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Role of voltage-gated calcium channels in potassium-stimulated
aldosterone secretion from rat adrenal zona glomerulosa cells
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Abstract

The mineralocorticoid aldosterone plays an important role in the regulation of plasma electrolyte homeostasis. Exposure of acutely isolated
rat adrenal zona glomerulosa cells to elevated K+ activates voltage-gated calcium channels and initiates a calcium-dependent increase in
aldosterone synthesis. We developed a novel 96-well format aldosterone secretion assay to rapidly evaluate the effect of known T- and
L-type calcium channel antagonists on K+-stimulated aldosterone secretion and better define the role of voltage-gated calcium channels
in this process. Reported T-type antagonists, mibefradil and Ni2+, and selected L-type antagonist dihydropyridines, inhibited K+-stimulated
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ldosterone synthesis. Dihydropyridine-mediated inhibition occurred at concentrations which had no effect on rat�1H T-type Ca2+ currents. In
ontrast, below 10�M, the L-type antagonists verapamil and diltiazem showed only minimal inhibitory effects. To examine the selec
he calcium channel antagonist-mediated inhibition, we established an aldosterone secretion assay in which 8Br-cAMP stimulates
ecretion independent of extracellular calcium. Mibefradil remained inhibitory in this assay, while the dihydropyridines had onl
ffects. Taken together, these data demonstrate a role for the L-type calcium channel in K+-stimulated aldosterone secretion. Further,
onfirm the need for selective T-type calcium channel antagonists to better address the role of T-type channels in K+-stimulated aldosteron
ecretion.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

By regulating the renal expression of several ion chan-
els and transport proteins, the mineralocorticoid aldosterone
lays a critical role in the long-term regulation of plasma elec-

rolyte balance and volume. These processes serve as an im-
ortant mechanism of blood pressure homeostasis. Recently,
RNA encoding the receptor for aldosterone has also been

dentified in brain, heart and vascular tissues[1–3]. Clinical
nd experimental data indicate that aldosterone and its re-
eptor are implicated in CNS, renal and cardiovascular organ
amage[4–8].

The principle physiological stimuli of aldosterone secre-
ion are angiotensin II (AII), K+ and adrenocorticotropic hor-
one (ACTH). Despite the different second messenger sys-
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tems used by each of these stimuli, all are dependent
or enhanced by, extracellular calcium[9,10]. Exposure o
adrenal zona glomerulosa cells to elevated potassium
els depolarizes the membrane potential which activates
cium influx by opening voltage-gated calcium channels (CV)
thereby initiating a calcium dependent increase in aldoste
synthesis.

Historically, there has been disagreement about the
subfamily of CaV involved in mediating this K+-stimulated
calcium influx. L-type and T-type calcium channels have b
identified in the zona glomerulosa of rat and bovine adr
glands in both functional and molecular studies, and
has been implicated in regulating K+-stimulated aldosteron
secretion[11–18]. The current consensus in the literatur
that T-type calcium channels are the primary regulato
K+-stimulated aldosterone secretion.

Arguments for the role of T-type channels in regula
K+-stimulated aldosterone secretion focus on their activa
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at lower membrane potentials, and their ability to sustain cal-
cium influx near these potentials. T-type calcium currents
observed in zona glomerulosa cells activate at membrane po-
tentials near−70 mV [15,19–22]. The voltage dependence
of T-type current activation and inactivation overlap, indi-
cating that a fraction of these channels will remain conduct-
ing when the membrane potential is held between−70 and
−40 mV[15,19–22]. Zona glomerulosa cells typically rest at
−80 to−95 mV and have been reported to have a membrane
potential sensitive to slight alterations in K+ concentration
[15,20,23]. Increases of 1–3 mM K+ in plasma are sufficient
to stimulate aldosterone secretion[24] and likely result in
small depolarizations of zona glomerulosa membrane po-
tential. In contrast, L-type channels typically activate near
−20 mV[25,26], and are likely to be closed under these con-
ditions. Further support of the T-type channel as mediator of
K+-stimulated aldosterone secretion comes from the sensitiv-
ity of this secretion to the relatively T-selective antagonists
mibefradil and Ni2+ [15,27–30].

Evidence for the role of L-type channels in mediating K+-
stimulated aldosterone secretion comes from several obser-
vations. An L-type current has been shown to activate as low
as−58 mV in rat zona glomerulosa cells[11], and therapeutic
concentrations of the L-selective antagonist nifedipine have
been shown to inhibit K+-stimulated aldosterone secretion
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chased from Sigma-Aldrich (St. Louis, MO). Aldosterone
EIA kits were purchased from Cayman Chemical (Ann Ar-
bor, MI). Aldosterone RIA kits were purchased from Diag-
nostic Products Corporation (Los Angeles, CA). Collage-
nase type I and deoxyribonuclease type I were purchased
from Worthington Biochemical Corp. (Lakewood, NJ). Dil-
tiazem, mibefradil, amlodipine (racemic mixture and enan-
tiomers) and efonidipine were purified or synthesized at
Merck Research Labs. Sprague–Dawley rats were obtained
from Taconic (Germantown, NY). All animal procedures
were approved by the Institutional Animal Care and Use
Committee at Merck Research Labs, West Point, PA.

2.2. Aldosterone secretion assays

Aldosterone secretion assays were performed on freshly
isolated cells from male Sprague–Dawley rats weighing
350–500 g using a collagenase dispersion method similar
to that previously described[35]. Briefly, rats were anes-
thetized with 0.7 ml/100 g body weight of a cocktail mix of
Ketamine (100 mg/ml), Xylazine (100 mg/ml) and Acepro-
mazine (10 mg/ml), and the adrenal glands removed. Cap-
sules were isolated from the adrenal glands and dissected
free of fat and blood vessels. Minced pieces were digested
in 2 mg/ml collagenase and 0.3 mg/ml DNase for 1 h at 37◦C
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31–34]. However, K -stimulated secretion is insensitive
herapeutic concentrations of the L-type specific antago
iltiazem and verapamil[31,33]. Thus, there are conflictin
ata regarding which calcium channels are essential fo+-
timulated aldosterone secretion.

The study of aldosterone secretion in vitro has requ
cute isolation of zona glomerulosa cells, usually from

her bovine or rat adrenal glands. Typically, greater
0,000 cells are then incubated in 1.5-ml microcentri

ubes in the presence or absence of stimulus and test a
he large number of cells required per data point

he extensive manipulation of tubes necessarily have
tudies of large numbers of compounds and/or com
oncentration–response curves cumbersome.

In the current studies, we describe a novel aldosteron
retion assay that is run in 96-well format and utilizes a r
ively small number of cells per data point. Using this as
e were able to carry out extensive concentration–resp
valuations of both agonists and antagonists of aldost
ecretion. Further, we explored in detail the role of volta
ated calcium channels in mediating K+-stimulated aldos

erone secretion. These studies establish the importan
-type calcium channels in this critical pathway of regu

ng aldosterone secretion.

. Materials and methods

.1. Materials

Medium 199 (M0393), 8-bromo-cAMP, NiCl2, verapamil
ifedipine, thapsigargin and fatty acid-free BSA were p
.

n a spinner flask with oxygenation. The media used to
are the cells and for the K+ stimulation experiments was
odified Medium 199 containing (in mM) 4 K+, 1.25 Ca2+,
.2 Mg2+, 4.4 NaHCO3, 10 HEPES and 0.1% fatty acid-fr
SA adjusted to pH 7.4 with NaOH. The digested caps
ere washed three times and triturated. The cells were
ltered through a 70-�m cell strainer, pelleted and count
ell concentration was then adjusted to 2.5× 105 cells/ml,
xygenated and incubated for at least 2 h at 37◦C before
xperiments. After the incubation, the cells were dilu
:15 in either modified Medium 199, or 1.2 mM Mg2+ in
ulbecco’s PBS with or without 1.25 mM Ca2+ and cen

rifuged at 100×g for 15 min. Cells were resuspended
0,000–80,000 cells/ml and 125�l of the cell suspension wa
dded to wells containing 100�l test compound in appropr
te media. The assays were run in a 96-well optical rea
late designed for thermal cyclers (Applied Biosystems).
lates were oxygenated, capped and placed into a shakin

er bath at 37◦C. After 10 min, 25�l of stimulus was adde
ach tube was mixed by gentle pipetting, oxygenated, ca
nd incubated at 37◦C for the designated time. After the
ubation, the samples were transferred to a Whatman 96
nifilter microplate and vacuum filtered into a 96-well c

ection plate to rapidly separate the media from the cells
edia was stored at−20◦C until analyzed in duplicate fo
ldosterone concentration using either an EIA or RIA.

.3. Electrophysiology

Whole-cell patch clamp recordings were performed
EK 293 cells (Vholding=−100 mV), expressing rat�1H
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(CaV3.2) T-type calcium channels[36], with an Axon In-
struments (Foster City, CA) model 200B Integrating Patch
Clamp amplifier or an Axon Instruments 700A multi-clamp
amplifier. Data were digitized (10 kHz) by a Digidata 1320A
analog-to-digital converter and analyzed off-line with Axon
Instruments software, Clampex 8.2 or later. For recording,
patch pipettes (2–4 M� series resistance) contained (in mM):
125 CsMeSO3, 10 HEPES, 8 NaCl, 1 CaCl2, 10 EGTA, 2
Mg-ATP, 0.3 GTP, and pH was adjusted to 7.2 with CsOH.
Extracellular solution was based on Tyrode solution (in mM):
130 NaCl, 4 KCl, 30 glucose, 25 HEPES, 1 MgCl2, 2 CaCl2,
pH adjusted to 7.4 with NaOH. Access resistance was mon-
itored online and was typically <10 M�. Baseline T-type
calcium currents were elicited by depolarizing from hold-
ing to −20 mV for 40 ms, cycling every 10 s. Once stable
current amplitudes were observed, an extracellular solution
containing a known concentration of compound was per-
fused in the bath. Percent inhibition was determined from
the difference of the peak current prior to compound addi-
tion and after steady-state inhibition was reached. Estimated
IC50 concentrations were calculated by the equation: esti-
mated IC50 = ([compound concentration (M)× (100/percent
inhibition)] − [compound concentration (M)])× (1× 109).
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Fig. 2. Optimization of K+ stimulus for aldosterone secretion. Zona
glomerulosa cells were stimulated with different concentrations of K+ in
modified M199 media for 40 min. Secreted aldosterone values are reported
as mean± S.E.M. of replicate wells from a single experiment. Data are rep-
resentative of two separate experiments.

tions of 700–2000 pg/ml. Doubling the number of cells ap-
proximately doubled the amount of aldosterone produced.
Because the signal from 5000 cells is consistently sufficient
to reliably detect inhibition after 40 min of stimulation, these
conditions were used in subsequent studies.

Previous reports have used depolarizing concentrations
of K+ ranging from 6 to 60 mM to stimulate aldosterone
secretion[15,22,30,33,37,38]. One objective of the current
studies was to determine the role of T-type Ca2+ channels in
aldosterone secretion. Since these channels activate at lower
membrane potentials than L-type Ca2+ channels, we sought
to minimize zona glomerulosa depolarization, and therefore,
the amount of K+ used to stimulate secretion. To optimize the
final K+ concentration in the 96-well format assay, we stimu-
lated aldosterone secretion with 4, 6, 7 and 8 mM K+ (Fig. 2).
Stimulating with 7 mM K+ maximized the secretion response
while minimizing the depolarizing signal, and therefore, the
potential influence of the high voltage activated L-type chan-
nel [15]. In subsequent experiments, K+ concentrations were
4 and 7 mM, for control and stimulated wells, respectively.

3.2. Non calcium channel antagonist inhibitors of
aldosterone secretion

Potassium-stimulated aldosterone secretion is dependent
u ing
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.1. 96-well aldosterone secretion assay development

In order to maximize the data collected from the few
umber of animals, cell density and time course experim
ere first performed.Fig. 1shows the time course of aldo

erone secretion by 5000 or 10,000 cells incubated in
rol (4 mM) or 7 mM K+. Media were separated from t
ells at 20, 40 and 60 min after potassium addition and
ayed for aldosterone content. The amount of aldoste
ecreted from cells in 4 mM K+ was consistently below th
0 pg/ml required for detection in the immunoassay s
ard curves. Stimulation of 5000 cells with 7 mM K+for
0 min typically resulted in secreted aldosterone conce

ig. 1. Time course and cell density effects on K+-stimulated aldosterone s
retion. Either 5000 (circles) or 10,000 (inverted triangles) zona glomer
ells were exposed to 4 mM K (open symbols) or 7 mM K (filled symb
n modified M199 media. Secreted aldosterone was quantitated after
nd 60 min. Replicate wells are averaged.
pon the function of several effector proteins follow
he increase in cytosolic Ca2+. We further validated th
iniaturized assay by testing antagonists of K+-stimulated
ldosterone secretion including CaMKII inhibitors a
trial natriuretic peptides. Compounds and peptides sh

nhibition with IC50’s similar to those previously reporte
Data not shown.)

.3. Response to aldosterone secretion stimuli and the
ependence on Ca2+

We next confirmed that using only 5000 isolated z
lomerulosa cells would consistently produce measu
ecreted aldosterone in response to several stimuli a
hrough various second messenger pathways in additi
hat induced by elevated K+. These included angiotens
I, thapsigargin (an endoplasmic reticulum calcium ATP
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Fig. 3. Aldosterone secretion in response to various stimuli and its dependence on extracellular Ca2+. Zona glomerulosa cells were washed in modified DPBS
with (filled symbols) or without (open symbols) 1.25 mM Ca2+ and incubated with varying concentrations of the indicated stimulus for 40 min. Secreted
aldosterone was quantitated and reported as mean± S.E.M. from three independent experiments.

inhibitor), 8Br-cAMP (a membrane permeable protein
kinase A agonist and mimic of the ACTH stimulus pathway)
and K+. Additionally, the Ca2+-dependence of aldosterone
secretion in response to these stimuli was tested by carrying
out the assay in the presence or absence of 1.25 mM Ca2+.

The results inFig. 3 clearly show that all these agonists
could promote detectable aldosterone secretion and that all
stimuli except 8Br-cAMP are fully dependent on extracellu-
lar calcium. Aldosterone secretion stimulated by 8Br-cAMP
is significantly enhanced by extracellular calcium but does
not require its presence. EC50 values obtained in the pres-
ence of calcium were 0.31 nM for angiotensin II, 7.0 nM for
thapsigargin and 113�M for 8Br-cAMP. The EC50 obtained
for 8Br-cAMP in the absence of added calcium was 205�M.

3.4. Effects of calcium channel antagonists on
K+-stimulated aldosterone secretion

We tested the ability of the relatively T-type calcium chan-
nel selective antagonist, mibefradil, to inhibit 7 mM K+-
stimulated aldosterone secretion. As previously reported us-
ing other agonists, mibefradil demonstrated concentration-
dependent inhibition with IC50 of 0.81�M (Fig. 4 ).
Mibefradil was tested in each experiment as a positive con-
trol to determine the precision of the assay and to confirm the
q
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i
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c m-
p r se-
l ine

and amlodipine), a reportedly mixed T- and L-type antag-
onist (efonidipine)[39] and another relatively selective T-
type antagonist (Ni2+). Results are summarized inFig. 4. The
phenylalkylamine, verapamil, showed no effect below 1�M,
but did inhibit at higher concentrations (IC50 = 4.7�M). The
benzothiazepine, diltiazem, showed no inhibition of secre-
tion at concentrations up to 10�M. The first generation dihy-
dropyridine (DHP), nifedipine, showed potent but incomplete
inhibition of aldosterone secretion (IC50 = 0.45�M, maxi-
mum inhibition of 67% at 10�M). In contrast, a third gen-
eration DHP, amlodipine, showed potent and complete in-
hibition of secretion with an IC50 of 0.07�M. The isolated
(−) and (+) enantiomers of amlodipine also each showed
full inhibition with IC50’s of 0.32 and 6.20�M, respectively.
Efonidipine potently and completely inhibited aldosterone
secretion (IC50 = 0.04�M). The relatively selective T-type
antagonists Ni2+ and the enantiomer of mibefradil were also
full inhibitors of secretion with IC50’s of 700 and 0.61�M,
respectively.

This demonstration of potent and complete inhibition of
K+-stimulated aldosterone secretion by an L-type calcium
channel selective antagonist suggests the importance of an
L-type current for K+-stimulated aldosterone secretion.

3.5. Selectivity of calcium channel antagonist activity

ted
K ues-
t de-
c f the
a
T nist
a os-
uality of cell preparations. The calculated IC50 value from
he fit of averaged percent of control responses from 29 e
ments was similar to that obtained by averaging the IC50’s
etermined from independent experiments (not shown)

To determine the role of T- and L- type voltage-gated
ium channels in K+-stimulated aldosterone secretion, co
lete concentration response curves were obtained fo

ective L-type antagonists (verapamil, diltiazem, nifedip
Both L- and T-type selective compounds fully inhibi
+-stimulated aldosterone secretion. This leaves the q

ion of whether the inhibition observed is due solely to
reased calcium channel conductance or to inhibition o
ldosterone secretion pathway downstream of Ca2+ influx.
o determine the selectivity of calcium channel antago
ctivity, compounds were tested for their effect on ald
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Fig. 4. Effect of calcium channel antagonists on K+-stimulated aldosterone secretion. The results of three independent experiments (mibefradiln= 29) for each
compound are averaged and reported as mean± S.E.M. Compounds and concentration range are indicated for each plot.

terone secretion that occurs independently of calcium influx
and thus does not involve a calcium channel. As shown in
Fig. 3, 8Br-cAMP stimulates aldosterone secretion in the ab-
sence of added extracellular Ca2+. Therefore, any decrease
in the secretion of aldosterone observed in the absence of
added calcium should be the result of inhibiting the synthetic
pathway downstream of calcium influx, not at the calcium
channel itself.

Calcium channel antagonists which inhibited K+-
stimulated aldosterone synthesis were thus tested for their
ability to prevent 8Br-cAMP-stimulated secretion in the pres-
ence and absence of extracellular calcium.Fig. 5shows these
results as well as the effect of the calcium channel antago-
nists on K+-stimulated secretion, for comparison. Verapamil

shows similar weak inhibition when aldosterone secretion is
stimulated with 8Br-cAMP or K+, suggesting that the inhi-
bition observed with this compound occurs downstream of
Ca2+ influx. Mibefradil and its enantiomer fully inhibited the
8Br-cAMP-stimulated secretion and were slightly less po-
tent than their inhibition of K+-stimulated secretion. The di-
hydropyridine compounds nifedipine, amlodipine and efoni-
dipine showed little or no inhibition of 8Br-cAMP-stimulated
secretion in either the absence or presence of added extracel-
lular calcium. The racemic mixture of amlodipine inhibited
only at concentrations above 2�M, greater than 100 times the
IC50 observed to block K+-stimulated secretion. Because am-
lodipine does not inhibit aldosterone synthesis in a nominally
calcium-free system, its inhibition of K+-stimulated synthe-
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Fig. 5. Effect of calcium channel antagonists on 8Br-cAMP-stimulated aldosterone secretion. Secretion was stimulated in the presence (black squares) or
absence (white squares) of 1.25 mM Ca2+. Percent of control data from three independent experiments are plotted as mean± S.E.M. Data fromFigs. 3 and 4
are included (gray circles) for comparison of effects on K+-stimulated secretion.

sis must be by prevention of calcium influx, and therefore,
block of voltage-gated calcium channels.

The aldosterone synthesis stimulated by 8Br-cAMP is en-
hanced in the presence of extracellular calcium, implying a
role for a channel-mediated calcium influx (Fig. 3). The cal-
cium channel antagonists nifedipine, amlodipine and efoni-
dipine do not reduce 8Br-cAMP-stimulated aldosterone se-
cretion in the presence of 1.25 mM Ca2+ to the levels seen in
the absence of Ca2+. This suggests that the calcium influx re-
quired for the maximal 8Br-cAMP-stimulated aldosterone se-
cretion observed inFig. 3is not mediated by dihydropyridine-
sensitive L-type channels under these conditions.

3.6. Inhibition of T-type currents

While the 8Br-cAMP experiments show that amlodipine
and efonidipine do not inhibit aldosterone secretion down-
stream of calcium in flux, they do not confirm the specificity
of calcium channel antagonist activity on L-type versus T-
type currents. In fact, efonidipine has been reported to show
T-type antagonist activity[39]. Therefore, we determined the
ability of selected compounds to inhibit heterologously ex-
pressed T-type calcium channel currents. Rat�1H (CaV3.2)

was expressed in HEK 293 cells and membrane current inhi-
bition was assessed by repetitive depolarizations to−20 mV
from a holding potential of−100 mV. Representative current
traces are depicted inFig. 6. The average percent inhibition
of peak current for 1�M mibefradil was 66± 1% (n= 4); for
25�M amlodipine 63± 3% (n= 3) and for 20�M efonidip-
ine 25± 2% (n= 3). The estimated IC50 values are 0.52�M
for mibefradil, 15�M for amlodipine and 60�M for efoni-
dipine. These data reveal that amlodipine and efonidipine are
poor inhibitors of T-type calcium currents compared to their
ability to inhibit K+-stimulated aldosterone secretion. In con-
trast, amlodipine and efonidipine inhibit L-type currents with
IC50’s of 0.001[40] and 0.10�M [39], respectively. Taken to-
gether, these data suggest that these dihydropyridines inhibit
aldosterone secretion by blocking L-type calcium currents.

4. Discussion

4.1. Assay development

Prior to this report, most studies of aldosterone secretion
have used a large number of primary cells per data point. We
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Fig. 6. Inhibition of rat�1h currents by aldosterone secretion antagonists. Example recordings showing the extent of inhibition by (A) mibefradil (1�M), (B)
amlodipine (25�M) and (C) efonidipine (20�M). Open arrows represent stable baseline amplitude of peak currents. Filled arrows represent steady-state peak
amplitudes following inhibition by application of compound. Capacitance transients were blanked out.

have developed a versatile 96-well format aldosterone secre-
tion assay using only 5000 acutely dissociated rat adrenal
zona glomerulosa cells per data point. This format allows
much higher throughput than previously published methods
and is adaptable to studying both stimulation and inhibition
pathways. EC50 values obtained for Ang II and 8Br-cAMP
were similar to those previously reported[38,41], while thap-
sigargin was more potent[42]. Our results show that an-
giotensin II-stimulated aldosterone secretion is dependent on
the presence of extracellular Ca2+, in contrast with a previous
report[41]. A possible reason for this difference is that they
used 20–40-fold more cells per data point and had detectable
aldosterone synthesis in the absence of stimulus. The lower
number of cells used here may still be stimulated in the ab-
sence of calcium, but the amount of aldosterone produced
remains below detection. This miniaturized assay was used
in the current studies to examine the role of voltage-gated
calcium channels in regulating the aldosterone secretion re-
sponse to elevated K+ concentrations.

4.2. Detecting inhibition of aldosterone secretion
downstream of calcium influx

Removal of Ca2+ from the media minimizes the influence
of any plasma membrane associated calcium channel. There-
f
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terone but not aldosterone in stimulated zona glomerulosa
cells exposed to verapamil. This indicates that verapamil did
not prevent the initial stimulus for aldosterone synthesis, but
inhibited the downstream conversion of corticosterone to al-
dosterone.

Additional information regarding the role of calcium chan-
nels in stimulated aldosterone secretion can be obtained by
comparing 8Br-cAMP-stimulated aldosterone secretion in
the presence and absence of added Ca2+. Compounds, which
inhibit stimulated secretion in the presence of Ca2+ to the lev-
els observed in the absence of Ca2+, can be interpreted as se-
lectively inhibiting the calcium channel(s) required for max-
imal aldosterone secretion stimulated by 8Br-cAMP. None
of the compounds tested in the current studies showed this
pattern, indicating that DHP-sensitive calcium channels are
not involved in the Ca2+-dependent 8Br-cAMP aldosterone
secretion pathway.

4.3. Role for L-type channels in K+-stimulated
aldosterone secretion

There is disagreement in the literature with respect to
which family of voltage-gated calcium channels is respon-
sible for conducting the K+-mediated aldosterone secretion
stimulus signal. However, the current consensus is that T-
t em
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ore, comparing aldosterone secretion stimulated by K+ in
he presence of Ca2+ to that stimulated by 8Br-cAMP in th
bsence of Ca2+ distinguishes compounds which selectiv

nhibit K+-stimulated Ca2+ influx from compounds that in
ibit the downstream signaling and/or synthetic pathw
omparison of effects under these two conditions is im

ant since inhibition at any of the several steps require
ldosterone synthesis would be detected. Additionally, c
aring stimulated aldosterone secretion avoids relianc
ackground levels of synthesis and enables fewer cells
sed per data point.

Verapamil and mibefradil have both been shown to
ibit aldosterone secretion stimulated by cAMP analog
CTH [15,34,43–45]. We show that verapamil inhibits aldo

erone secretion stimulated by K+ in the presence of Ca2+ and
Br-cAMP in the absence of calcium with similar potenc
hus, verapamil may inhibit calcium channels, but inhibi
f aldosterone secretion at 10�M likely occurs downstream
f the calcium influx. Consistent with our observed inh

ion of aldosterone synthesis downstream of calcium in
chiebinger et al.[34] detected elevated levels of cortic
ype calcium channels are critical. The failure of diltiaz
t 10�M and the high concentrations of verapamil requ

o inhibit aldosterone secretion are consistent with a rol
-type, not L-type calcium channels, and agree with pr
us reports[31]. As discussed above, higher concentrat
f verapamil likely inhibit K+-stimulated aldosterone sec

ion downstream of calcium influx, not via blockade of
ype calcium channels, further supporting this hypothes
ontrast, the inhibition of K+-stimulated aldosterone sec
ion by amlodipine with an IC50 of 0.07�M, a compound
ith an IC50 for T-type currents of 15�M, clearly suggest
role for L-type calcium channels. Additionally, we sh
fonidipne is also a very weak blocker of T-type curr

IC50 of 60�M) versus its inhibition of K+-stimulated al
osterone secretion (IC50 of 0.03�M). Further, efonidipine
oes not inhibit 8Br-cAMP-stimulated secretion in the
ence of added calcium, indicating its effects are speci
alcium channels. The results with amlodipine and efon
ne are in stark contrast with the prevailing view that T-t
alcium channels mediate K+-stimulated aldosterone sec
ion.
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A possible explanation for these apparently conflicting
conclusions regarding the role of L-type calcium channels
could be that the different structural classes of L-type antag-
onists clearly have different mechanisms of inhibition (rate-
dependence or state-dependence) as well as binding sites
[46,47]. Even within the dihydropyridine class, compounds
can have widely variable physiological effects[48]. There-
fore, it is possible that the compounds previously used to
conclude there is no role for L-type channels do not have
the appropriate characteristics to observe potent inhibition of
K+-stimulated aldosterone secretion.

The lack of truly selective T-type calcium channel antago-
nists also prevents an unambiguous conclusion regarding the
role of T-type channels. Both nickel[49] and mibefradil[50]
are capable of inhibiting L-type currents within several-fold
of the concentrations which inhibit T-type currents. Com-
parison of the observed 700�M IC50 for Nickel in our al-
dosterone secretion assay with the published 13�M IC50 for
inhibition of the�1H current[51] suggests that the observed
inhibition by Ni2+ is not mediated by blockade of T-type
calcium currents. Previous reports have used 200–1000�M
concentrations of Nickel in similar assays and observed only
partial inhibition[28–30], consistent with our results. Like-
wise, the observed 0.81�M IC50 for mibefradil is above the
reported 0.14�M for a T-type mediated event[52]. The lack
o ntra-
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detecting stimulated aldosterone secretion. It is possible that,
during the 24–72 h incubation times required to achieve high-
quality electrophysiology results[21], the expression profile
of calcium channel subunits or regulatory proteins may have
changed from that in the acutely isolated cells which are used
to detect stimulated aldosterone secretion. This could affect
both the kinetics and pharmacology of the relevant currents.

While the results described here clearly identify a role for
L-type calcium channels in K+-stimulated aldosterone secre-
tion, they do not exclude a role for T-type channels. Further
experiments with a truly T-selective compound, knock-out
animals or siRNA will be required in order to define the role
of T-type calcium channels in K+-stimulated aldosterone se-
cretion.

In summary, we have developed a high throughput al-
dosterone secretion assay using acutely isolated rat adrenal
zona glomerulosa cells. Using this assay, we identified both
agonists and antagonists of aldosterone secretion at multi-
ple points of distinct second messenger pathways. We have
also developed an aldosterone secretion assay that func-
tions in nominally calcium-free media that serves as a func-
tional counter-screen for inhibitors of calcium influx. Us-
ing these assays, we have demonstrated that the dihydropy-
ridine amlodipine potently inhibits K+-stimulated secretion
and that similar concentrations have no effect on 8Br-cAMP-
s cellu-
l t the
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i nnel
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d
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f inhibition observed with these compounds at conce
ions which selectively inhibit T-type calcium currents p
ents decisive identification of the relevant calcium chan

Our results cannot directly address one piece of data
oes not support a role for L-type calcium channels in+-
timulated aldosterone secretion by Barrett et al.[30]. They
howed that the toxin,�-Aga-IIIA, reduced L-type curren
mplitude but did not prevent aldosterone secretion. H
ver, the relevant L-type current may not have been id
ed electrophysiologically. Subsequent studies showed
he predominant L-type mRNA in rat adrenal zona glom
osa cells is�1D or CaV1.3 [14]. This channel has been
orted to activate at a threshold of−45 mV [53,54], and as

ow as−65 mV in other tissues[55]. Assuming the presen
f these low threshold activating�1D channels, the ram
rotocol used by Barrett et al. to isolate the L-type cur
ould not allow clear separation of the T-type current f
1D currents. In fact, Varnai et al. have used a mod

amp protocol to demonstrate an L-type current in rat z
lomerulosa cells, which activates at−58 mV[11]. Addition-
lly, the�1D current recorded in hair cells was only partia

nhibited by nifedipine[55], which is consistent with our an
ther observations of incomplete inhibition of K+-stimulated
ldosterone secretion by nifedipine[31,33,34]. Future exper

ments will determine the ability of�-Aga-IIIA to antagonize
1D.

It is difficult to reach conclusions about the role of vari
alcium channels when comparing electrophysiology re
o secretion experiments. There are significant differe
n the cell preparations used to determine the electrop
logical properties of adrenal zona glomerulosa cells ve
timulated secretion in the presence or absence of extra
ar calcium. We have also confirmed that amlodipine, a
oncentration which inhibit aldosterone secretion, does
nhibit the predominantly expressed T-type calcium cha
n zona glomerulosa cells. These data demonstrate a ro
ihydropyridine-sensitive calcium channels in K+-stimulated
ldosterone secretion from acutely dissociated rat ad
ona glomerulosa cells. Further, the inconclusive data
i2+ and mibefradil show a need for truly selective T-type
ium channel antagonists to better address the role of T
hannels in mediating K+-stimulated aldosterone secretio
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