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Inhibition of Na,K-adenosine triphosphatase (Na,K-ATPase} activity by ouabain has been shown to increase the release of
aldosterone from rat glomerulosa cells, but the mechanism by which this elevation of aldosterone production occurs has not
been established. Small changes in membrane potential can significantly affect aldosterone release. Consequently, inhibition
of Na,K-ATPase in glomerulosa cells may stimulate aldosterone production by membrane depolarization. If so, ouabain-
stimulated production should be dependent on calcium influx through voltage-gated calcium channels. It has previously been
shown that ouabain induces a moderately rapid increase in cytosolic calcium in rat glomerulosa cells. Therefore, in this study,
we test whether ouabain stimulates aldosterone production with a time course consistent with early membrane depolariza-
tion as suggested by the previously reported early increase in cytosolic calcium. To study the time course of aldosterone
production, we developed a perfusion technique that allows an examination of the initial effects of ouabain on aldosterone
production. The results show that ouabain rapidly stimulates aldosterone production. Continuous perfusion with 0.25 or 1
mmol/L ouabain induced a brisk, robust increase in aldosterone production, followed by a decrease to near baseline over 60
minutes. Ouabain-stimulated aldosterone production was dependent on the presence of extracellular calcium and calcium
influx through voltage-gated calcium channels. Our results support the hypothesis that the inhibition of Na,K-ATPase in rat

adrenal glomerulosa cells immediately depolarizes the membrane potential and opens voltage-gated calcium channels.
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NHIBITION OF Na.K-adenosine triphosphatase (Na,
K-ATPase) in rat glomerulosa cells increases aldosterone
production.'® The mechanism by which this occurs has not
been established. Inhibition of Na,K-ATPase may stimulate
aldosterone release by depolarization of the cell membrane.
Small changes in membrane potential can significantly affect
aldosterone production as exemplified by potassium-stimulated
release. It has previously been shown that ouabain induces a
moderately rapid increase in cytosolic calcium in rat glomeru-
losa cells that is inhibited by nifedipine.? This observation is
consistent with the hypothesis that ouabain decreases the
membrane potential, which increases cytosolic calcium by
opening voltage-gated calcium channels, leading to an increase
in aldosterone production. Therefore, in the experiments re-
ported herein, we test whether ouabain stimulates aldosterone
production with a time course consistent with early membrane
depolarization as suggested by the previously reported early
increase in cytosolic calcium. Additionally. ouabain-stimulated
production should be dependent on extracellular calcium and its
influx through voltage-dependent calcium channels if this
hypothesis is true.

Despite the large number of studies on the effects of ouabain
on aldosterone production, there are no previous studies that
determined the time course by which inhibition of Na,
K-ATPase affects aldosterone release. This is significant, be-
cause the effects of inhibition of Na,K-ATPase in a given cell
type vary as a function of time.

In a cell where Na,K-ATPase makes a substantial direct
electrogenic contribution to the resting membrane potential,
pumping out three Na* in exchange for two K*. inhibition of
Na,K-ATPase activity will cause an immediate depolarization
of the membrane potential well before any changes in the
gradients of sodium and potassium. In other words, the hall-
mark of this effect is that it occurs suddenly as soon as
Na,K-ATPase activity is terminated. Any delay in the electro-
genic response would be due to the time required for ouabain to
bind to most of the Na,K-ATPase. This length of time can vary
considerably, depending in part on the affinity of a particular
Na,K-ATPase isoform for ouabain and the concentration of
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ouabain. Thus, in rat adrenal cells, which contain primarily an
isoform with an especially low affinity for ouabain (K; = 60
umol/L), one would predict that millimolar concentrations of
ouabain should stimulate the release of aldosterone within a few
minutes of its application, similar to the time required for
ouabain to increase intracellular calcium in rat glomerulosa
cells.> Membrane depolarization also occurs as the gradients of
sodium and potassium decay, but this decline in the membrane
potential is slower, with a time course of many minutes to hours,
the exact rate depending on the other transport mechanisms and
leak permeabilities present. In adrenal cells, a 60-minute
exposure to ouabain diminishes the membrane potential by 20
to 30 mV7® and intracellular potassium decreases by 50% over
2 hours.5 As the gradients of sodium and potassium decline. the
cells become progressively less able to regulate their volume,
intracellular calcium, and pH.

Historically, the effects of ouabain on aldosterone production
have been studied by incubating cells with ouabain for 60 to 120
minutes.'® Consequently, it is difficult to determine if ouabain
stimulates aldosterone production within a time frame consis-
tent with its more rapid effect on intracellular calcium. To
determine the earlier events that may occur with Na,K-ATPase
inhibition, we developed a perfusion technigue to examine the
imtial effects of ouabain on aldosterone production. The results
show that ouabain induces a rapid increase in aldosterone
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production consistent with early membrane depolarization. We
present additional evidence showing that ouabain-stimulated
production is dependent on calcium influx through voltage-
gated calcium channels. Therefore, our results support the
hypothesis that the inhibition of Na,K-ATPase in rat adrenal
glomerulosa cells rapidly depolarizes the membrane potential
and opens voltage-dependent calcium channels.

MATERIALS AND METHODS
Adrenal Cell Preparation

Adrenal capsules including the zona glomerulosa were obtained from
female Sprague-Dawley rats weighing 200 to 224 g. Glomerulosa cells
were collagenase-dispersed as previously described® in medium 199
(GIBCO, Grand Island, NY) containing modified Earle salts (130
mmol/L NaCl, 4.0 mmol/L KCl, 10 mmol/L. HEPES, Na salt, pH 7.4,
0.2% bovine serum alburmn, and no bicarbonate). The cells were
continuously gassed with 100% O,. The calcium experiments were
performed in medium 199 containing no added calcium.

Adrenal Experiments

Cells were either statically incubated (50,000 cells in 0.5 mL medium
199) for 60 minutes or petfused. Perfusion studies were performed with
a 1-mL syringe. On the needle end was placed a filter holder
(Nucleopore, Pleasanton, CA) containing a membrane filter (Filinert
membrane; Costar, Cambridge, MA). In the bottom of the syringe was
placed a small piece of Kimwipe (Kimberly-Clark, Roswell. GA) over
which 0.1 to 0.2 mL hydrated Bio-Gel P-2 (200 to 400 mesh; Bio-Rad,
Richmond, CA) was layered. The rubber end of the plunger was
removed and placed 0.5 cm from the top of the Bio-Gel P-2. The rubber
plunger was impaled with a needle. Medium 199 was pumped through
the syringe by a peristaltic pump placed at the distal end of the tubing so
that the medmm was pulled through the column at a rate of 0.25
mL/min. Glomerulosa cells (500,000 to 550.000) were placed on top of
the Bio-Gel. We found that layering the cells on top of the Bio-Gel
produced a better aldosterone response than mixing the cells in the
Bio-Gel. Samples were collected every 5 minutes, and aldosterone was
quantified by radioimmunoassay® using an antibody to aldosterone
obtained from the National Hormone and Pituitary Program. National
Institutes of Health (Bethesda, MD).

Statistical Analysis

The data were analyzed by paired ¢ test (P < .05, two-tailed. df = 4).
Results are the mean * SE.

RESULTS
Statically Incubated Cells

Initial studies were performed to determine the concentration-
response to ouabain in statically incubated cells to verify that
the rat glomerulosa cells in our studies produced similar
responses to those previously reported. Ouabain stimulated the
production of aldosterone in a concentration-dependent manner
up to 100 umol/L (Fig 1). Higher concentrations of ouabain
(200 umol/L) resulted in reduced production, and additional
studies showed the response to 1 mmol/L ouabain to be 45% *
4% (p < .05, n = 3 experiments) of the response to 100 umol/L
ouabain. These results are similar to those previously re-
ported.'

Perfused Cells

Ouabain increased aldosterone production by perfused glo-
merulosa cells. The rapidity of the response was dependent on
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Fig 1. Effect of ouabain on aldosterone production by statically
incubated rat adrenal glomerulosa cells. Aldosterone production was
quantified over a 60-minute incubation with ouabain (n = 3 experi-
ments). Results are the mean and error bars are the SE.

the perfusion concentration of ouabain. Continuous perfusion
with ouabain concentrations of 250 pmol/L or greater induced
an initial rapid increase in aldosterone production followed by a
decline to near baseline. In contrast, perfusion with 100 umol/L.
ouabain over 60 minutes led to a gradual increase in aldosterone
production to a plateau during the period of observation (Fig 2).

We compared the aldosterone response to ouabain with that
of potassium, because potassium is known to depolarize the cell
membrane. We used a high concentration of ouabain in these
studies to inhibit Na,K-ATPase as rapidly as possible. The
aldosterone response to 1 mmol/L ouabain by perfused cells
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Fig2. Effect of ouabain on aldosterone production by perfused rat
glomerulosa cells. A representative study is shown from 3 indepen-
dent experiments in which ouabain was continuously perfused
beginning at 10 minutes (arrow). Ouabain concentrations were 0 (O),
100 pmol/L (@), 250 pmol/L (M), and 1 mmol/L (CI).
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was brisk, albeit slightly delayed in comparison to the response
to 10 mmol/L potassium, probably due to the time required for
ouabain to bind to Na.K-ATPase. Importantly, the response to
ouabain declined over time, which may reflect the collapse of
ion gradients (Fig 3).

Evidence That Ouabain-Stimulated Production
Is Due to Membrane Depolarization

If ouabain-stimulated aldosterone production is due to mem-
brane depolarization. the production should be dependent on the
presence of extracellular calcium and be inhibitable by a
calcium-channel blocker. These are requisite characteristics of
other stimuli of aldosterone release that depolarize the mem-
brane, namely potassium and angiotensin I1.'° To determine if
the response to ouabain is calcium-dependent, cells were
incubated with 100 pmol/L ouabain and with calcium concentra-
tions of 0 to 4 mmol/L.. With no added calcium in the buffer,
ouabain failed to stimulate aldosterone production. Increasing
concentrations of calcium led to greater aldosterone production
in response to ouabain (Fig 4). In addition, calcium influx
through voltage-gated calcium channels was required for oua-
bain-stimulated aldosterone production. Isradipine (a gift from
Sandoz Pharmaceuticals, East Hanover, NJ). a calcium-channel
blocker, diminished the production of aldosterone in response to
100 pmol/L ouabain in a concentration-dependent manner (Fig
5). Isradipine (10 pmol/L) did not block corticotropin (10
nmol/L)-stimulated aldosterone production. Basal production
was 20 = 7 ng/10° cells and increased to 146 = 5 and 156 * 33
ng/10% cells with and without isradipine, respectively, suggest-
ing that inhibition was not due to nonspecific inhibition of an
aldosterone biosynthetic enzyme.
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Fig3. Comparison of aldosterone produetion in perfused glomeru-
losa cells in response to ouabain and potassium. A representative
study is shown from 2 independent experiments in which cells were
continuously perfused with 1 mmol/L ouabain (M}, 10 mmol/L KCI
(A), or buffer (®) beginning at the arrow.
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Fig4. Effect of calcium on ouabain-stimulated aldosterone produc-
tion by statically incubated glomerulosa cells. Cells were incubated
with (@) and without (O) 100 pmol/L ouabain at calcium concentra-
tions of 0 to 4 mmol/L (n = 3 experiments). Results are the mean;
error bars are the SE and may be located within the symbols.

DISCUSSION

The results of this study show that ouabain stimulates
aldosterone production with a time course consistent with early
membrane depolarization and the previously reported early
increase in intracellular calcium that is inhibited by a calcium-
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Fig 5. Effect of isradipine on ouabain-stimulated aldosterone
production by statically incubated glomerulosa cells. Celis were
incubated with (@) and without {O) 100 pmol/L ouabain at isradipine
concentrations of 0 to 10 pmol/L. Results are expressed as a percent
of aldosterone secretion in response to 100 pmol/L ouabain in the
absence of isradipine (n = 3 experiments). Aldosterone production
increased from 20 = 7 to 51 + 12 ng/10°® cells with 100 pmol/L
ouabain (mean = SE). Error bars are the SE and may be located
within the symbols.
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channel blocker.> The evidence to support ouabain-induced
membrane depolarization is the observation that ouabain stimu-
lation is dependent on extracellular calcium and its influx
through voltage-gated calcium channels. The calcium depen-
dency of ouabain stimulation is similar to that of potassium and
angiotensin II, secretagogues that depolarize the membrane.!?
Thus, the evidence collectively suggests that ouabain dimin-
ishes the membrane potential in glomerulosa cells. In addition,
the evidence also suggests that the initial depolarization is due
to inhibition of the electrogenic Na,K-ATPase, as reflected in
the rapid rate at which high concentrations of ouabain stimulate
aldosterone production. We believe it is this event which
induces the initial increase in aldosterone release.

Cells perfused with 1 mmol/L ouabain responded with a brisk
production of aldosterone. However, the onset of the increase in
aldosterone production was delayed compared with the re-
sponse to potassium (Fig 3). The delay is most likely due to the
time required for ouabain to bind to the low-affinity rat «-1
isoform, the major Na,K-ATPase isoform present in rat glomeru-
losa cells. In contrast, increasing the extracellular potassium
rapidly depolarizes the membrane (measured in seconds or
less), resulting in a brisk response. These events are best
reflected in the rapidity with which intracetlular calcium
increases in response to potassium relative to ouabain. Potas-
sium (10 mmol/L) induces a rapid increase in intracellular
calcium,!! whereas ouabain produces a much slower increase.?
The time required for ouabain to stimulate aldosterone produc-
tion in our study was approximately the same as the time
required for a similar concentration of ouabain to increase
intracellular calcium to stimulatory levels in the same cells
under similar conditions.? For instance, it required 15 minutes
for 250 umol/L ouabain to stimulate aldosterone production
above baseline levels (Fig 2). Over this same period, 300
pmol/L ouabain increased intracellular free calcium from ap-
proximately 110 nmol/L to 170 nmol/L.>

The reason for the biphasic aldosterone response to 0.25 and
1 mmol/L ouabain is unclear. The initial increase in aldosterone
productjon is most likely due to membrane depolarization. The
subsequent decline in production may be due to a loss of
intracellular potassium, which has been associated with dimin-
ished aldosterone production.>!>!* However, the decline is
unlikely due to cell death or a direct effect of ouabain on steroid
biosynthesis, since the cells exclude trypan blue!? and aldoste-
rone production can be increased under these conditions with
appropriate stimuli.'

The mechanism by which ouabain increases aldosterone
production is calcium-dependent. The lack of a stimulatory
effect of ouabain in the absence of extracellular calcium
suggests that calcium influx is required (Fig 4). The inhibition
of ouabain-stimulated aldosterone production by the calcium-
channel inhibitor isradipine (Fig 5) suggests that calcium enters
through voltage-gated calcium channels. In addition, these latter
studies suggest that calcium influx via the Na*/Ca®* exchanger
plays little or no role in ouabain-stimulated aldosterone produc-

YINGST ET AL

tion. These findings are consistent with the observation that
ouabain depolarizes the cell membrane of glomerulosa cells.?
They are also consistent with the previous observation that
ouabain increases cytosolic calcium in glomerulosa cells via
voltage-dependent calcium channels.?

Our findings are also in agreement with those of Schiffrin et
al,2 who found that lanthanum, a trivalent calcium antagonist,
and verapamil block ouabain-stimulated aldosterone produc-
tion. However, we found that 100 pumol/L. verapamil, the
concentration used in their studies, directly blocks aldosterone
synthase.!> In addition, lanthanum blocks Na,K-ATPase activ-
ity'®17 and thereby, in combination with the low stimulatory
dose of ouabain, could behave like high-dosage ouabain,
resulting in no increase in aldosterone release.> For these
reasons, we chose to study the effect of ouabain in the absence
of extracellular calcium using a different class of calcium-
channel blocker that does not block enzymes in the aldosterone
biosynthetic pathway.

Other investigators have examined the effect of ouabain on
aldosterone production by glomerulosa cells from a variety of
species, with mixed results."61523 The conflicting results may
be due to the complex nature of Na,K-ATPase inhibition with
ouabain, which is dependent on the animal species and the
ouabain concentration and duration of exposure. The ouabain
binding affinity for Na,K-ATPase varies widely between species
and between isoforms of Na,K-ATPase. The rat a-1 isoform, the
predominant form in rat glomerulosa cells,? has a low affinity
for ouabain (K; ~60 pmol/L), whereas this same isoform in the
dog has an affinity that is several orders of magnitude higher.2*

“In addition, the effect of ouabain on Na,K-ATPase activity is

dependent on the ouabain concentration used relative to the
ouabain binding affinity for Na,K-ATPase in the species under
study. Finally, the effect of ouabain on Na,K-ATPase activity is
dependent on the length of exposure to ouabain. Longer periods
increase the amount of Na,K-ATPase inhibition and compound
the cellular changes associated with membrane depolarization
and altered ion gradients.

In conclusion. the initial increase in aldosterone production in
response to ouabain is stimulatory in the rat and is most likely
due to membrane depolarization caused by inhibition of the
electrogenic contribution of Na,K-ATPase to the membrane
potential. Inhibition of Na,K-ATPase over an extended period
leads to a diminished aldosterone response, which may reflect a
collapse in the ion gradients. The results of this study suggest
that inhibition of NaK-ATPase by the recently described
ouabain-like factor originating from glomerulosa cells®?7 has
the potential to stimulate aldosterone production or modify the
responsiveness of glomerulosa cells to the stimuli of aldoste-
rone release.

ACKNOWLEDGMENT

We would like to thank Dr William Evens at the University of
Virginia for assistance in developing the perfusion system.

REFERENCES

1. Braley LM, Williams GH: The effects of ouabain on steroid
production by rat adrenal cells stimulated by angiotensin II, alpha 1-24
adrenocorticotropin, and potassium. Endocrmology 103:1997-2005.
1978

2. Schiffrin EL, Lis M, Gutkowska J. et al: Role of Ca?* in response
of adrenal glomerulosa cells to angiotensin II, ACTH, K*, and ouabain.
Am J Physiol 241:E42-E46. 1981

3. Hajnoczky G. Csordas G, Hunyady L. et al: Angiotensin-II



NA,K-ATPase STIMULATES ALDOSTERONE PRODUCTION

inhibits Na*/K* pump in rat adrenal glomerulosa cells: Possible
contribution to stimulation of aldosterone production. Endocrinology
130:1637-1644. 1992

4. Szalay KS, Beck M, Toth M. et al: Interactions between cuabain.
atrial natriuretic peptide, angiotensin-Il and potassium: Effects on rat
zona glomerulosa aldosterone production. Life Sci 62:1845-1852, 1998

5. Szalay KS: Ouabain—A local, paracrine, aldosterone synthesis
regulating hormone? Life Sci 52:1777-1780, 1993

6. Szalay KS: The effect of ouabain on aldosterone production in the
rat. Acta Endocrinol (Copenh) 68:477-484. 1971

7. Matthews EK. Saffran M: Ionic dependency of adrenal steroido-
genesis and ACTH-induced changes in the membrane potential of
adrenocortical cells. J Physiol 234:43-64, 1973

8. Natke E, Kabela E: Electrical responses in cat adrenal cortex:
Possible relation to aldosterone secretion. Am J Physiol 237:E158-
E162, 1979

9. Craven TG. Kem DC. Schiebinger RJ: Atrial natriuretic peptides:
The role of phenylalanine on biological activity. Endocrinology 122:826-
830, 1988

10. Quinn SJ. Cornwall MC, Williams GH: Electrical properties of
isolated rat adrenal glomerulosa and fasciculata cells. Endocrinology
120:903-914, 1987

11. Quinn SJ, Willams GH, Tillotson DL: Calcium response of
sigle adrenal glomerulosa cells to external potassium. Am J Physiol
255.B488-E495, 1988

12. Elliott ME, Hadjokas NE, Goodfriend TL: Effects of ouabain and
potassium on protein synthesis and angiotensin-stimulated aldosterone
synthesis in bovine adrenal glomerulosa cells. Endocrinology 118:1469-
1475, 1986

13. Foster R, Lobo MV, Marusic ET: Studies of relationship between
angiotensin I and potassium ions on aldosterone release. Am J Physiol
237:E363-E366, 1979

14. Mendelsohn FA. Mackie C: Relation of intracellular K and
steroidogenesis in isolated adrenal zona glomerulosa and fasciculata
cells. Clin Sci Mol Med 49 13-26. 1975

15. Schiebinger RJ. Braley LM. Menachery A, et al: Unique calcium
dependencies of the activating mechanism of the early and late

1171

aldosterone biosynthetic pathways 1n the rat. J Endocrinol 110:315-325.
1986

16. Takeo S. Sakanashi M: Characterization of membrane-bound
adenosine triphosphatase activity of sarcolemma-enriched fraction from
vascular smooth muscle. Enzyme 34:152-165, 1985

17. Takeo S, Duke P, Taam GML, et al: Effects of lanthanum on the
heart sarcolemmal ATPase and calcium binding activities. Can J Phystol
Pharmacol 57:496-503. 1979

18 Antonipillar I, Schick K, Horton R: Ouabain 1s a potent inhibitor
of aldosterone secretion and angiotensin action 1n the human adrenal J
Clin Endocrinol Metab 81:2335-2337, 1996

19. Blaine EH, Coghlan JP, Denton DA, et al' In vivo effects of
ouabain on aldosterone, corticosterone and cortisol secretion i con-
scious sheep. Endocrinology 94:1304-1310, 1974

20. Cushman P: Inhibition of aldosterone secretion by ouabain mn
dog adrenal cortical tissue. Endocrinology 84:808-813. 1969

21. Lobo MV, Marusic ET, Aguilera G: Further studies on the
relationship between potassium and sodium levels and adrenocortical
activity. Endocrinology 102:1061-1068, 1978

22. Nakajima S, Suzuki H, Saito I, et al: Effects of atrial natriuretic
peptide, dopamine, and ouabain on aldosterone synthesis. Acta Endocri-
nol (Copenh) 115:57-62, 1987

23. Tamura M, Piston DW, Tani M, et al: QOuabain increases
aldosterone release from bovine adrenal glomerulosa cells: Role of
renin-angiotensin system. Am J Physiol 270:E27-E35, 1996

24. Repke K. Est M. Portius JH: Uber die ursache der speciesunter-
schiede in der digitalisempfindlichkeit. Biochem Pharmacol 14:1785-
1802, 1965

25. Beck M, Szalay KS, Nagy GM, et al Production of ouabain by
rat adrenocortical cells. Endocr Res 22:845-849, 1996

26. Laredo J. Hamilton BP, Hamlyn JM: Secretion of endogenous
ouabain from bovine adrenocortical cells. Role of the zona glomerulosa
and zona fasciculata. Biochem Biophys Res Commun 212:487-493.
1995

27. Tamura M, Lam T-T, Inagami T: Isolation and characterization of
a specific endogenous Na*,K*-ATPase inhibitor from bovine adrenal.
Biochemistry 27:4244-4253, 1988



