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There is evidence suggesting that the control
of aldosterone secretion is relatively independent
of the pituitary gland. This is based on morpho-
logical studies in the rat (1), on indirect assess-
ments of adrenal secretion during metabolic stud-
ies in man (2), and on direct estimations of
adrenal hormone secretion in the rat (3, 4) and
dog (5-7). The morphological studies of Deane
and Masson (8), which indicate that renin may
stimulate the adrenal cortex in the rat, the results
of Genest and his colleagues (9), which suggest
that arterial hypertension may be associated with
an increased excretion of aldosterone in man, and
the demonstration by Genest ( 10, 11 ) and Laragh
(12) and their colleagues that angiotensin II
stimulates excretion (10, 11) and secretion (12,
13) of aldosterone suggest that the kidney may
have some influence on the rate of secretion of
adrenal hormones. Recently, Pronove, MacCardle,
and Bartter (14) described a dwarfed, normoten-
sive child who was suffering from the effects of
excessive production of aldosterone. This was
associated with a remarkable hypertrophy and
hyperplasia of the juxtaglomerular apparatus in
the kidney. The syndrome has been found sub-
sequently in two other patients with hyperaldos-
teronism (15, 16). The observations suggested
that the kidney itself was in some way responsi-
ble for the overproduction of aldosterone. The
present experiments, performed in the dog, were
designed to test the hypothesis that the normal
kidney contains material capable of stimulating
the adrenal cortex. This was found to be so (17,
18), in agreement with results simultaneously ob-
tained by Mulrow, Ganong, Cera, and Kuljian (19)
and by Davis and associates (20, 21). Accord-
ingly, further studies were designed to see whether
the pattern of response of the three important
adrenocortical steroid hormones (aldosterone, cor-
tisol, and corticosterone) was such as to suggest

that this renal stimulus is involved in the media-
tion of aldosterone secretion physiologically.

MATERIAL AND METHODS

The effects of hypophysectomy in unanesthetized dogs
were tested in eight dogs fed a diet containing 9 mEq of
sodium and 186 mEq of potassium for 13 to 21 days. On
day 1, the lumbo-adrenal vein was cannulated, and the
right kidney was removed under Nembutal or ether anes-
thesia. On day 2, two adrenal blood samples were col-
lected without anesthesia with the animal lying quietly.
The pituitary was then removed under Nembutal or halo-
thane anesthesia. The next morning (about 18 hours
after hypophysectomy), two adrenal blood samples were
again collected without anesthesia, with the animal lying
quietly. All animals received 100 mg cortisone acetate
intramuscularly on the day of hypophysectomy.

Infusion studies. Male mongrel dogs weighing between
16.4 and 26.5 kg were anesthetized with Nembutal, and
the pituitary was removed by a buccal approach 2 to 4
hours before the beginning of each experiment, except
as otherwise indicated. Both kidneys were removed be-
tween double ligatures on the renal pedicles, and a can-
nula was inserted into the right lumbo-adrenal vein by
the method of Hume and Nelson (22). During surgery,
1.5 to 2.0 L of 0.15 M sodium chloride was given intra-
venously. After the abdomen was closed, the animal was
left undisturbed for 1 to 2 hours. During the experi-
ment, 20 to 30 ml of adrenal venous blood was collected
over 4 to 20 minutes. This was immediately replaced
by the iv infusion of dog blood taken from either saline-
loaded normal animals or saline-loaded, hypophysecto-
mized, nephrectomized animals.

As judged from the basal rate of secretion (not cor-
rected for hematocrit) of Porter-Silber chromogen (less
than 1.2 /Ag per minute) or that of cortisol (less than
500 mjug per minute), hypophysectomy appeared to have
successfully prevented adrenocorticotropin (ACTH) re-
lease in all except dogs 7, 10, and 11. Femoral arterial
and venous pressures were measured continuously with
Statham strain gauges on a Sanborn recording system;
an electrocardiogram was also recorded.

The materials being studied were dissolved or sus-
pended in 0.15 M sodium chloride and infused intra-
venously by a Bowman pump. Changes in rate of ad-
ministration were made by altering the concentration
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TABLE I

Granularity of the juxtaglomerular cells in normal dogs given
extra NaCl and desoxycorticosterone acetate and in

hypophysectomized dogs deprived of NaCl

Glomeruli Glomeruli
Animals counted granulated JGI*

no. no. no. O

Na-deprived 2 689 13 1.9 7.1
Na-loaded 3 658 3 0.4 1.2

* Index of juxtaglomerular granulation (Hartroft, P. M., and W. S.
Hartroft. Studies on renal juxtaglomerular cells. I. Variations pro-
duced by sodium chloride and desoxycorticosterone acetate. J. exp.
Med. 1953, 97, 415).

in the infusion fluid rather than the rate of infusion.
Cortisol hemisuccinate was given intravenously through-
out some experiments by a steady, slow drip.

Renin was prepared by the method of Haas and Gold-
blatt (23). For the experiments shown in Figures 4 and
5, a lyophilized preparation was used, whereas for the
experiments shown in Table IV, the renin was freshly
prepared from the kidneys of dogs treated with Mercu-
hydrin and a low-sodium diet for the preceding 4 days.
The potency of both preparations was assayed by the
method of Goldblatt, Katz, Lewis, and Richardson (24).
The renin used in the experiment shown in Figure 5 was
inactivated by prolonged storage.

The angiotensin used was a synthetic preparation sup-
plied as the valine-5 aspartic j3-amide.1

The studies on the patients mentioned above suggested
an effect of the juxtaglomerular apparatus on the adre-
nals. As the granulation in juxtaglomerular cells may
be altered experimentally (25), we prepared extracts
from kidneys with few granules and others from kidneys
with many granules in the juxtaglomerular cells. They
were made by homogenizing the whole kidney with ap-
proximately twice its weight of 0.15 M sodium chloride
in a Waring Blendor. Each recipient dog received in
succession extract of kidneys from two donor dogs.
There was an hour's wait between infusions. Donors of
group A had been fed a normal dog diet supplemented
with 170 mEq of sodium chloride daily (total sodium in-
take about 186 mEq daily) and injected with 10 mg of
desoxycorticosterone acetate intramuscularly daily for 13
to 19 days. In one experiment the dog was hypophysec-
tomized 2 hours before removal of the kidney. Donors
in group B had been hypophysectomized 14 to 34 days
previously and had received a diet containing 9 to 16
mEq of sodium chloride and approximately 100 mEq of
potassium for the previous 14 days. Hypophysectomized
dogs were given cortisone, 25 mg a day, intramuscularly.
As shown in Table I, granulation of the juxtaglomerular
cells was effectively altered by these procedures (p <
0.05).2

1 The authors wvish to thank Drs. R. Gaunt and N.
Sullivan of Ciba and Co., Summit, N. J., for generous
supplies of angiotensin.

2 We are grateful to Dr. Ross C. MacCardle for pro-
viding these data. Fresh kidney slices were fixed in 5%o
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FIG. 1. RELATIONSHIP BETWEENTHE CONCENTRATION
OF CHROMATOGRAPHICALLYPURE CORTISOL AND PORTER-
SILBER CHROMOGENIN THE ADRENALVENOUSPLASMA OF

HYPOPHYSECTOMIZEDDOGS AND OF NORMALDOGS STRESSED
BY SURGERY. Data illustrate the limitation of using the
Porter-Silber chromogen as an index of cortisol con-
centration.

The homogenate was centrifuged for 30 minutes at
2000 x 9 and the supernatant fluid was infused at a rate
delivering the extract from 0.85 to 3.2% of the whole
kidney per minute.

Hog ACTHwas used either as a lyophilized powder 3
or as a gel,4 and the adrenocortical response was meas-
ured at the end of a 3- to 4-hour experiment in nephrec-
tomized dogs whose pituitary glands had been removed
on the morning of the same day. The effect of ACTH
was measured in blood samples started 4 minutes after
the beginning of the infusion. The ACTH preparation
made by the National Drug Company had lost much of
its stated potency, so that the doses actually administered
were calculated from the results of bioassay in hypo-
physectomized rats.5

Chemical estimations. 17-Hydroxycorticosteroids (17-
OHCS) were measured in 2 to 3 ml of adrenal venous
plasma by the method of Porter and Silber as modified
by Peterson, Karrer, and Guerra (26). This method
does not measure cortisol specifically, so that although it
provides a reasonable index of cortisol secretion at high
cortisol concentrations, it fails to do so at the very low

Zenker's formol for 48 hours. Sections were cut 4 g
thick and colored by Bowie's method with ethylviolet-
Biebrich scarlet (Anat. Rec. 1935-36, 64, 357-367).

5 Kindly performed by Dr. G. Liddle.
3 Upjohn Co., Kalamazoo, Mich.
4 National Drug Co., Philadelphia, Pa.
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concentrations seen after hypophysectomy. Figure 1
shows the true cortisol content (see below) of adrenal
venous plasma collected under varying experimental con-
ditions expressed as a proportion of the Porter-Silber
chromogen content. Because of their low specificity
when cortisol values are low, measurements of the
Porter-Silber chromogen were used only for assessing
the response to maximal amounts of ACTH and angio-
tensin.

Aldosterone, cortisol, and corticosterone were meas-
ured in 5 ml of adrenal venous plasma by a double-
isotope derivative method using tritium-containing acetic
anhydride with a specific activity of 100 mc per mmole.
The dichloromethane (10: 1) extract of plasma was
washed successively with 0.05 N NaOH, 0.1 N acetic
acid, and water and then treated with 10% H3-acetic an-
hydride in pyridine (redistilled over glacial acetic acid)
for 72 hours at 370 C. The acetylated products were
then purified by paper partition chromatography, with
the three systems described by Kliman and Peterson (27).
Twenty ug of a standard solution of each steroid acetate
was added for its identification by ultraviolet light ab-
sorption. The three spots on the first chromatogram
(run in benzene: cyclohexane: methanol: water, 50: 100:
100: 25) were cut out, and the one corresponding to al-
dosterone diacetate was run separately in cyclohexane:
dioxane: methanol: water, 100: 100: 50: 25, oxidized with
0.5%, chromic acid for 10 minutes and finally run again on
the first system. The cortisol monoacetate and corticos-
terone monoacetate spots on the first chromatogram were
combined and run on the second system, which gave good
separation of the two compounds. In most instances, the
cortisol and corticosterone monoacetates were then oxi-

dized with 0.5% chromic acid for 5 minutes. The result-
ing 11-dehydrocorticosterone and cortisone monoacetates
were usually run separately on the cyclohexane: dioxane:
methanol: water system and a carbon tetrachloride: meth-
anol: water (100: 100: 25) system, respectively.

In experiments 1 to 8, free 4-C'4 steroid was added to
the initial plasma sample. Unfortunately, the specific ac-
tivity of these standards was such that acetylation of the
internal standard often contributed a considerable pro-
portion of the final tritium counts (for example, stand-
ard solution contributed 76% of counts when only .03 ,ig
of aldosterone was contained in sample). This intro-
duced a greater error than that resulting from the un-
measured, but almost certainly small, losses incurred be-
fore and during acetylation. Accordingly, in all other
experiments, internal standards labeled with C14 in posi-
tion 4 were added as the acetates after acetylation, ac-
cording to the initial procedure described by Kliman and
Peterson (27).

Calculation of steroid secretion rate. The results are
expressed as millimicrograms per adrenal per minute.
The adrenal plasma flow was calculated from the total
blood flow and the hematocrit of the adrenal venous
blood. The red blood cells of the dog were found to
take up 7 H3-aldosterone, 4-C'4-cortisol, and 4-C14-corti-
costerone from dog plasma giving a plasma: red blood
cell distribution approaching 1: 1. (The uptake re-
quires less than one minute.) Therefore, since the rele-
vant steroids were measured only in samples of plasma,
the real secretion rates of these steroids are approxi-
mately double the values reported in this paper. A similar
qualification applies to the result obtained by others (28,
29). In these experiments, variations of hematocrit were
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TABLE II

Effect of hypophysectomy 18 hours previously on the rate of cortisol, corticosterone,
and aldosterone secretion in six dogs deprived of NaCI

Cortisol Corticosterone Aldosterone

Dog Before After Before After Before After

mjsg/min mjug/min m~Lg/min

Joe 1,092 26 834 12 23.7 8.5
Rover 2,828 74 614 108 20.1 19.7
Jeff II 1,414 70 623 31 9.0 8.6
Randy 198 23 56 8 8.3 12.1
Walker 136 8 28 3 4.7 11.4
Jack 1,312 233 442 99 25.3 31.9

small and random, so that corrections for red-cell uptake
have not been made. A detailed study of the uptake of
adrenocortical steroids by red blood cells will be pub-
lished separately.

Limitations of Student's t test. These experiments and
those of others (28, 29) have been designed so that each
animal acts as its own control. The results should, there-
fore, be analyzed by the paired t test. But the magni-
tude of the response to any stimulus is much less vari-
able for aldosterone than for corticosterone or cortisol.
Since Student's t test depends not only on the difference
of the means but also on the scatter of values, the use of
the paired t test will give lower p values in groups show-
ing a small scatter even when the mean change is smaller.
When the scatter of the magnitude of the response is
considerable, this leads to the paradoxical situation
whereby removal of the animals showing the greatest
response improves the statistical significance of the change
for the group as a whole. For example, angiotensin at

0.17 to 0.5 ,ug per minute stimulated the production of

80
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A mean BP
mm.Hq 20

-20-

0 A

0

* - N. deprived dogs
o = Na lided dogs

corticosterone in all eight animals and of cortisol in six
animals, but the responses were not significant (p < 0.2 >
0.1) when assessed by the paired t test. If the two ani-
mals showing the greatest rise (dogs 10 and 16) are ex-

cluded, however, the rise of corticosterone secretion in
the remaining six animals becomes significant (p < 0.05 >
0.02), although the mean increase is one-sixth as great.
If, on the other hand, all eight studies are analyzed by
comparing the logarithms of the results (ratio change),
the effect is significant (p <.01 and p <.05 for corticos-
terone and cortisol, respectively). In keeping with the
usual practice, we have, nevertheless, analyzed our data
by Student's t test, as it does not appear that more

sophisticated statistical treatment of the data would
change their physiological significance.

RESULTS

Adrenal effects of hypophysectomy. The re-

sults of removing the pituitary gland 18 hours

0
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FIG. 3. RELATIONSHIP BETWEENCHANGEOF MEANSYSTEMIC BLOOD PRES-

SURE AND CHANGEOF ALDOSTERONESECRETION IN RESPONSETO AQUEOUSEX-

TRACTS OF KIDNEYS FROMNA-DEPRIVED DOGSOR NA-LOADED DOGS. Values are

differences from the mean control value.
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FIG. 4. ADRENALEFFECTS OF A LARGE DOSE OF RENIN.

previously on six unanesthetized, sodium-deprived
dogs are shown in Figure 2 and Table II. It is
clear that the rate of aldosterone secretion did not
change significantly (p >.5), despite a large fall
in the rate of cortisol and corticosterone secretion.

Effects of kidney extracts. Table III shows
the data from eight experiments performed in the
four dogs infused at rates delivering more than
2.0% of the whole kidney per minute. Extracts
of the kidneys from hypophysectomized dogs de-
prived of salt (B) consistently raised aldosterone
and cortisol secretion as well as the mean arterial
blood pressure. The mean figures 28 to 41 min-
utes after the beginning of the infusions show that
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the secretion of aldosterone had risen over 7
times and that of cortisol over 6 times (p < 0.02
for aldosterone and p < 0.01 for cortisol by the
paired t test). The mean blood pressure rose

by 62 mmHg, or 91 %. Adrenal blood flow and
hematocrit did not change significantly. In con-

trast, the perfusion of extracts of kidneys taken
from salt-loaded animals (A), whether hypophy-
sectomized or not, failed to increase the secretion
of aldosterone or of cortisol. The secretion rate
of cortisol actually fell considerably. The arterial
blood pressure and adrenal blood flow both fell
slightly. The effect on aldosterone secretion and
on mean arterial blood pressure is shown in Fig-
ure 3. Nine other dogs received infusions at
slower rates( delivering between 0.85 % and 1.57o
of the whole kidney extract per minute). Only
one of these animals showed an increase of
steroidogenesis or of arterial blood pressure when
infused with extracts of kidneys taken from a

hypophysectomized sodium-deprived dog.

100 120 140 160

OF AN INACTIVE AND AN ACTIVE PREPARATION

ARTERIAL BLOOD PRESSUREIN A HYPOPHYSECTO-

Effects of renin. In the experiments described
above, crude aqueous extracts of the kidney were

capable of stimulating the adrenal cortex only if
the granules in the juxtaglomerular cells of the
extracted kidney were increased in quantity.
Since these granules are thought to be the source

of renin, and since renal extracts were effective
only if they raised the blood pressure (an effect
suggesting the presence of renin), the experiments
illustrated in Figures 4 and 5 and Table IV were

performed. Clearly, large amounts of renin stim-
ulated the production of aldosterone and of both
corticosterone and cortisol to levels not clearly
different from those seen in this animal under
maximal stimulation by ACTH (Figure 4).
When a preparation of renin that had lost most
of its hypertensive action was contrasted with that
of an active sample (Figure 5), the adrenal ef-
fect, which appeared largely as an increase in the
rate of 17-OHCS secretion, was again associated
with the hypertensive effect. Table IV shows

0 20 40 60 80
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the results obtained by infusing renin slowly (0.16
Goldblatt U per minute) into acutely hypophysec-
tomized, nephrectomized dogs. The arterial blood
pressure rose moderately in all animals, and there
was a small but significant increase in the rate
of secretion of cortisol and corticosterone as well
as that of aldosterone. No clear evidence of an ex-
clusive effect on aldosterone secretion could be
detected. The rate of steroidogenesis and the
level of the blood pressure were the highest dur-
ing the second 30-minute period of the hour's
infusion.

Angioteiisin II. Much work has been done
(30, 31 ) to show that the hypertensive action
of renin depends upon its ability to form angio-
tensin II from plasma. From Table V, dogs 1
through 7, and Figure 6, it is clear that the adrenal
effects of large amounts of synthetic valine-5
asparaginyl angiotensin II are very similar to
those of hog renin; there is a considerable in-

crease of the secretion of Porter-Silber chromo-
gen as well as of aldosterone. The mean increase
over the control value in blood samples started 3
to 21 minutes after the beginning of the infusion
was nearly 400% for Porter-Silber chromogens,
and 320%o for aldosterone (Table V, dogs 1
through 7).

The duration of response. From Figure 6 it is
clear that increased secretion of aldosterone and
of Porter-Silber chromogen was maintained for
the duration of the infusion (about 60 minutes)
with large amounts of angiotensin, although there
is a tendency for the response, like the blood pres-
sure, to fall off.

Dose-response data. Figures 7 and 8 show a
comparison of the effects of a small and a large
dose of angiotensin in the same animal. In both
studies, the smaller dose produced an effect on
production of cortisol, corticosterone, or 17-
OHCS; in one, it had a small effect on aldosterone

Mean B P

mmHg

17 OHCS

pug /min

ALDOSTERONE

9ig/min

TIME

FIG. 6. EFFECT OF INTRAVENOUS INFUSIONS OF LARGE QUANTITIES OF
ANGIOTENSIN II ON SYSTEMIC BLOOD PRESSUREAND ON ADRENAL STEROID SE-
CRETION IN SEVEN HYPOPHYSECTOMIZED,NEPHRECTOMIZEDDOGS. 7 indicates
SE of mean.
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production; in the other it had none. To study
this further, 28 angiotensin infusions at 5 dif-
ferent dose levels were given to 17 dogs. Details
are shown in Table V.

The rate of 0.17 to 0.30 ug per minute was the
lowest dose of angiotensin capable of increasing
aldosterone production both significantly (p < 0.05
> 0.02) and consistently (7 out of 8 dogs). The
mean increase of aldosterone production was just
over 70%. The blood pressure also rose consid-

erably in all animals (mean pressure increased by
40%o), and the secretion rate of cortisol and of
corticosterone rose in 6 out of 8 and in 8 out of 8
animals, respectively. The mean cortisol and cor-
ticosterone production increased by 120 and
157%o, respectively; there was considerable varia-
tion in response from one animal to another, but
the increase of the rate of corticosterone produc-
tion is significant (p < 0.02 > 0.01) when ex-
pressed as a percentage change from the control

TABLE V

Dose-response data for angiotensin II in 17 hypophysectomized, nephrectomized dogs

17-Hydroxycorti- Mean blood Blood flow
Aldosterone costeroid Corticosterone pressure

Dur-
Dog* Dose Beforet Duringt Beforet Duringt Beforet During: Beforet During: Beforet ingt

j.g/min mIAg/min iug/min mpg/min mmHg ml/min
1.22
2.26
1.16
0.10
0.33
0.31
0.15

2.50
6.04
3.51
6.64
1.41
1.90
5.20

0.79 3.88

Cortisol, mug/min

105 165 4.4 6.6
102 135 S.1 5.7
60 126 5.5 6.7
60 135 2.1 6.1
90 135 4.0 5.4
78 143 3.0 4.5

117 150 4.7 6.8

87 141 4.2 6.0

106 224 94 193 63
141 1,117 72

1,693 2,960 623 1,020 81
82 1,534 44 85 60

75

627 1,573 225 604 70

220 797 135 444 60.0
21 20 41 43 72
29 31 38 74 66

128 167 98 124 90
11 22 21 33 54

486 1,020 225 790 105
99

35 34 4 16 129
54 67 73 104 96

126
174
150
135
141

145

123.0
108
111
108
84

168
108
150
111

Mean 7.5 12.8 123 270

12 0.03 27 69
9 0.03 0.5 1.9 126 138

11 0.03 16.0 22.4 46 85
15 0.03 4.5 6.3 55 64
10 0.03 8.7 13.4 759 1,090
13 0.03 4.2 4.7 19 39
14 0.03 14.1 15.1 71 63
16 .025 1.8 10.1 95 250

Mean 7.1 10.5 1S0 225

13 0.017 5.6 1.3 23 16
14 0.017 26.6 26.4 71 97
17 0.017 17.6 22.3 12 43

Mean 16.6 16.7 35 52

79 203 85 119 3.5 3.4

75 64 90 90 3.3 3.2
139 115 108 114 5.6 5.4

87 90 105 i11 5.2 5.0
34 67 108 i11 3.3 3.2

318 347 114 135 4.0 3.6
8 6 141 138 4.6 4.6

72 72 99 108 6.0 5.1
53 154 63 66 2.6 2.4

98 114 104 109 4.3 3.7

5 3 108 120 4.6 4.3
31 13 105 114 8.5 8.6

6 18 96 87 3.3 3.8

14 11 103 107 5.5 5.6

6 30.0
7 30.0
1 17.0
2 17.0
3 17.0
4 17.0
5 17.0

Mean

9 3.0
10 3.0
11 3.0
12 3.0

8 1.7

Mean

16 0.50
1S 0.30
11 0.30

9 0.30
12 0.30
10 0.27
8 0.17

13 0.17
14 0.17

12.5 30.2
7.3 35.2
9.2 33.9
0.0 17.8
4.0 16.7
4.6 11.2
7.3 42.3

6.4 26.8

1.7 8.5
6.7 16.6

10.6 12.0

6.0 12.4

6.2 11.8
4.6 7.5

14.6 14.6
1.8 16.4

8.9 20.0
10.6 12.0

5.3 6.5
7.9 13.3

3.9 0.9
2.6 1.8
4.3 5.3
2.3 3.7
3.9 2.5

3.4 2.8

2.8 2.7
2.7 2.9
4.4 4.8
5.3 5.0
2.1 3.2
3.0 2.0
4.2 2.9
4.2 3.9
4.1 3.3

* Time since hypophysectomy: Dog 17, 24 hr.; dogs 10, 13, and 14, 7 to 8 days; and dogs 3 and 9, 14 and 35 days, respectively; other 11 dogs,
2 to 3 hours. In dogs receiving more than one infusion, 30 to 60 minutes were allowed between infusions.

Blood sample collected immediately before the beginning of the angiotensin infusion.I Blood sample collection started 3 to 21 minutes after the beginning of the angiotensin infusion.
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FIG. 7. COMPARISONOF A BARELY PRESSORDOSE OF ANGIOTENSIN II WITH
DOSE IN A HYPOPHYSECTOMIZED,NEPHRECTOMIZEDDOG.

value. The cortisol figures are not significant by
Student's t test, however expressed, owing to the
large variability of response (see Methods).

Infusions at the rate of 0.025 to 0.030 /Ag per

minute also increased aldosterone secretion sig-
nificantly (p < 0.05 > 0.02), but to a smaller ex-

tent. The mean increase of aldosterone produc-
tion was 48%o. The blood pressure increased
only slightly (mean pressure increased by 5%)
at this low rate of infusion. Again the secretion
rate of cortisol and corticosterone increased (cor-
tisol by 50%o and corticosterone by 16%o), but the
response was so variable that the changes are not
significant statistically.

Three dogs were given infusions at the rate
of 0.017 ug per minute. No effect on blood pres-

sure, aldosterore, or corticosterone secretion could
be detected, but there was probably some stimula-
tion of cortisol production.

Thus, the smallest dose of angiotensin that is
capable of stimulating aldosterone production in
the hypophysectomized, nephrectomized dog prob-
ably lies between 0.017 and 0.030 Mug per minute.
The data suggest that the secretion rates of all
three steroids (aldosterone, cortisol, and corticos-
terone) are stimulated to a comparable extent at

A CLEARLY PRESSOR

all dose levels, with the possible exception of the
response at .025 to .030 ug per minute. There is
certainly no clear evidence of a specific effect of
angiotensin II on the production of aldosterone.
A definite though small stimulation of aldosterone
production could be obtained with amounts of
angiotensin that increased the blood pressure

only very slightly.
Adrenal response to ACTH. Figure 9 shows

the adrenocortical response to exogenous ACTH
at four different dose levels.

Large doses of ACTH. At doses of 1.2 to 3.4
U per minute, the response of the adrenal cortex
was probably maximal. The mean secretion rate
of 17-OHCS in five normal dogs stressed by
laparotomy (data not shown) was 6.78 Mug per

minute as compared with 5.23 ug per minute after
these large doses of ACTH. These figures do not

differ significantly (p > 0.05). The maximal ef-
fect of ACTHon aldosterone production is to in-
crease it by about 140%o. In contrast, large
amounts of angiotensin increased aldosterone se-

cretion by over 300%. The maximal effect of
ACTH on 17-OHCS production is to produce
a 500% increase. In contrast, large amounts of

MALE DOG
20.8 Kg
2/7/61

B P
mmHg

17 OHCS

mug/min

, I

,~
260
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ACTH IN SUBMAXIMALAMOUNTS.

angiotensin increased 17-OHCS secretion by
about 400 %.

Small doses of ACTH. At 2.4 mUper min-
ute or less, the difference between the pattern of
adrenocortical hormone secretion produced by
ACTHand that produced by angiotensin is clearly
demonstrable (Figure 9). At this rate of infu-
sion, the rate of cortisol production attained is
lower than the rate produced by 48 mUper min-
ute, so that 2.4 mUper minute or less provides a

submaximal stimulus. Nevertheless, cortisol pro-

duction increased nearly 20 times, and corticos-
terone production, nearly 7 times. In contrast,
aldosterone production increased insignificantly
(p < 0.1 > 0.05). This is obviously different
from the effect of angiotensin on the adrenal cor-

tex and clearly indicates that ACTH increases
production of cortisol and corticosterone to a

much greater extent than that of aldosterone.
Combined effects of ACTH and angiotensisn.

Two experiments were performed to give an

indication of whether ACTH can produce a fur-

ADRENOCORTICOTROPICHORMONE 0.54milliunits per mite I
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TABLE VI

Effect of large quantities of angiotensin II (3.0 ug/min) on
the rate of secretion of cortisol and corticosterone (in mpg!

min) and the effect of adding large quantities of ACTH
(2.4 U/min) to the perfusion fluid in two nephrecto-

mized, acutely hypophysectomized dogs

Angio-
Angio- tensin

Dog Steroid* Control tensin + ACTH

Cortisol 27 2,900 5,940

Corticosterone 191 1,020 2,100

Cortisol 24 1,543 2,203
2

Corticosterone 82 852 1,718

* Blood samples were collected between 4 and 12 minutes after the
beginning of the angiotensin infusion, ACTHwas then added, and the
last sample collected between 4 and 9 minutes after the beginning of the
infusions of both substances.

ther stimulation of adrenocortical hormone secre-
tion when large amounts of angiotensin are in-
fused (Table VI). The rate of production of
cortisol and corticosterone, although markedly in-
creased by this dose of angiotensin, was further
increased by large amounts of ACTH.

In three dogs, angiotensin at 0.03 and 0.30 ttg
per minute was infused while the animal was re-
ceiving a continuous infusion of ACTHat 0.5 mU
per minute to raise the rate of corticosterone and
cortisol production to levels nearer those seen in
normal, unstressed animals. The results are
shown in Figure 10. At the higher rate of angio-
tensin infusion, cortisol and corticosterone pro-
duction increased sharply in all three animals, de-
spite insignificant increases of aldosterone pro-
duction and relatively small increase of arterial
blood pressure. At the lower rate of infusion,
corticosterone and cortisol secretion rose sharply
in one of the three animals. Dog 10 of Table V
was incompletely hypophysectomized, yet angio-
tensin at both .3 and .03 pkg per minute stimulated
cortisol secretion.

DISCUSSION

Our results on the effect of hypophysectomy
confirm the conclusions of others that the rate of
aldosterone secretion may be relatively independent
of the anterior pituitary. They suggest, indeed,
that the anterior pituitary may have an even less
important role in maintaining the basal rate of se-
cretion of aldosterone than that suggested by
Davis and his associates, who found that the rate
of aldosterone secretion falls profoundly on the
day of hypophysectomy in anesthetized animals

(5). Our results indicate that aldosterone val-
ues may be essentially unchanged the day after
hypophysectomy. Davis and his colleagues did
indeed find low rates of aldosterone secretion in
dogs with hypophysectomy of long standing which
had been deprived of sodium after hypophysectomy
(7). In another experiment however, in which
dogs were hypophysectomized after sodium de-
pletion had been produced (by dietary sodium
deprivation and injections of Mercuhydrin), the
rate of aldosterone secretion was high (32). Per-
haps the difference may be related to the fact that
cortisone was given only to the latter group after
hypophysectomy.

The results of infusing crude saline extracts
of the kidneys suggest that the aldosterone-stimu-
lating factor present in these extracts is not ACTH,
that it is associated with pressor activity and
with the presence of granules in the juxtaglomeru-
lar cells, and that it can be made to disappear by
loading the animal with salt and treating it with
desoxycorticosterone. Low rates of extract infu-
sion were without effect on the adrenal cortex or
blood pressure, but with rates of over 2% of whole
kidney per minute, the extracts increased the rates
of cortisol and aldosterone secretion to comparable
degrees. As we have shown, these are the proper-
ties of renin and angiotensin. In accord with the
findings of Gross and Sulser in the rat, the effect
of our extracts on the arterial blood pressure also
depended upon the sodium intake of the animals
from whose kidneys the extracts were made (25).

On indirect evidence, Deane and Masson (8)
suggested that extracts of the kidney are capable
of affecting adrenocortical function. They showed
that crude renin preparations caused both enlarge-
ment of the zona glomerulosa and changes, which
they thought resembled those caused by ACTH,
in the histological appearance of the zona fascicu-
lata. The animals lost weight (and hence presum-
ably salt and water), so that the hypertrophy of the
zona glomerulosa may have been secondary to the
well-known diuretic effect of renin preparations
(33). Our results and those of others (see be-
low) suggest a more direct effect, not due to
ACTH, of renal extracts on the production of
adrenocortical steroid hormones. The histological
changes described by Deane and Masson support
our findings that secretion of cortisol and corti-
costerone as well as aldosterone is stimulated.
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Recently, Mulrow and Ganong (34) have ob-
tained similar results. Extracts of normal kidneys
given as a single injection to hypophysectomized,
nephrectomized dogs produced sharp rises in al-
dosterone secretion. The arterial blood pressure
also rose, and there were considerable increases
of Porter-Silber chromogen secretion. Extracts
from the kidneys of animals hypophysectomized 4
hours previously were less effective in stimulating
aldosterone secretion, but the rise of arterial blood
pressure was correspondingly smaller (19). Por-'
ter-Silber chromogen secretion did not change, but
as noted above, this is a poor index of cortisol se-
cretion in hypophysectomized animals, especially
when only small changes are expected (see Meth-
ods). It is not clear why the renal extracts pre-
pared from hypophysectomized animals were less
active than those from normal animals, but they
do not mention the dietary regimen of their ani-
mals. Mulrow and associates (19) report that
renin concentrates of kidneys taken from hypo-
physectomized dogs increase the rate of secretion
of both aldosterone and corticosterone and raise
the blood pressure.

Results differing from our own and from those
of Mulrow and Ganong were obtained by Davis,
Carpenter, Ayers, Holman, and Bahn (20). They
made aqueous extracts of kidneys taken from
normally fed animals hypophysectomized about 1
hour previously. These extracts, when infused
into hypophysectomized, nephrectomized dogs 112
minutes after an acute hemorrhage, were without
effect on the arterial blood pressure. Aldosterone
secretion rose considerably, however, while cor-
ticosterone secretion was unaffected. Unless the
pattern of response of the adrenal cortex to renin
is greatly influenced by other factors, this sug-
gests that the aldosterone-stimulating factor in
these renal extracts was not renin. The rate of
aldosterone and corticosterone secretion was also
studied under the same experimental conditions
in animals infused with aqueous extracts of liver.
Aldosterone secretion rose in 4 out of 7 animals,
without a change of corticosterone secretion.
Thus, it is possible that the increases of aldos-
terone secretion during infusions of renal extract
having no effect on blood pressure into these
nephrectomized animals depended not upon renin
but upon some other factor that may be related to
the previous hemorrhage.

If small amounts of renin or angiotensin could
increase aldosterone secretion specifically without
raising the arterial blood pressure or increasing
corticosterone or cortisol secretion, the properties
of angiotensin would be those of a specific aldos-
terone-stimulating agent. Our dose-response stud-
ies and those of others (see below) indicate that
this is not the case in hypophysectomized dogs.
At the smallest dose of angiotensin that quite
definitely increased aldosterone secretion (mean
dose, 0.27 ,ug per minute per dog or approximately
0.013 ptg per minute per kg), the rise of aldosterone
secretion was small. At this dose level, the mean
arterial blood pressure was clearly raised (from
an average of 86 to an average of 120 mmHg),
and the secretion of both cortisol and corticos-
terone showed an increase comparable to that of
aldosterone. This was so despite the fact that the
responsiveness of the zona fasciculata was prob-
ably diminished, because in only half the animals
used for these experiments was the pituitary gland
removed on the day of the experiment. The sen-
sitivity of the zona fasciculata to angiotensin is
emphasized by the results in which the adrenal
effects of a small dose of angiotensin are com-
pared with those of a large one in the same animal.

At lower rates of angiotensin infusion (0.030
,ug per minute, or 0.0017 ug per minute per kg),
there was an insignificant rise of arterial blood
pressure, but mean aldosterone secretion did in-
crease significantly, although only from a mean
value of 7.1 to a mean value of 10.5 mug per
minute. The secretion rate of cortisol and corti-
costerone also increased in six and in four of the
eight animals, respectively. Here again, the re-
sponsiveness of the zonia fasciculata was probably
diminished because only four of the eight animals
had had their pituitary glands removed on the
day of the experiment.

These conclusions are very similar to those of
Carpenter, Davis, and Ayers (21), who obtained
similar results in studies concurrent with, and in-
dependent of, our own. Only amounts of angio-
tensin that clearly increased the blood pressure
were capable of increasing aldosterone secretion
(by increments of from 5 to 13 mjug per minute),
and at these dose levels, corticosterone secretion
also increased comparably (by increments of from
12 to 29 m/ug per minute). The rate at which
angiotensin was infused to produce this effect (1.0
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,Ag per minute per 20-kg dog, or 0.050 ,ug per min-
ute per kg) was nearly 4 times that which we find
to produce comparable effects. Carpenter and his
colleagues used acutely hypophysectomized dogs
with intact kidneys, whereas all our animals were
both nephrectomized and hypophysectomized.
Nephrectomy is known to enhance the effect of
angiotensin on the blood pressure in the rat (35),
and the difference between our results and those
of Carpenter, Davis, and Ayers suggests that in
hypophysectomized dogs, nephrectomy increases
the effect of angiotensin on both the arterial blood
pressure and the rate of release of adrenocortical
hormones.

This conclusion is supported by the findings of
Mulrow and associates (19), who found that the
minimal effective dose of angiotensin in nephrec-
tomized, hypophysectomized dogs was the same
as that reported here. They also observed in-
creases in corticosterone secretion comparable
in magnitude (and in statistical significance)
to the increases in aldosterone secretion. The
significance of the increases in the secretion of
corticosterone and cortisol with angiotensin in
the dog is minimized by Carpenter and his as-
sociates because the levels attained are often lower
than those seen in normal, unstressed animals.
They consider these "small in terms of physio-
logical significance" and conclude that secondary
aldosteronism may result via the renin-angiotensin
mechanism from stimuli such as sodium depletion,
which are not known to be associated with in-
creases of corticosterone or cortisol secretion. The
increased secretion of corticosterone and cortisol
with angiotensin does appear to be relevant, how-
ever. If angiotensin produces measurable in-
creases in corticosterone and cortisol secretion at
any dosage at which it produces increases in al-
dosterone secretion, increases in secretion of all
these steroids should be detectable after any stimu-
lus to aldosterone that requires the mediation of
angiotensin, unless, of course, other, as yet un-
known factors can radically alter the pattern of
the adrenocortical response to angiotensin. At
present, there is no evidence that secretion of cor-
tisol or of corticosterone is stimulated by sodium
depletion.

Mulrow and associates (19) stress the fact that
the adrenal response to angiotensin is clearly dif-
ferent from that to ACTH. We fully confirm

their findings that low doses of ACTHstimulate
cortisol and corticosterone production exclusively,
whereas angiotensin at all dose levels stimulates
the production of aldosterone as well. This fact,
however, does not appear to be relevant to the
question of whether angiotensin plays a role in the
physiological control of aldosterone secretion. In-
jections of angiotensin II into the artery supplying
the isolated, transplanted adrenal gland in five con-
scious sheep (36, 37) with intact pituitary glands
consistently increased the rate of aldosterone se-
cretion by a mean of about 10 times, whereas the
effect on the rate of cortisol and corticosterone se-
cretion was variable. Although this difference
may depend on the species difference between
sheep and the dog, transplanted glands prepared
this way may show a greatly reduced ability to
increase cortisol secretion with ACTH (36, 37).
In fact, of the five animals concerned (37), only
one could be said to respond well to ACTH. In
this animal (TP9), angiotensin II infused locally
by arterial injection increased corticosterone se-
cretion on the first and cortisol secretion on the
first two of six occasions when it produced an in-
crease of aldosterone secretion. When infused in-
travenously, however, angiotensin II increased se-
cretion of all three steroids comparably.

Biron, Koiw, Nowaczynski, Brouillet, and Gen-
est (10), first showed that iv infusions of angioten-
sin II increased the urinary excretion of aldos-
terone in man. In five normal volunteers, given
six infusions of angiotensin at a mean rate of 1.92
mg in 10 hours, they found that aldosterone ex-
cretion in the urine increased nearly 4 times. In
all four subjects studied, the urinary excretion of
free cortisol increased comparably (from 272 to
821 ug per day).

The weight of evidence therefore suggests that
angiotensin increases the secretion of aldosterone,
cortisol, and corticosterone to roughly the same
extent. If angiotensin plays an important role
in the physiological control of aldosterone secre-
tion, stimuli known to change aldosterone secre-
tion should produce comparable effects in the
secretion of the other two steroids. In hypophy-
sectomized rats maintained on ACTH, Singer and
Stack-Dunne (3) have shown that the rate of
aldosterone secretion falls considerably after treat-
ment with desoxycorticosterone acetate, whereas
the rate of corticosterone secretion remains un-
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changed. Similarly, Davis, Carpenter, Ayers, and
Bahn (6) have shown in conscious dogs that with
constriction of the thoracic inferior vena cava the
rate of secretion of aldosterone is greatly elevated,
whereas that of corticosterone remains at or near
control levels. Unfortunately, there are few com-
parable data on the rates of adrenocortical steroid
hormone secretion in man under conditions known
to change aldosterone secretion. Certainly the
production of cortisol, as reflected in the rate of
urinary excretion of Porter-Silber chromogens,
ketogenic steroids, and the like, does not change
appreciably in the secondary aldosteronism of cir-
rhosis of the liver, the nephrotic syndrome, simple
dietary salt restriction (2), or the syndrome of
aldosteronism with hypertrophy of the juxtaglo-
merular apparatus (15). If angiotensin is re-
sponsible for the increase in aldosterone secretion,
and if our reasoning is correct, there should be a
comparable increase of cortisol secretion, unless
other secondary factors such as suppression of
ACTH output come into play. The conclusion
cannot be firmly established, however, until com-
parable data are available for normal man. The
findings reported here were obtained in hypophy-
sectomized, nephrectomized dogs, and can be ap-
plied to either normal dogs or other species only
with considerable caution.

SUMMARY

Experiments were performed to measure the
effects on the rate of aldosterone, corticosterone,
and cortisol secretion of 1) hypophysectomy in
sodium-deprived dogs and 2) intravenous infu-
sions of crude kidney extracts, of renin concen-
trates, of valine-5 asparaginyl angiotensin II, and
of commercial ACTH in hypophysectomized, ne-
phrectomized dogs.

In conscious, unstressed dogs, hypophysectomy
did not change the rate of aldosterone secretion
when measured not less than 18 hours later.

Crude kidney extracts from hypophysectomized,
sodium-deprived dogs stimulated the rate of cor-
tisol and aldosterone secretion and increased the
arterial blood pressure when infused at a rate of
over 2%o of the whole kidney per minute. Ex-
tracts from sodium-loaded dogs were inactive at
all rates of infusion.

Dose-response studies with angiotensin showed
that 0.17 to 0.30 ,ug per minute was the lowest rate

that clearly increased aldosterone secretion. At
these dosages, the arterial blood pressure and the
rate of corticosterone and cortisol secretion also
increased considerably, even when the rate of cor-
ticosterone and cortisol secretion had been raised
to levels seen in conscious, unstressed animals by
infusion of ACTHat 0.5 mUper minute. Renin
infused at 0.64 and 0.16 Goldblatt U per minute
produced comparable changes. As compared to
ACTH, angiotensin produces a greater increase
in the rate of aldosterone secretion for a given
increase in the rate of cortisol secretion.

The results suggest that the aldosterone-stimu-
lating factor in kidney extracts is renin and that
the renin-angiotensin system stimulates secretion
of aldosterone, corticosterone, and cortisol to a
comparable extent.
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