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Mlany studies have been conducted on the rela-
tion of electrolytes to the control of aldosterone
secretion. It was reported by Luetscher and Axel-
rad (1) and confirmed by others (2-4) that a low
Na intake augments the rate of urinary aldosterone
excretion in normal man. Also, it has been clearly
established that chronic Na depletion increases al-
dosterone secretion in sheep (5, 6), dogs (7, 8),
and rats (9). On the other hand, the relation of
K intake to aldosterone production has never been
settled. Several investigators (2, 3, 10) have re-
ported that K loading leads to hyperaldostero-
nuria; the response was observed only in the pres-
ence of a low Na intake or was greater with a re-
duced intake of salt. In contrast, Hernando and
associates (4) failed to find an increase in urinary
aldosterone output during K loading even in the
presence of a superimposed low Na intake.

The influence of hyperkalemia and of hypona-
tremia has also been a controversial issue. Laragh
and Stoerk (10) were first to report that a high
plasma K concentration increases aldosterone se-
cretion. Later, Moran. Rosenberg, and Zimmer-
man (11) presented data which suggested that
intravenous infusion of KCl into intact dogs in-
creased aldosterone secretion, but Gann, Cruz,
Casper. and Bartter (12) were unable to confirm
this finding. Denton, Goding, and Wright (5)
provided evidence that a low Na and high K con-
centration in plasma perfusing an isolated adrenal
stimulates aldosterone production in sheep; also,
some of their more recent findings (6) suggest
that this directional alteration in either ion alone
augments aldosterone secretion.

* Preliminary report was made at the meeting of the
Federation of American Societies for Experimental Biol-
ogy, April, 1962.

The present observations were undertaken to
determine the separate influences of 1) a de-
crease in plasma Na concentration and 2) an
elevation in the plasma K level on aldosterone se-
cretion. As emphasized previously (13, 14), it
is frequently important for acute studies in lapa-
rotomized dogs to be conducted in hypophysec-
tomized animals because of the influence of ACTH
which is present in increased amounts in stressed
animals. Studies were first conducted on the ef-
fects of intravenous infusion of a K salt on aldos-
terone secretion in hypophysectomized dogs.
Subsequently, the influence of acute bilateral ne-
phrectomy on the hypersecretion of aldosterone in-
duced by hyperkalemia was determined. The pos-
sible direct effect of either a low plasma Na or a
high plasma K concentration on the adrenal cor-
tex was examined by producing local alterations
in these ions in arterial blood perfusing isolated
adrenals. Finally, the physiological significance
of alterations in K intake on aldosterone pro-
duction was investigated by studying the response
to a high K intake. The plasma K concentration
and the rate of urinary aldosterone excretion were
observed for several hours following the daily
meal during which a progressive elevation in the
plasma K concentration occurred during the high
K diet.

MATERIALS ANDMETHODS

Iittraivenous infusion of potassium salts. The experi-
ments were performed in mongrel dogs which were hy-
pophysectomized by the oral approach (15) 2 hours be-
fore the study. After control observations, KCl or
K2SO, was infused intravenously in a concentration of
K of 1 mEq per ml in normal saline at rates of 0.55 to
1.14 ml per minute. Electrocardiograms were taken to
provide an immediate index of the plasma K level while
actual determinations were made of the concentrations
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of plasma K and of plasma Na. Arterial blood pressure

was measured continuously throughout the experiments
by methods described earlier (16). Adrenal venous

blood was collected by a technique previously reported
(16) and the rates of secretion of aldosterone, corti-
costerone, and Porter-Silber chromogens were measured.
After production of hyperkalemia, nephrectomy was per-

formed and observations were made 30 minutes to 1
hour later; when necessary, an additional infusion of K
was given to increase plasma K after nephrectomy.

Isolated adrenal preparation and procedure for per-
fusing adrenals with a high concentration of plasma K or

a lowt concentration of plasma Na. Normal dogs were

hypophysectomized, and the adrenals were isolated by the
technique of Hilton and associates (17); during this pro-

cedure the kidneys were removed. The animals were

given 200 mg of cortisone acetate (one-half orally and
one-half intramuscularly) immediately before hypophy-
sectomy. The combined procedures of hypophysectomy
and adrenal isolation required 4.0 to 4.5 hours. Blood
was circulated through the isolated adrenals from the
animal's right carotid artery and returned to the right
external jugular vein. To obtain adrenal vein blood, ve-

nous flow to the external jugular vein was temporarily
interrupted and blood was collected in a graduated tube.

To increase the concentration of K in arterial blood
circulating through isolated adrenals, KCl or K2SO4 in
normal saline in concentrations of K of 13 to 147 AsEq
per ml was injected into the arterial blood supplying the
adrenal at a rate of 0.55 ml per minute by a constant in-
fusion pump. In most instances the concentrations of K
ranged from 27 to 33 /AEq per ml. A low Na concen-

tration was achieved in the adrenal perfusate by infusion
of 5% glucose in water at rates of 0.55 to 1.50 ml per

minute. The infusion rate was varied in accordance with
adrenal blood flow in an attempt to achieve plasma Na
concentrations of 120 to 130 mEq per L. As a control
for this experiment, 5% glucose in normal saline was

perfused through isolated adrenals at a rate of 0.98 ml
per minute. Arterial bood pressure was measured con-

tinuously in the segment of isolated aorta associated with
the adrenals.

The effects of a high plasma K or a low plasma Na
level on the rates of secretion of aldosterone and cor-

ticosterone were studed. After two groups of control
observations on steroid secretion, the plasma concentra-
tions of either Na or K were altered by infusion for 30
minutes and observations were made again. Plasma Na
and K concentrations were measured in the adrenal ve-

nous effluent.
Influence of electrolyte intake on plasma K concentra-

tion. The influence of dietary K on the plasma K con-

centration was studied in 10 dogs on a normal Na (60
mEq per day) and a high K (150 mEq per day) intake,
and in another 10 dogs on a low Na (2 to 3 mEqper day)
and a high K (150 mEq per day) intake. Blood was ob-
tained in fasting animals at 8:30 to 9:00 a.m. The ani-
mals were fed the synthetic diet at 9:00 a.m., and blood
was drawn for determination of the plasma K level at
1, 3, 5, and 7 hours after feeding.

Effects of alterations in dietary K on plasma K con-
centration and urinary aldosterone excretion. The ef-
fects of a high K intake on plasma K and on urinary
aldosterone excretion were studied in the presence of a
normal and a low Na intake. Since the animals were fed
only once daily, the high K diet was given as a large
oral load; KCl was added to the diet. Urine was col-
lected in jars surrounded by dry ice to freeze the urine
immediately after excretion. The bladder was catheter-
ized at 8:30 each morning, and a blood sample was ob-
tained for analysis of K. The dogs were fed a synthetic
diet immediately.- Another blood sample was drawn at
1 to 2 p.m., and the bladder was catheterized at 5 p.m. and
again the next morning at 8.30 a.m. Thus, 7A- and 16-1 -

hour urine collections were obtained. Since the plasma K
concentration reaches a maximum and begins to decline
during the first 7--hour collection period, measurements
of aldosterone excretion were made on this part of the
daily collection in an attempt to relate aldosterone pro-
duction to the postprandial level of plasma K. After stud-
ies on the 60 mEqper day Na and 18 mEqper day K diet
for approximately 1 week, the K intake was increased to
150 mEqper day, and aldosterone excretion was measured
again. Finally, the effects of a low Na (4 to 5 mEq per
day) and a high K (150 mEq per day) diet Were studied.

Chemical determinations. The concentrations of al-
dosterone and corticosterone in adrenal vein plasma were
determined by the double isotope derivative technique of
Kliman and Peterson (18). The concentration of aldos-
terone in urine was determined after acidifying the urine
to pH 1 by use of the Kliman and Peterson technique
(18). In an earlier study (19), it was found that the dog
urine samples for aldosterone were not always radio-
chemically pure after three chromatographies as reported
by Kliman and Peterson (18) for human urine. Con-
sequently, a fourth chromatography was added (19) to
the procedure for measuring urinary aldosterone. In
the present experiments, eight urine samples obtained
from three of the four dogs during the high K diet were
subj ected to a fifth chromatography; the values for aldos-
terone were unchanged. Porter-Silber chromogens were
measured in adrenal vein plasma by a modification of the
procedure of Peterson, Karrer, and Guerra (20). The
concentrations of plasma, urinary and fecal Na and K
were determined by flame photometry.

RESULTS

Effects of intravenous infusion of potassium
salts on steroid secretion in hypophysectomized
dogs. The experimental design and the results in
a typical experiment (experiment 6 of Table I)
are presented in Figure 1. Infusion of KCG re-
sulted in a striking increase in aldosterone secre-
tion from a mean control value for the group of
.002 to .031 /g per minute (n = 7; p <.01)
(Table I). This increase in aldosterone output
was associated with an elevation in plasma K con-
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FIG. 1. RESULTS OF A TYPICAL EXPERIMENTDURING THE PERIPHERAL INTRAVENOUSINFUSION OF KCL
INTO A HYPOPHYSECTOMIZEDDOG (Experiment 6 of Table I).

centration from a mean value of 3.3 to 6.3 mEq
per L (p <.01). An increase in aldosterone se-

cretion occurred with increments in plasma K con-

centration as small as 1.3 to 1.6 mEqper L (dogs
1, 5, and 7). The highest secretion rates of aldos-
terone were accompanied by the highest levels of
plasma K in dogs 1, 2, 3, and 5. The concentra-
tion of plasma Na was unchanged by the infusion
of KCl. The average value for the plasma Na
level during the control period was 154 mEq per

L; during the infusion of KCl a value of 155 mEq
per L of plasma was obtained. Also, adrenal blood
flow was essentially the same during the control
period and during KCl infusion.

Corticosterone secretion was very low during
the control period, a finding which reflects the ade-
quacy of hypophysectomy. During infusion of
KCl, corticosterone output was increased in every
dog (Table I). The response varied considerably
among the animals; the greatest increments in cor-

ticosterone production occurred in experiments 1
and 2, in which a marked response in aldosterone
output was also observed. In general (dogs 3 to
7), the increment in corticosterone secretion was

only to a level of approximately 10% of that ob-
served in anesthetized, stressed, normal dogs (2.34
+ SD of .84 ,ug per minute) (13). In dogs 1 and

2, however, the rates of corticosterone secretion in
response to K reached levels of approximately
50% of the value for anesthetized, stressed, nor-

mal dogs.
Porter-Silber chromogen secretion increased in

only 2 of the 7 animals (experiments 1 and 2 of
Table I). In one of these dogs, Porter-Silber
chromogen output increased from .25 to 2.50 ug
per minute while plasma K increased from 3.7 to
7.2 mEqper L. In the other animal, Porter-Sil-
ber chromogen production increased from .23 to
2.70 /Ag per minute in association with an incre-
ment in plasma K from 3.6 to 7.5 mEqper L.
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To determine whether another K salt would in-
crease aldosterone secretion and, thus, to provide
evidence for an effect of the K ion per se, K2SO4
was infused intravenously into six hypophysecto-
mized dogs. Aldosterone secretion increased in all
animals (Table I), and the average change for the
group was highly significant (p <.01). Corticos-
terone secretion increased in five of the six animals.

In six of the hypophysectomized dogs given the

KC1 infusion, the effects of subsequent nephrec-
tomy were studied (Table I and Figure 1). The
results were variable. In dogs 2, 3, and 6, the
rates of aldosterone secretion remained elevated
or increased further during the maintenance of
hyperkalemia after nephrectomy. In dogs 3 and
6, corticosterone production also remained elevated
after nephrectomy, whereas in dog 2 corticosterone
output fell despite a persistently elevated rate of

TABLE I

Effects of intravenous infusion of potassium chloride or potassium sulfate in hypophysectomized dogs

Control periods During potassium infusion After nephrectomy

Experiment 1 2 1 2 3 1 2

Potassium chloride infusion
1 Aldosterone*

Corticosterone
Plasma K

2 Aldosterone
Corticosterone
Plasma K

3 Aldosterone
Corticosterone
Plasma K

4 Aldosterone
Corticosterone
Plasma K

5 Aldosterone
Corticosterone
Plasma K

6 Aldosterone
Corticosterone
Plasma K

7 Aldosterone
Corticosterone
Plasma K

.005

.14
3.6

.007

.13

.001 .002

.02 .04
3.7

.000 .007

.03 .03
3.5

.005 .002

.07 .05
3.1

.002 .003

.19 .18
3.1

.004 .001

.02 .02
2.8 2.9

.005 .002

.03 .04
3.4

.053
1.16
7.5

.024

.64
7.2

.024

.18
7.5

.039

.14
5.4

.035

.98
5.5

.030

.77
8.5

.026

.27
11.1

.044

.15

.014 .016

.27 .30
4.4 5.0

.025 .026

.12 .13
5.7

.028 .025

.21 .15
5.0 6.8

.036

.76
5.0

.024
1.04
7.5

.036

.12
7.8

.040

.64
7.5

.025

.17
7.5

.032 .020

.59 .23
9.2 10.0

.041 .056

.13 .28
8.5 10.0

.017 .015

.03 .03
6.9

.008 .014

.11 .14
5.5

.024 .032

.10 .16
5.7 7.1

.011 .010

.02 .05
5.8 7.2

Potassium sulfate infusion
1 Aldosterone

Corticosterone
Plasma K

2 Aldosterone
Corticosterone
Plasma K

3 Aldosterone
Corticosterone
Plasma K

4 Aldosterone
Corticosterone
Plasma K

5 Aldosterone
Corticosterone
Plasma K

6 Aldosterone
Corticosterone
Plasma K

.034 .042

.32 .61
4.5 4.6

.004 .003

.08 .09
3.6 3.9

.030 .030

.15 .17
4.1 3.9

.000 .000

.00 .05
3.3 2.9

.001 .002

.02 .02
2.5

.000 .000

.02 .02
3.0 3.5

* The rates of aldosterone and corticosterone secretion are expressed in micrograms per minute. The plasma K
concentration is expressed in milliequivalents per liter.

.047
1.05
6.8

.027

.09

.051

.27
7.5

.022

.17
5.3

.006

.07
4.9

.013

.13
7.5

.051
1.06

.035

.14
5.8

.052

.28

.031

.20
6.9

.007

.09
4.2

.012

.13
8.9

600



PLASMAELECTROLYTESAND ALDOSTERONESECRETION

PLASMA If
NoE
AND is

K O
(mEq/L) I

CORTICOSTERONE
SECRETION
(Lg/MIN.)

ALDOSTERONE
SECRETION

(pLg/MIN.)

KCL
INFUSION

(pEq/MI N.)

65 -

155 -

45 -

0.6 '

0.3 _

0

.03

.02

.01 _

60
30

0

-6 ' _

3 L_ __ L

0

II II I II

L. ii I
0 20 40 60 80 100 120 140

MINUTES
FIG. 2. TYPICAL RESULTS OF INFUSION OF KCL INTO THE ARTERIAL SUPPLY OF ISOLATED

ADRENALSOF A HYPOPHYSECTOMIZED-NEPHRECTOMIZEDDOG.

CORTICOSTERONE
SECRETION 0.5
(pLg./MIN.)

0

PLASMA
K

(mEq / L.)

I I I
(N = 4)

1.0k

.03 f-

ALDOSTERONE
SECRETION

(pEg./MlN.)

.02H

.01 I

0

m Im

3.6 6.7

(p<.02)

-INFUSION OF-
KCI IN NORMAL
SALINE

I I l

I-

3.7 6.8(

Ii ~~~(P<0.2)

-INFUSION OF-
K2SO4 IN
NORMALSALINE

O 10 20 - 30 40 50 60 0 10 20 30 40 50 60

MINUTES

FIG. 3. EFFECTS OF INFUSION OF HCL OR K2SO4 INTO THE ARTERIAL SUPPLY OF ISOLATED ADRENALSOF HYPOPHYSEC-

TOMIZED-NEPHRECTOMIZEDDOGS. Mean values and standard errors are given for aldosterone secretion.

(N- 12)

601

I I I



JAMES 0. DAVIS, JOHN URQUHART,ANDJAMES T. HIGGINS, JR.

PLASMA

K

(M.EQ/L.)

5

4

N=1/ N=/0

FED

I t
2 1 1 IlI Il I I I I Il.I

0 1 3 5 7 Hrs. 0 1 3 5 7 Hrs. PA

INTAKE No = 60 Na: 2 No -60
(M.EQ,/DAY) K 150 K- 150 K- 18

FIG. 4. EFFECTSOF VARYINGDIETARY NAANDK INTAKE UPONTHE CONCENTRATIONOF PLASMA

K. PA is the abbreviation for "postabsorptive." Mean values and standard errors are

presented.

aldosterone production. In contrast, in dogs 4, 5,
and 7, aldosterone secretion fell after nephrectomy
but not to the control level; corticosterone produc-
tion did, however, return to the control level in
these three dogs. Nephrectomy had no influence
on the concentration of plasma Na, which remained
at the normal level.

Steroid secretion during infusion of potassium
salts into the arterial supply of isolated adrenals.
This experiment was performed to examine the
possibility of a direct action of the K ion on the
adrenal cortex. The results of a typical experi-
ment are presented in Figure 2. Both KC1 and
K2SO produced an increase in aldosterone se-

cretion (Figure 3). For each group of experi-
ments the change is significant at the 2% level. If
all 16 experiments of the two groups are combined,
the increment in aldosterone secretion is highly
significant (p <.01). Corticosterone secretion in-
creased in only two of the experiments with the
KCl infusion. Infusion of normal saline alone was

without effect on steroid secretion.
Effects of a high potassium intake on the con-

centration of plasma K. To determine the possible

physiological significance of a high plasma level
of K, the influence of a high K diet on plasma K
concentration was studied both in the presence

of a normal Na intake and in the presence of a

low Na intake. The results are presented in Fig-
ure 4. The postabsorptive level of plasma K was

slightly elevated in both high K groups in com-

parison with the postabsorptive plasma K concen-

tration during a K intake of 18 mEqper day and a

Na intake of 60 mEqper day. A further increase
in plasma K occurred after ingestion of the high
K diet. The peak of the response was observed
3 hours postprandially. The response on the low
Na diet was not significantly different from the
effect observed on a Na intake of 60 mEqper day.
These data show that the plasma K concentration
during a high K intake was increased to levels as

high as those frequently observed to enhance ster-
oid secretion during the intravenous infusion of
K.

Relation of a high K intake to the concentration
of plasma K and to aldosterone excretion. On the
basis of the previous experiment, studies were

conducted on the effects of a normal Na and a

Nc6
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high K diet and of a low Na and a high K diet on

urinary aldosterone excretion. The results are

presented in Figure 5 and Table II. An increase
in urinary aldosterone excretion occurred in as-

sociation with the increase in plasma K following
the meal. The effect was observed during a high
K intake with both a normal and a low Na diet.
No further augmentation in aldosterone produc-
tion by K was detected by changing from a normal
to a low Na intake. The shift in K intake from 18
to 150 mEq per day did not alter Na balance
(Figure 5).

Aldosterone secretion during infusion of iso-
lated adrenals weith a 5% aqueous solution of

I llAE
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EXCRETION 30 -

(mEq /DAY)
0
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K
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URINARY 05_
ALDOSTERONE

EXCRETION
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5

glucose or zith 5% glucose in normal saline.
Infusion of a 5%o aqueous solution of glucose
into the arterial supply of isolated adrenals low-
ered the concentration of Na in the perfusing
blood. During infusion of 5% glucose in water,
aldosterone secretion increased from .008 to .018
/ig per minute (n = 15; p <.01) in association
with a fall in plasma Na concentration from 146
to 126 mEqper L (Figure 6). The smallest de-
crease in plasma Na in which a definite elevation
in aldosterone production occurred was 14 mEq
per L. The plasma K level fell from 3.5 to 3.2
mEqper L (n = 15; p <.02). For the group of
15 experiments, corticosterone secretion was un-

10

DAYS

FIG. 5. EFFECTS OF A HIGH K INTAKE DURINGA NORMALAND A LOWNA DIET UPON

THE PLASMAK CONCENTRATIONAND URINARY ALDOSTERONEEXCRETION. The two val-

ues for plasma K were obtained immediately before feeding and 3 to 4 hours post-
prandially, which is the time of the peak postprandial rise in the concentration of

plasma K. Urinary aldosterone excretion was measured during the 8-hour period
following the meal because the plasma K level was highest during this period.
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III
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TABLE II

Relation of a high K intake and plasma K to urinary aldosterone excretion

Urinary aldosterone excretion Plasma K

Day Dog 1 Dog 2 Dog 3 Dog 4 Dog 1 Dog 2 Dog 3 Dog 4

yg/8 hrs mEq/L

Normal Na (60)* and normal K (18)* intake
3 .01 .04 .10 .06 4.1t 3.8t 4.3 4.4 3.9 3.9 4.3 4.3
4 .10 .10 4.5 4.3 4.2 3.8 4.0 4.5
5 .07 .04 5.0 4.3 4.6 4.0

Normal Na (60) and high K (150) intake
8 .36 .35 .38 .20 4.8 5.0 4.4 5.0 4.4 4.5 4.4 5.0
9 .58 .22 .44 .20 4.2 5.0 4.7 5.0 4.1 4.8 4.3 5.0

10 .56 .18 .16 .05 3.9 5.0 4.3 5.0 3.8 4.6 4.4 5.0

Low Na (4) and high K (150) intake
14 .49 .29 .22 .12 4.5 5.0 5.0 5.8 4.2 4.7 5.0 5.4
15 .60 .11 .67 .12 5.0 4.8 5.4 5.0 4.0 4.8 5.3 5.0
16 .63 .43 .27 .37 4.3 5.0 4.6 5.3 4.6 5.4

* Electrolyte intake is expressed in milliequivalents per day.
t For each dog the values of plasma K concentration on the left are postabsorptive values, while postprandial values

are presented on the right.
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altered; however, in 2 of the 15 experiments the
two values of corticosterone secretion during in-
fusion of glucose were unequivocally higher than
the two control values. As a control study, 5%
glucose in normal saline was studied in 8 experi-
ments, but no effect on aldosterone or corticoster-
one secretion occurred (for aldosterone secretion
P > 0.7).

DISCUSSION

It is clear that alterations in Na intake influence
the rate of secretion of aldosterone (1-9). These
effects of Na appear to be mediated by the renin-
angiotensin system (8, 21). Attempts to relate
a decrease in the concentration of plasma Na to
aldosterone production have been unsuccessful
with two exceptions. In the early studies of Den-
ton and associates in sheep (5), they found that a
low Na concentration in association with an in-
crease in the plasma K level increased aldosterone
output, while neither a low plasma Na nor a high
plasma K concentration alone influenced aldos-
terone secretion. More recently, the Australian
workers (6) have presented data from individual
experiments in sheep which suggest that either a
low plasma or a high plasma K increases aldoster-
one secretion. The combined ionic alteration ap-
pears to be more effective than the change in either
ion alone. Also, Rosenfeld and associates (22)
reported that a low Na and a high K concentration
augmented aldosterone output in perfused beef
adrenals, but the alterations of Na and K were too
marked for the results to have physiological sig-
nificance.

The present experiments show that lowering the
local plasma Na concentration to 120 to 130 mEq
per L by direct arterial infusion of isolated adre-
nals with 5% glucose in water was associated with
an increase in aldosterone secretion. This findingo
suggests the possibility that the Na ion per se in-
fluenced aldosterone secretion, but this cannot be
stated with certainty because the concentration of
other plasma constituents was lowered. Failure of
investigators (3, 23) to find an elevation in uri-
nary aldosterone excretion in human subjects with
hyponatremia secondary to Pitressin and water
loading is probably attributable to the marked ex-

pension of body fluid volume which decreased al-
dosterone output by the renin-angiotensin system.

In regard to the role of K in the regulation of
aldosterone secretion, the various reports have
yielded conflicting results with considerable di-
vergence of opinion. The early studies were con-
cerned with the urinary excretion of aldosterone
during use of insensitive methods for analysis of
the hormone, and these methods limited the
amounts which could be detected. Since the
changes in aldosterone excretion in urine even
with marked alterations in plasma K are not large,
small changes may not have been detected in some
of the early studies. Laragh and Stoerk (10) ob-
served an increase in urinary aldosterone output
with K loading in the presence of a low Na intake,
while others (2, 3) reported hvperaldosteronuria
secondary to K loading with a normal Na intake.
The finding of Hernando and associates (4) that
urinary aldosterone output failed to increase dur-
ing K loading in association with a low Na intake
remains unexplained.

Certain studies of steroid production during K
administration to normal dogs stressed by lapa-
rotomy were complicated by the large amounts of
circulating ACTHwhich obscured the effects pro-
duced by infusion of K (7, 11, 12). Nevertheless.
Moran and coworkers (11) obtained suggestive
evidence that intravenous infusion of KCl aug-
mented aldosterone secretion in laparotomized
intact dogs. In contrast, Gann and co-workers
(12) were unable to detect an increase in aldos-
terone production during intravenous infusion of
KCl into laparotomized intact dogs, but reported
that intracarotid arterial infusion of large quan-
tities of KCI augmented aldosterone secretion in
this preparation. Also, Rosnagle and Farrell (7)
failed to find an increase in aldosterone secretion
after K loading, and they suggested that the in-
creased urinary output of aldosterone observed by
others was secondary to altered renal handling of
the hormone.

The present experiments demonstrate that an

increase in aldosterone secretion occurred in as-

sociation with an elevation in the concentration
of plasma K in hypophysectomized dogs. Marked
increments in aldosterone production were ob-
served during very high levels of plasina K, but a

definite increase in aldosterone output occurred
with elevations in plasma K concentration as small
as 1.3 mEq per L. Since the response occurred
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during infusion of either KCl of K2SO4, the
data indicate that the K ion produced the effect.

In three animals, the high rate of aldosterone
secretion secondary to hyperkalemia continued
after removal of the kidneys, which demonstrates
that increased secretion of renin is unnecessary for
the response. It seems unlikely that insufficient
time was allowed for the effects of nephrectomy to
be manifest, since previous studies (8, 14) have
demonstrated a striking fall in aldosterone secre-
tion within 30 minutes to 1 hour following ne-
phrectomy. In the other three animals, aldos-
terone output declined after nephrectomy but not
to the control level. This decline suggests that the
renin-angiotensin system was contributing to the
level of aldosterone production in these animals.
It should be pointed out that the concentration
of plasma K is not increased by angiotensin II
(24, 25).

Since an increase in aldosterone secretion oc-
curred in response to an elevation in the level of
plasma K in the absence of both the anterior pi-
tuitary and the kidneys, a direct influence of the K
ion on the adrenal cortex was suggested. To test
this possibility, very small amounts (15 to 18 tEq
per minute) of K were infused into the arterial
supply of isolated adrenals. This rate of infu-
sion of K was considerably less than the rate of
peripheral infusion of KCl or K2SO4 of 550 to
1,140 uEq per minute used to elevate the periph-
eral plasma K concentration. Direct infusion of
either KCl or KSO4 into isolated adrenals pro-
duced an increase in aldosterone output which
demonstrates a direct action of the K ion on the
adrenal cortex.

The response in aldosterone secretion to K salts
in the isolated adrenal preparation of hypophysec-
tomized-nephrectomized dogs (Figure 3) was less
than in the in situ adrenal of hypophysectomized
animals (Table I). This was probably attributable
to a decrease in sensitivity of the isolated adrenals
because responses to angiotensin II in these iso-
lated adrenals varied considerably, and in some
preparations the response was negligible. This
low sensitivity may be related to interference with
the adrenal arterial supply that resulted during
isolation of the adrenals.

The observation that aldosterone production
was augmented by small increments in plasma K
suggests that the K ion might play a role in the

normal regulation of aldosterone secretion. To
evaluate a possible physiological role of K, the in-
fluence of a diet high in K (8 times the K intake
in the synthetic diet that is routinely used in our
laboratory) on the plasma K concentration was
studied. In changing K intake from 18 to 150
mEq per day, the postabsorptive level of plasma
K increased from 3.7 to 4.4 mEq per L. Post-
prandial measurements revealed a further in-
crease in plasma K from 4.4 to 5.5 mEq per L.
This increase in plasma K from 3.7 to 5.5 mEq
per L is slightly greater than the lowest incre-
ments observed to increase aldosterone secretion
in acute experiments. These results agree with the
earlier finding of Laragh and Capeci (26) that an
increase in plasma K of 1.2 to 1.6 mEqper L oc-
curred secondary to ingestion of 80 mEq of KCl
in dogs. In the present study, no significant dif-
ference in the increment in plasma K produced by
a high K diet was observed during a normal and
a low Na intake. This finding confirms the ob-
servation (26) that plasma K increased to es-
sentially the same extent during KCl administra-
tion to dogs on a normal and a low Na intake.
However, Na depletion markedly augmented the
increase in plasma K following K loading (26).
It appears, therefore, that under physiological
conditions such as following the ingestion of a
large quantity of meat, the elevation in plasma K
might be sufficient to increase the production of
aldosterone.

To examine further the possible influence of a
high K intake on aldosterone production, the rate
of urinary aldosterone excretion was measured
during a normal Na and K intake, during a nor-
mal Na and a high K diet, and during a low Na
and a high K intake. Laragh and Stoerk (10)
reported that a low Na and high K intake in-
creased aldosterone output in urine, but they were
unable to detect a response during K loading when
Na intake was normal. In the present experi-
ments, urinary aldosterone output was increased
during a high K diet regardless of the Na intake.
The increment in aldosterone excretion was as-
sociated with hyperkalemia. Also, the effect was
not due to loss of Na, since the high K diet did not
produce a negative Na balance. Laragh and
Capeci (26) also observed no appreciable change
in Na excretion during KCl administration to
dogs. These results may reflect a difference in
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the response of dog and man to K administration,
since several observers (2, 3, 27) have reported a
natriuresis during K administration to human
subj ects.

The importance of a low Na and a high K con-
centration in plasma on aldosterone secretion in
sheep has been emphasized by Denton and co-
workers (5. 6). Since the sheep is a herbivore
and ingests large quantities of K, the question
arises as to whether the role of K is more impor-
tant in herbivorous than in carnivorous animals
and man. Additional studies are needed to evalu-
ate the importance of K in the control of aldos-
terone secretion in animals which normally ingest
large quantities of K. Another interesting unan-
swered question is the role of aldosterone in the
regulation of K excretion during ingestion of large
amounts of K.

Finally, the role of plasma electrolyte changes
in the control of aldosterone secretion in experi-
mental and in clinical states with secondary hyper-
aldosteronism must be considered. In studies of
the effects of acute caval constriction (16), marked
increments in aldosterone secretion were observed
before plasma K increased or in the absence of
hyperkalemia; plasma Na was usually normal.
In dogs with hyperaldosteronism secondary to
chronic thoracic caval constriction or chronic ex-
perimental heart failure, the concentration of
plasma K was frequently normal (28). In pa-
tients with cirrhosis of the liver and edema, Eisen-
menger, Blondheim, Bongiovanni, and Kunkel
(29) found that the plasma K concentration was
elevated in only 1 of 7 patients. Birkenfeld, Leib-
man, O'Meara, and Edelman (30) obtained simi-
lar results in a larger series of patients with cir-
rhosis and edema; of 16 male patients, only one
showed a plasma K concentration above 5.0 mEq
per L and the plasma K concentration was normal
in 5 female patients. Similarly, these workers
(30) found levels of plasma K above 5.0 mEqper
L in only 2 of 16 patients with congestive heart
failure and edema. The average value reported
by Birkenfeld and associaties (30) for the plasma
K concentration in ten hospitalized control sub-
jects was 4.5 mEq per L. Two of these patients
showed plasma K concentrations above 5.0 mEq
per L. It is clear, therefore, that an elevation of
plasma K in clinical states with edema is an un-
usual finding. Also. it is well-known that the con-

centration of plasma Na is usually normal in heart
failure and in cirrhosis of the liver. These re-
sults exclude a primary role for either hyperka-
lemia or hyponatremia in the pathogenesis of sec-
ondary hyperaldosteronism. Current evidence (8,
13, 14, 21, 31-35) strongly favors the view that
the renin-angiotensin system is the primary mech-
anism for hypersecretion of aldosterone in clinical
states with secondary hyperaldosteronism.

SUMMARY

1. Intravenous infusion of KCl or KSO4 aug-
mented the rates of aldosterone and corticosterone
secretion in hypophysectomized dogs. The re-
sponse was observed with an increment in plasma
K as small as 1.3 mEqper L. Porter-Silber chro-
mogen output was also increased in the two dogs
with the largest increments in corticosterone pro-
duction. Subsequent nephrectomy failed to block
the response in aldosterone and corticosterone se-
cretion to hyperkalemia in some animals, and in
others the secretion of both steroids fell follow-
ing nephrectomy.

2. Infusion of KCl or K2SO4 into the arterial
supply of isolated adrenals increased aldosterone
secretion. This finding provided evidence for a
direct effect of the K ion on the adrenal cortex.

3. In normal, intact dogs, a high K diet resulted
in an increase in plasma K equivalent to the hy-
perkalemia that augmented aldosterone secretion
during intravenous infusion of K. Under these
circumstances urinary aldosterone excretion was
elevated in association with the peak of the post-
prandial response in plasma K to the dietary K
load.

4. Infusion of 5% glucose in water into the ar-
terial supply of isolated adrenals produced a re-
duction in plasma Na and an increase in aldos-
terone secretion.
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