphorylase activity was assayed in the adrenal tis-

sue after incubation by the technique of Sutherland (8).

The potassium concentrations of the incubation medium

were determined by flame photometry.
Considerable variation between experiments both in the

levels of steroid synthesized in the control vessels and in

the effect of various stimuli was noted. Thus, the con-

trol levels of aldosterone after 120-minute incubations va-

ried from 2.63 to 6.90 ,ug per g tissue. Such variation

was noted in previous in vitro studies (6). However,

even greater variation than this has been observed during

4 Kindly supplied by Dr. Jack L. Graeme, Ciba Pharma-
ceutical Co., Summit, N. J.

in vivo studies when the experimental designs should
allow for even greater stability of steroid synthesis (1-5).
It could be argued that the variation in the degree of stim-
ulation of steroid synthesis in different experiments could
reflect variations in the rate of inactivation of the stim-
ulatory agents, but this could not explain the differences
in the effects of a stimulatory agent on the various steroids
within a single experiment, since the various steroids
were all measured in the media from the same vessels.
Moreover, in each experiment, an effect of each stimula-
tory agent was observed on one or more steroids so that
complete inactivation was ruled out.

Values are expressed as micrograms of steroid in the
incubation medium per gram of tissue per total time of
incubation. The mean and standard deviation of the
steroid values in each group of vessels were compared
to those of the control specimens simultaneously incu-
bated. The per cent increase over the control levels was

also determined. Statistical evaluation was by the t test

(9).

Results

These studies were designed to examine three
aspects of steroid biosynthesis: first, the separate
effects of ACTH, angiotensin, and potassium; sec-

ond, the effects of various combinations of these
three stimuli; and third, possible differences in the
mode of action of ACTHand angiotensin.

The effect of ACTH upon steroid synthesis
(Table I). In six experiments, amounts of

TABLE I

Effects of ACTHupon steroid biosynthesis in beef adrenal tissue*

Experi- Amount of ACTH (,ug/g tissue)
ment

no. None 0.01 0.1 1.0 2.0 5.0 10.0 100.0

Aldosterone, 1 3.64 4 0.80 3.51 :i: 0.72 4.46 :h 0.68 5.13 :1 1.50 11.32 4 1.94 10.96 :1: 1.80

,ug/g 2 5.14 ± 0.50 5.20 4 0.63 5.58 ± 0.74 5.83 ± 0.91 8.65 ±t 1.05 9.66 ± 1.42
tissue 3 2.63 4 0.32 2.51 4 0.48 2.95 4 0.45 2.88 :1 0.60 6.03 4 0.82

4 4.20 :1 1.33 4.33 4- 0.92 4.20 4- 1.14 8.11 ± 1.23
5 4.11 :1 0.21 4.20 4 0.52 4.63 d 0.08 6.56 4 0.87 8.80 4 0.98
6 5.70 + 0.71 5.55 - 0.90 8.97 4 0.65

Mean per cent increase over control 0 9% 11% 8% 62% 126% 200%

Corticosterone, 1 3.56 ± 0.50 4.31 ± 0.40 6.12 :h 0.78 8.33 4 1.33 10.56 ± 1.51 10.78 ± 1.32

,ug/g 2 7.04 :1: 0.88 7.22 : 1.10 9.73 ± 1.11 11.76 ± 2.44 14.40 ± 2.56 14.05 :1 2.60
tissue 3 4.13 4 0.44 5.60 ± 0.77 7.45 4 0.67 9.20 ± 1.45 9.88 4 1.75

4 1.58 ± 0.51 3.16 ± 0.90 4.25 :1: 1.30 4.20 ± 1.13
5 6.21 ± 1.11 8.04 ± 1.68 8.25 ± 2.44 8.16 41 1.22 9.07 ± 2.30
6 6.55 ± 0.81 6.42 4 1.03 6.14 4 0.65

Mean per cent increase over control 11% 49% 68% 108% 43% 130% 205%

Cortisol, 1 5.60 4 1.12 7.30 ± 1.58 20.85 ± 2.40 24.76 :1= 3.02 28.26 4 4.58 28.15 + 3.62

;Lglg 2 5.36 ± 1.58 6.12 :1 1.33 18.65 ± 2.25 23.44 :1 2.54 22.67 ± 3.11 24.51 4 3.60

tissue 3 8.52 ± 0.88 15.02 ± 1.58 16.51 ± 1.42 19.60 4 1.51 17.88 ± 1.34

4 2.92 4 1.11 12.87 ± 2.12 14.20 ± 3.02 14.30 4 2.83
5 2.67 4 0.65 9.56 ± 1.76 9.82 4± 2.22 9.76 ±t 1.69 9.63 4 1.46

6 2.84 ± 0.30 8.88 ± 0.69 10.78 ± 0.98

Mean per cent increase over control 22% 199% 264% 261% 289% 305%, 404%

* In all of these experiments, outer and second slices were used.
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TABLE II

Effects of angiotensin II upon steroid biosynthesis in beef adrenal tissue*

Experi- Amount of angiotensin II (ug/g tissue)
ment

no. None 0.01 0.1 1.0 10.0 100.0

Aldosterone, 7 5.14 ± 0.50 5.26 ± 0.58 7.49 ± 0.64 10.05 :1 2.02
,ug/g tissue 8 4.54 1 0.78 4.88 ± 0.48 8.62 ± 0.90

9 4.20 4t 1.33 4.85 =1: 0.96 9.45 4 1.10 9.15 ± 1.13
10 6.90 + 0.74 7.02 ± 1.04 9.04 4 2.72 14.85 4 2.65 18.28 ± 3.00 18.08 ± 3.36
11 4.11 ±0.21 6.64±0.82
12 5.70 ± 0.71 5.48 ± 0.66 9.58 ± 1.44 11.44 4 1.63 14.16 4 2.30
13 2.63 ± 0.32 4.56 ± 0.62 5.44 ± 0.59 7.33 ± 1.08 7.42 ± 1.26
14 3.34 4 0.62 3.40 :4: 0.85 5.89 ± 0.63 8.05 ± 0.93
15 4.73 4 0.58 8.44 :+1 0.50 10.08 4i 1.16
16 2.95 ± 0.36 6.03 :1: 0.81 7.80 ± 0.78

Mean per cent increase over control 0 52% 111% 153% 147%,

Corticosterone, 7 7.04 4 0.88 12.16 ± 1.34 16.06 ± 1.94 26.84 4 3.52
,ug/g tissue 8 5.32 ± 0.69 5.65 4 0.62 12.54 ± 1.67

9 1.58 :i 0.51 4.13 ± 0.59 8.48 1 1.13 9.90 ± 1.72
10 4.76 ± 0.56 6.02 :1: 1.36 6.48 ± 0.80 12.76 41 2.85 18.80 ± 3.50 18.06 :1 2.76
11 6.21 ± 1.11 10.55 ± 2.22
12 6.55 ± 0.81 6496 ± 0.75 6.54 ± 0.51 5.20 ± 0.44 3.58 4+ 0.49
13 4.13 4 0.44 5.83 4J 0.48 6.21 ± 0.94 3.03 ± 0.45 3.15 4 0.57
14 5.55 ± 0.80 5.38 4 0.63 8.56-± 1.11 7.95 ± 0.80
15 3.90 4 0.46 2.96 4 0.33 3.08 ± 0.56
16 6.12 0.76 5.90 ± 0.83 4.72 4 0.71

Mean per cent increase over control 10% 41% 95% 188% 176%

Cortisol, 7 5.36 4 1.58 7.92 4 1.01 11.86 4 2.52 12.06 ± 1.80
,ug/g tissue 8 4.77 ± 0.57 4.90 ± 0.63 5.38 ± 0.77

9 2.82 A 1.11 3.20 4 0.45 4.34 4 0.72 7.64 ± 1.48
10 2.92 ± 0.92 3.02 ± 0.60 3.48 ± 0.78 4.80 ± 1.98 8.74 ± 2.86 19.28 ± 3.21
11 2.67 ± 0.65 3.06 ±0.70
12 2.84 ± 0.30 2.91 4 0.58 3.40 ± 0.44 4.00 ± 0.58 4.14 + 0.60
13 8.52 ± 0.88 8.88 ± 1.10 15.58 ± 1.60 14.78 ± 3.21 15.30 ± 2.65
14 4.37 ± 0.60 4.35 ± 0.76 4.88 ±t 0.81 5.50 ± 0.50
15 5.12 ± 0.35 6.23 ± 0.49 7.34 ± 0.81
16 3.56 ± 0.46 3.44 ± 0.55 6.05 ± 0.88

Mean per cent increase over control 2% 15% 57% 122% 255%

* In all experiments, outer and second slices were used.

ACTHvarying from 0.01 U to 100 U per g tis-
sue were added to vessels containing both zona
glomerulosa and zona fasciculata. The synthesis
of cortisol was markedly stimulated by 0.1 U, the
synthesis of aldosterone only with 5.0 U or more.
The mean per cent increase of aldosterone syn-
thesis in the six experiments with 1.0 U of ACTH
was only 11 %, whereas cortisol synthesis in-
creased 264%o. The synthesis of corticosterone
was increased with 0.1 U but to a lesser degree
than the synthesis of cortisol. These experiments
reveal a high degree of selectivity of the effect of
the small doses of ACTHupon the synthesis of
cortisol.

The effects of angiotensin upon steroid synthesis
(Table II). Similar studies were done with
varying doses of angiotensin. Relatively small
amounts, 0.1 and 1.0 jtg per g tissue, stimulated

the synthesis of aldosterone 52% and 111%o, re-
spectively. The synthesis of corticosterone usually
increased along with that of aldosterone, but in ex-
periments 12, 13, 15, and 16, the level of corti-
costerone fell as aldosterone increased.

In all but one of the ten experiments with 0.1
,ug angiotensin per g tissue, the degree of stimulation
of aldosterone synthesis was greater than that of
cortisol synthesis (Figure 1). In experiments 11
through 16, the relatively selective effect upon al-
dosterone was particularly striking. Overall, in
the experiments with the 0.1-,ug dose, the differ-
ence in the per cent increases of aldosterone syn-
thesis compared to the per cent increases of corti-
sol synthesis was significantly greater (p < 0.05).

In the nine experiments with 1.0 Mg angiotensin
per g tissue, the stimulation of aldosterone syn-
thesis was also greater than that of cortisol in all
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FIG. 1. THE EFFECTS OF ANGIOTENSIN, 0.1 AND 1.0 jiG PER G TISSUE, UPONTHE

SYNTHESIS OF ALDOSTERONEANDCORTISOL IN EXPERIMENTS7 THROUGH16.

but one. In six of the nine experiments, the ef-
fect on aldosterone was more than twofold greater
than on cortisol. Taking all experiments with 1.0
jug of angiotensin, the difference in the per cent in-
crease of aldosterone synthesis compared to corti-
sol synthesis was significant (p < 0.02).

Thus, a relative selectivity of the stimulation of
aldosterone synthesis in vitro by angiotensin was

found, similar to but less marked than that of
cortisol synthesis by ACTH.

The effects of ACTH plus angiotensin upon
steroid synthesis (Table III). Studies were next

TABLE III

The effects of ACTHplus angiotensin upon steroid biosynthesis in beef adrenal tissue

Experi- Stimulant Aldosterone Corticosterone
ment
no.* Slices used Name Dose Mean SD Mean SD

/g tissue pug/g tissue pg/g tissue
17 Outer None -5'.14 0.50 7.04 0.88

andsecond ACTH I U 5.83 0.91 11.76 2.44second
Angiotensin 1 jig 7.49 0.64 16.06 1.94
ACTH I U and 9.94 1.45 26.04 3.13
Angiotensin 1 jg
Angiotensin 100 jg 10.05 2.02 26.84 3.52

18 Outer None 4.13 0.38 5.01 0.61
ACTH I U 3.49 0.48 11.25 1.43

Angiotensin 1 jig 7.52 0.51 8.00 1.46
ACTH I U and 10.76 0.81 19.30 2.54
Angiotensin 1 jig
Angiotensin 100 jig 11.11 0.90 19.06 2.25

19 Outer None 2.63 0.32 4.13 0.44
and ACTH I U 2.95 0.45 7.45 0.67
second A U

Angiotensin 1 lig 5.44 0.59 6.21 0.94
ACTH I U and 7.15 0.86 7.56 0.73
Angiotensin 1 jig
Angiotensin 100 jig 7.42 1.26 3.15 0.57

* The length of incubation was 180 minutes in experiment 17 and 120 minutes in experiments 18 and 19.
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BIOSYNTHESIS OF ADRENALSTEROIDS

TABLE IV

The effects of A CTH, 3',5'-A MP, and angiotensin upon steroid biosynthesis in beef adrenal tissue*

Experi- Stimulant Aldosterone Corticosterone
ment Slices
no.t used Name Dose Mean SD Mean SD

/g tissue i&g/g tissue psg/g tissue
20 Outer None 2.85 0.45 2.04 0.60

ACTH 8 U 4.11 1.53 3.16 0.95
3',5'-AMP 228 jmoles 7.23 1.02 6.27 1.26
Angiotensin 30 jig 9.42 1.02 6.87 1.83
ACTH 8 U and 6.12 1.28 6.84 0.92
3',5'-AMP 228 jimoles
ACTH 8 U and 11.37 1.45 11.79 2.58
Angiotensin 30 ug
3',5'-AMP 228 j.moles and 12.99 2.32 22.89 3.16
Angiotensin 30 jg

21 Outer None 4.58 0.45
ACTH 4 U 5.55 0.86
3',5'-AMP 120,jmoles 7.27 1.22
Angiotensin 20 jAg 8.30 0.78
ACTH 4 U and 7.20 1.44
3',5'-AMP 120 Amoles
ACTH 4 U and 9.04 1.61
Angiotensin 20 jug
3',5'-AMP 120 jimoles and 10.85 2.00
Angiotensin 20 Ag

* 3',5'-AMP = adenosine-3',5'-monophosphate.
t The length of incubation was 150 minutes in experim

performed to assess the effect of the combination of
ACTH and angiotensin upon steroid synthesis
in vitro. One U of ACTH, which itself had no
effect upon the synthesis of aldosterone, was found
to potentiate the effect of 1 Fmg of angiotensin.
With 1 Mtg of angiotensin, the small amount of
ACTHincreased the level of aldosterone synthesis
to about that reached with 100 ug of angiotensin.
The synthesis of corticosterone was potentiated by
ACTH to an even greater degree than the syn-
thesis of aldosterone in experiments 17 and 18.

The effect of 3',5'-AMP with ACTHand angio-
tensin (Table IV). In view of the differences in
the selectivity of ACTHand angiotensin and the
observed potentiation of the action of angiotensin
by ACTH, studies were performed with 3',5'-
AMP, which is thought to be an intermediate in
the action of ACTH upon adrenal steroid bio-
synthesis (10).

Both ACTHand 3',5' AMPhad an additive ef-
fect to that of angiotensin but not to each other.
In experiments 20 and 21, 3',5'-AMP alone sig-
nificantly stimulated the synthesis of aldosterone,

120 minutes in experiment 21.

whereas ACTH alone did not. The addition of
ACTH to 3',5'-AMP did not increase steroid
levels beyond those reached with 3',5'-AMP alone.
However, each did potentiate the effect of angio-
tensin. The additive effect of 3',5'-AMP was
greater than that of ACTH.

These results are in keeping with an action of
ACTHthrough 3',5'-AMP, whereas they suggest
that angiotensin may not act in the same manner.

The effects of ACTH and angiotensin upon
phosphorylase activity. According to the pro-
posed mechanism of action of ACTHthrough 3',5'-
AMP, the activity of the phosphorylase enzyme
within the adrenal tissue is thought to be stimu-
lated. If, as the previous experiments suggest,
angiotensin does not act in the same manner, it
may have no effect upon phosphorylase activity.
Studies were then performed with both ACTH
and angiotensin, measuring steroid synthesis as
well as phosphorylase activity.

In experiment 22, the effects of angiotensin (50
Mug per g tissue) and ACTH (5 U per g tissue)
were determined upon the synthesis of aldosterone
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FIG. 2. THE EFFECTS OF ANGIOTENSIN AND ACTHUPONALDOSTERONESYNTHESIS IN

THE OUTERSLICES, UPONCORTISOL SYNTHESIS IN THE THIRD SLICES, AND UPON PHOSPHORY-

LASE ACTIVITY IN BOTH SLICES OF BEEF ADRENALGLANDS (EXPERIMENT 22).

and cortisol in the media and upon the activity of
phosphorylase in the tissue (Figure 2). As re-

ported by Williams, Johnson, and Field (11),
angiotensin did not stimulate the activity of phos-
phorylase in either outer or third slices at a time
that it did stimulate the synthesis of both aldos-

terone and cortisol. Similar results were obtained
in two other experiments, using 10 ,ug of angio-
tensin and 2 U of ACTH. ACTHhad no effect
upon the outer slices, but stimulated both phos-
phorylase activity and cortisol synthesis in the
third slice.

TABLE V

The effects of potassium upon steroid biosynthesis in beef adrenal tissue

Experi- Aldosterone Corticosterone Cortisol
ment Potassium
no.* Slices used concentration Mean SD Mean SD Mean SD

mEq/L Ag/g tissue ug/g tissue gg/g tissue
23 Outer 1.5 2.54 0.33 2.69 0.21

4.0 3.17 0.40 5.92 0.43
5.9 5.46 0.60 7.38 0.36
9.8 7.18 0.48 12.84 1.00

11.0 8.00 0.54 12.99 1.44

24 Outer 5.8 2.63 0.32 4.13 0.44 8.52 0.88
and 11.6 5.14 0.68 4.53 0.41 10.30 2.02
second

25 Outer 0 4.23 0.45 3.40 0.41 2.44 0.50
and 5.8 5.70 0.71 6.55 0.81 2.84 0.30
second 11.4 10.77 1.14 8.15 0.40 3.47 0.58

26 Outer 4.9 4.25 0.63 8.77 1.16
and 5.8 4.48 0.41 9.33 1.23
second 12.2 9.13 0.74 10.60 0.91

27 Outer 4.8 4.60 0.46 4.22 0.59
5.9 5.13 0.38 5.01 0.61

10.4 10.54 0.92 13.22 1.11

28 Outer 5.8 3.16 0.41 3.79 0.52 5.14 0.82
and 8.7 6.02 0.75 7.15 0.93 5.26 0.63
second 11.6 8.43 0.65 8.20 0.86 5.44 0.80

14.5 9.12 1.02 11.18 1.62 5.45 0.55

* The length of incubation was 120 minutes in all experiments.

0.6 0.7 4.7
............
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TABLE VI

The effects of potassium plus angiotensin upon steroid biosynthesis in beef adrenal tissue

Experi- Aldosterone Corticosterone
ment Potassium Dose of
no.* Slices used concentration angiotensin Mean SD Mean SD

mEqIL /g tissue Jg/g tissue pg/g tissue
29 Outer 4.9 None 4.25 0.63

and 1.0,ug 6.16 0.70
second 5.8 None 4.48 0.41

1.0 ug 9.70 0.99
12.2 None 9.13 0.74

t.O ug 12.34 1.62

30 Outer 4.8 None 4.60 0.46 4.22 0.59
1.0 jsg 5.21 0.50 5.93 0.41

5.9 None 5.13 0.38 5.01 0.61
1.0 lg 7.52 0.51 8.00 1.46

10.4 None 10.54 0.92 13.22 1.11
1.0 ,sg 12.40 1.67 25.86 3.18

31 Outer 1.5 None 2.54 0.33 2.69 0.21
1.0 ug 4.95 0.15 3.00 0.36

4.0 None 3.17 0.40 5.92 0.43
1.0 jg 7.90 0.88 4.56 0.61

5.9 None 5.46 0.60 7.38 0.36
1.0 ug 7.50 0.59 7.44 0.58

9.8 None 7.18 0.48 12.84 1.00
1.0 ug 10.59 1.33 8.42 0.86

11.0 None 8.00 0.54 12.99 1.44
1.0 Ug 13.57 1.67 7.49 0.62

* The length of incubation was 120 minutes in all experiments.

The effects of potassium upon steroid synthesis
(Table V). Another stimulus to the secretion of
aldosterone in vivo is potassium (1, 12). The ef-
fect of varying concentrations of potassium upon
steroid synthesis in this in vitro preparation was
examined. In experiment 23, as the concentra-
tion of potassium in the media was increased from
1.5 to 11.0 mEqper L, the synthesis of aldosterone
and corticosterone progressively increased. The
synthesis of both was increased significantly only
by rather large increases in potassium concentra-
tion. With increases of 0.9 mEq per L (experi-
ment 26) and 1.1 mEq per L (experiment 27),
only slight increases in aldosterone synthesis oc-
curred. No significant change in the level of cor-
tisol synthesis occurred with any change in the
concentration of potassium. These experiments
demonstrate a selective effect of potassium upon
the synthesis of aldosterone and corticosterone
in vitro.

The effects of potassium plus angiotensin upon
steroid synthesis (Table VI). In view of the po-
tentiation of the action of angiotensin upon aldos-
terone synthesis by small amounts of ACTH, the
effect of small increments of the concentration of
potassium was studied.

In experiment 29, increasing the concentration
of potassium from 4.9 to 5.8 mEq per L had no
effect upon the synthesis of aldosterone. How-
ever, in the vessels with the higher concentration of
potassium, 1.0 Mug of angiotensin had a significantly
greater stimulatory effect upon aldosterone syn-
thesis (p < 0.001). Similarly, in experiment 30,
1.0 ug of angiotensin had a greater effect upon the
synthesis of aldosterone and corticosterone in the
presence of 5.9 mEq per L of potassium than in
the presence of 4.8 mEqper L of potassium (p <
0.001).

In both of those experiments and in experiment
31, angiotensin, 1.0 Mug per g tissue, increased the
synthesis of aldosterone at all concentrations of
potassium. Even at the highest potassium levels,
varying from 10.4 to 12.2 mEqper L, angiotensin
remained effective.

During experiment 31, the level of aldosterone
synthesis progressively rose in the presence of
angiotensin and increasing concentrations of po-
tassium (Figure 3). However, the level of corti-
costerone synthesis did not progressively increase
and actually fell in the vessels with the highest
level of aldosterone, those with 9.8 and 11.0 mEq
per L of potassium.
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FIG. 3. THE EFFECTS OF VARYING CONCENTRATIONSOF POTASSIUM ALONE
(SOLID BARS) AND WITH ANGIOTENSIN (SHADED BARS) UPONTHE SYNTHESIS OF
CORTICOSTERONEANDALDOSTERONEBY THE OUTERSLICES OF BEEF ADRENALGLANDS
(EXPERIMENT 31). The concentration of potassium is shown in milliequivalents
per liter.

These experiments reveal a potentiation of the
effect of angiotensin upon aldosterone synthesis
by potassium in concentrations that do not them-
selves significantly stimulate steroid synthesis.

Discussion
This study was designed to examine certain as-

pects of steroid biosynthesis in an in vitro prepa-
ration. The results reveal a relative selectivity of
the stimulatory effects of ACTH upon cortisol
synthesis and of angiotensin and potassium upon
aldosterone and corticosterone synthesis. In
amounts that in themselves were too small to
stimulate steroid synthesis, both ACTHand po-
tassium potentiated the effect of angiotensin upon
aldosterone synthesis. In an attempt to elucidate
its mechanism of action, angiotensin was found to
differ from ACTH in not causing demonstrable
increases in phosphorylase activity and in remain-
ing active in the presence of an effect of 3',5'-
AMP.

These results give support to currently held
concepts of the control of steroid biosynthesis
based on in vivo experiments. These concepts de-

fine a primary role of ACTH in the control of
cortisol synthesis and of angiotensin in the control
of aldosterone synthesis. Recently, attention has
mainly centered upon the role of the renin-angio-
tensin system. According to the hypothesis pro-
posed by Gross (13) and Tobian (14), the juxta-
glomerular apparatus secretes renin in response
to a decrease in the pulse pressure within the re-
nal afferent arterioles. Renin releases from a
substrate the decapeptide, angiotensin I. This is
converted to the octapeptide, angiotensin II, which
stimulates the secretion of aldosterone.

There is no doubt that angiotensin can stimulate
the secretion of aldosterone. The question re-
mains, however, whether angiotensin is the im-
portant physiologic stimulus for the secretion of
aldosterone. If it is, it should produce a selective
stimulation of aldosterone secretion, since the
usual physiologic changes that stimulate aldoster-
one do not stimulate cortisol (15, 16). Such a se-
lective stimulation with angiotensin has been
shown by some (2-4, 17, 18) but not by others
(5). In addition, the removal of the renin-angio-
tensin mechanism, i.e., bilateral nephrectomy,

9.8 //.0
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should prevent the expected increases of aldos-
terone secretion with physiologic stimuli. Here
again, some have shown this to occur in dogs (18,
19), whereas others find that removal of the
renin-angiotensin mechanism does not prevent
stimulation of aldosterone in response to bleeding
in rats (20) or continuation of secretion of aldos-
terone for up to 7 hours in response to severe salt
deprivation in sheep (16). The studies on the
rat, however, cannot be taken as evidence against
the role of the renin-angiotensin system in other
species in view of the more recent reports showing
that the renin-angiotensin system does not exert
an effect upon aldosterone synthesis in the rat
(21-23).

On the other hand, ACTHdoes not appear to be
necessary for the secretion of aldosterone, but is
the physiologic stimulus for the secretion of corti-
sol. It does, in large doses, increase aldosterone
secretion in vivo (15), but it appears to play a
secondary role in supporting the level of steroido-
genesis rather than a primary role in initiating
steroidogenesis in response to physiologic stimuli
(24). The possible role of other humoral sub-
stances, including those of pineal origin, remains
unsettled, but there is little evidence for their
physiologic importance (4, 25).

Changes in the concentration of potassium have
been found to influence the secretion of aldosterone
in vivo, high levels causing stimulation, low levels
depression (1, 12). These changes occur in the
absence of alterations in plasma volume (1), in
the isolated adrenal (4) and in the hypophysec-
tomized nephrectomized dog (26). Potassium
thus appears to act independently of the other
physiologic mechanism for the control of aldos-
terone synthesis.

The results of these in vitro studies suggest that
the renin-angiotensin mechanism is a prime physi-
ologic stimulus to aldosterone synthesis, that
ACTH is purely supportive, and that potassium
exerts a separate influence. In vitro studies can-
not define the role of physiologic control mecha-
nisms, but can indicate their existence and sug-
gest their relative importance. Therefore, the
demonstration that angiotensin can stimulate the
synthesis of aldosterone in a relatively selective
manner supports, but certainly does not prove, the
view that angiotensin may be the aldosterone stim-
ulating hormone.

The effects of ACTH upon aldosterone syn-
thesis in vitro provide additional evidence for its
secondary, supportive role. In amounts adequate
to stimulate markedly the synthesis of cortisol,
ACTH did not stimulate the synthesis of aldos-
terone; amounts of ACTH too little to affect al-
dosterone synthesis did potentiate the effects of
angiotensin.

Increasing concentrations of potassium stimu-
lated the synthesis of aldosterone and corticos-
terone without significantly affecting cortisol.
The changes in potassium concentration required
to produce this stimulation were rather large, but
smaller changes, in themselves without effect, did
potentiate the stimulation by angiotensin.

Although the findings noted in these in vitro
studies are in keeping with the results obtained
by others in intact animals, certain limitations of
in vitro experiments should be considered. First,
relatively large amounts of the stimulatory agents
were required, amounts quite outside the in vivo
"physiologic range." The need for these large
amounts has been observed by others using other
in vitro systems (27).

Second, the degree of effect of the stimulatory
agents as well as the control level of steroid syn-
thesis varied considerably between experiments.
Variations in the rate of inactivation of the stimu-
latory agents within the tissue preparation could
explain some of the differences observed between
separate experiments. Such variations in inacti-
vation could not, however, explain differences in
the effects of a stimulatory agent on the various
steroids within a single experiment, since the vari-
ous steroids were all measured in the media from
the same vessels. Moreover, in each experiment,
some effect of each stimulatory agent was ob-
served, so complete inactivation was ruled out.

Third, in intact animals the interplay of various
feedback systems must be taken into account in
examining the selective role of these stimuli. The
stimulation of aldosterone secretion by ACTH in
vivo persists for only a short time (15); there-
after, an expanded plasma volume may lead to a
suppression of the renin-angiotensin mechanism
and a fall of aldosterone secretion. Angiotensin
will stimulate corticosteroid secretion in vivo,
but it appears that the negative corticosteroid
feedback mechanism then inhibits ACTH release
and thereby leads to a fall in corticosteroid secre-
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tion despite persistence of increased aldosterone
secretion (2).

These studies may provide some evidence for
the mechanism by which angiotensin stimulates the
synthesis of adrenal steroids. First, they suggest
that angiotensin acts in a manner different from
ACTH. The currently favored hypothesis for the
mechanism of the action of ACTH upon steroid
synthesis, proposed by Haynes (10), involves an

increase in 3',5'-AMP that activates phosphory-
lase and thereby provides additional' TPNH re-

quired in steroidogenesis. The mechanism by
which 3',5'-AMP increases phosphorylase activity
apparently involves a decrease in the inactivation
of phosphorylase (28). The findings that ACTH
increased phosphorylase activity when it stimu-
lated steroid synthesis and did not stimulate ster-
oid synthesis in the presence of presumably maxi-
mal effects of added 3',5'-AMP are in keeping
with this scheme. On the other hand, angiotensin
does not appear to act by this mechanism, since
it did not increase phosphorylase activity when it
did stimulate steroid synthesis and an effect of
angiotensin was noted in the presence of presum-

ably maximal effects of added ACTH or 3',5'-
AMP.

Second, these studies suggest that angiotensin
stimulates steroid synthesis relatively early in the
biosynthetic pathway, before the conversion of cor-

ticosterone to aldosterone. In most experiments
the synthesis of corticosterone was increased along
with that of aldosterone. In some experiments,
however, the levels of corticosterone were un-

changed or fell while aldosterone increased. Since
corticosterone is probably an intermediate in the
biosynthetic pathway to aldosterone, it may have
been more completely utilized in those tissues
most active in steroidogenesis. In the slices used
in those experiments, a smaller supply of steroid
precursors or a smaller amount of zona fasciculata,
wherein the synthesis of corticosterone but not of
aldosterone may occur, could also explain these
differences. Since angiotensin in large doses will
also stimulate the synthesis of cortisol, its site of
action may be before the hydroxylation of proges-

terone. The previous study upon beef adrenal tis-
sue supported an effect at the level of the utiliza-
tion of cholesterol (6).

The question remains as to why angiotensin and
ACTH in small amounts selectively stimulate the

synthesis of aldosterone and cortisol, respectively,
whereas in large amounts the synthesis of both ster-
oids is stimulated. One possible explanation is a
selective binding of the two agents, as has been
shown for ACTH in the zona fasciculata (29).
Perhaps angiotensin is also bound selectively in
the zona glomerulosa and only with large, non-
physiologic amounts does spillage to the other
zones of the adrenal occur. On the other hand,
binding may be nonselective, but the enzymatic
activities of the zona glomerulosa may be more
responsive to the effects of angiotensin and of the
zona fasciculata to ACTH. Similar selectivity
could result from different levels of' inactivating
enzymes in the various zones of the adrenal. An-
other attractive hypothesis to explain this selec-
tivity of hormone action involves the regulation of
gene action. Selective alterations of messenger-
RNA synthesis have been shown with different
hormones (30), and different concentrations of
the hormone ecdysone have been found to induce
chromosomal puffing in a sequential fashion (31).
Thus, if the effect of these hormones involves gene
action, perhaps their effect may be selective in
small doses, but more generalized in larger
amounts.

Summary
The effects of angiotensin, ACTH, and potas-

sium alone and in various combinations upon the
synthesis of aldosterone, corticosterone, and cor-
tisol by slices of beef adrenal tissue have been
studied.

In relatively small doses, angiotensin usually
stimulated the synthesis of aldosterone to a much
greater degree than that of cortisol, whereas
ACTH stimulated the synthesis of cortisol with-
out an effect upon aldosterone. Increasing con-
centrations of potassium stimulated the synthesis
of aldosterone and corticosterone but not of corti-
sol. The effect of angiotensin was potentiated by
amounts of ACTH and potassium that did not
themselves influence steroid synthesis.

The possible mechanism by which angiotensin
stimulates steroid synthesis was also investigated.
Angiotensin did not affect adrenal phosphorylase
activity and was potentiated by adenosine-3',5'-
monophosphate, suggesting that it does not act via
a mechanism proposed for the action of ACTH.
Evidence is. presented for a site of action of angio-
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tensin relatively early in the biosynthetic pathway
before the conversion of corticosterone to
aldosterone.
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