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I. Introduction and Historical Perspectives

The identification of aldosterone as a secretory prod-
uct of the adrenal cortex was accomplished in the early
19508 (Simpson et al., 1952). The regulatory mechanisms
involved in the secretion of aldosterone from the adrenal
glomerulosa cells have since been investigated exten-
sively. However, with the exception of one of the secre-
tagogues of aldosterone, insights into the cellular signal-
ing mechanisms involved in aldosterone secretion have
come relatively recently. This aspect will be the subject
of this review, particularly as it relates to the role of
calcium in the adrenal cell signaling mechanism.

It has been recognized for quite some time that there
is functional zonation of the adrenal cortex such that the
secretory control of the inner zones (comprising fasci-
culata and reticularis cells) is dependent on the secretion
of ACTH{ from the anterior pituitary gland, whereas the
outer zone (consisting of glomerulosa cells) is more or
less independent of control from the pituitary gland
(Long, 1975). Instead, renal renin secretion, leading to
the formation of angiotensin II, is critical for the steroid
secretion from the outer zone. Potassium ion also exer-
cises significant influence on the steroid secretion from
the outer zone, but not the inner zones, of the adrenal
cortex.

Morphological features of the adrenal cortex also sup-
port the concept of dual dependence of the adrenal cortex
for its control and trophic function. Thus, the secretion
of glucocorticoid and sex hormones from the adrenal is
primarily regulated by ACTH, and the secretion of mi-
neralcorticoid hormone is controlled predominantly by
the renin-angiotensin system. In recent years, it has been
found that many tissues including the adrenal cortex
possess all of the components of the renin-angiotensin
system locally. The full significance of these local renin-
angiotensin systems in extrarenal tissues remains un-
clear at present. After the discovery by Sutherland and
Rall (1958) that cAMP was an intracellular mediator of
hormones in cell function, it was observed that ACTH
also increased cAMP in the adrenal cortex (Graham-
Smith et al.,, 1967); thus, it became the first cellular
mediator to be recognized in the adrenal cell.

II. Aldosterone Biosynthesis and Physiological
Secretagogues
A. Biosynthesis of Aldosterone

Aldosterone is synthesized from cholesterol through a
cascade of enzymatic reactions in the presence of mito-
chondrial and microsomal electron transfer systems con-
sisting of NADPH-adrenodoxin reductase with or with-

$ Abbreviations: ACTH, adrenocorticotropin; cAMP, cyclic adeno-
sine 3’,5’-monophosphate; ATP, adenosine triphosphate; cGMP, cyclic
guanosine monophosphate; EDy,, median effective dose; InsP,, inositol
trisphosphate; InsP,, inositol tetrakisphosphate; TMB-8, 8-(N,N-di-
ethylamino)-octyl-3,4,5-trimethoxy-benzoate; PtdIns, phosphatidyli-
nositol; ANP, atrial natriuretic peptide; PLC, phospholipase C; InsP,,
inositol bisphosphate; InsP, inositol monophosphate.

out adrenodoxin. The steroidogenic enzymes and the
genes responsible for their expression and their control
are now well-characterized in the adrenal glomerulosa
cells (Waterman and Simpson, 1989; Lauber et al., 1990;
Shibata et al., 1991). Two key steps in aldosterone bio-
synthesis are the conversion of cholesterol to pregneno-
lone and the conversion of deoxycorticosterone (previ-
ously thought to be corticosterone) to aldosterone (Kra-
mer et al., 1980). Although the steps and the enzymes in
the early pathway of aldosterone synthesis have been
well-known for some time, new information relating to
the late steps of aldosterone synthesis has led to a
revision of the earlier concepts. From studies of the genes
of the adrenocortical enzymes, it seems that there is a
distinct enzyme with some homology in its nucleotide
sequences to those of another adrenal steroidogenic en-
zyme, 118-hydroxylase. This enzyme, now called aldos-
terone synthase, is believed to be responsible for the
conversion of deoxycorticosterone to aldosterone (Cur-
now et al., 1991; Matsukawa et al., 1990).

B. Aldosterone Secretagogues and Inhibitors

ACTH, angiotensin II, and potassium are the known
physiological secretagogues of aldosterone, although
there are other agents, such as serotonin and prostaglan-
dins, that stimulate aldosterone secretion. Among these
secretagogues, angiotensin II holds the dominant posi-
tion in the regulation of aldosterone secretion. Sodium
inhibits aldosterone secretion, both directly from the
adrenal cells and indirectly by inhibiting peripherally the
renin-angiotensin mechanism. The former effect of so-
dium is physiologically unimportant. A low-sodium diet
enhances aldosterone secretion, and it seems to do so by
increasing angiotensin II receptors (Lehoux et al., 1994)
and perhaps by stimulating steroidogenic pathways as
well. However, the latter could be mediated through
angiotensin II receptors. Dopamine, somatostatin, and
ANP also inhibit aldosterone secretion, but their phys-
iological relevance remains unclear.

IIL. Cellular Signaling Mechanisms for the
Secretagogues

During recent years, our understanding of the mecha-
nisms of cell signaling for endocrine and nonendocrine
cells have been considerably broadened. The cellular
membranes are no longer considered as inert structures
but are considered dynamic constituents of cells actively
participating in cellular function. Both physical and
chemical changes occur in the cell membrane in response
to cell stimulation. These changes involve (a) the mem-
brane-anchored receptors; (b) activation and transloca-
tion of enzymes, lipids, and proteins (including recep-
tors); (c) opening and closing of ion channels; and (d)
alteration of membrane fluidity.

In most cells, the transduction of signals received by
the cell surface receptors occurs through the plasma
membrane, often by the mediation of specific G-proteins
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(Casey and Gilman, 1988; Spiegel, 1987). These play
major roles in coupling the receptor to signaling elements
in the interior of the cell, thereby activating either ion
channels or enzymes hydrolyzing nucleotide trisphos-
phates (ATP or GTP) or phospholipids. This then leads
to sequential phosphorylation-dephosphorylation events
(Krebs, 1985) involving various protein kinases and
phosphatases, which complete the signaling process.
Excitable and some nonexcitable cells can also be
activated by voltage changes through depolarization or
hyperpolarization across the cell membrane, causing the
opening or closing of ion channels. In addition to voltage-
activation, the ion channels can be modulated by G-
proteins or by second messengers generated in the cell,
such as inositol phosphates, cAMP, cGMP, protein ki-
nase, or even fatty acids. There are also cation-exchang-

ing systems or pumps regulating the flux of various ions
in the cells (Carafoli, 1987, 1991).

. The earliest signaling mechanism identified in the

adrenal cell was the adenylate cyclase-cAMP system,
with its specific cAMP-dependent protein kinases (Suth-
erland and Rall, 1958). The activation of adenylate cy-
clase involves guanine nucleotide-binding proteins (Gil-
man, 1984).

Other intracellular signaling systems that generate
second messengers and are implicated in the regulation
of adrenal steroid secretion are as follows: guanylate
cyclase-cGMP system, with its associated protein kinase
(Waldman and Murad, 1987); PLC-induced cleavage of
inositol phospholipids (Abdel-Latif, 1986; Berridge, 1984;
Berridge and Irvine, 1984; Exton, 1985; Catt and Balla,
1989), generating inositol polyphosphates, particularly
InsP; and InsP,; 1,2-diacylglycerol with subsequent reg-
ulation of intracellular calcium and protein kinase C
(Nishizuka et al., 1984; Nishizuka, 1986, 1988; Exton,
1985), respectively; phospholipase A,-induced release of
arachidonic acid and formation of eicosanoid metabolites
(Bevan and Wood, 1987); phospholipase D-induced
cleavage of phospholipids generating phosphatidic acid
(Exton, 1990) and diacylglycerol with regulation of pro-
tein kinase C (Nishizuka et al., 1984); and calcium fluxes
(Borle, 1981; Putney, 1986, 1990), with regulation of
calcium calmodulin-dependent protein kinases (Kennedy
and Greengard, 1981; Means, 1981).

A. Adrenocorticotropin-induced Aldosterone Secretion

1. Role of cyclic nucleotides. That ACTH increases
intracellular cAMP has been known for several decades.
This increase of cAMP occurs concurrently with steroid-
ogenesis, and in addition, exogenous CAMP and its ana-
logues are able to stimulate steroidogenesis; thus, the
role of CAMP as the second messenger of ACTH action
in the adrenal fasciculata cells has been accepted. The
importance of cAMP-dependent protein kinase in adre-
nal steroidogenesis has also been elegantly demonstrated
in mutant cells lacking the kinase or its gene (Rae et al.,

1979; Wong et al., 1986). There were, however, discrep-
ancies noted between the effects produced by ACTH and
by cAMP on steroidogenesis in some studies, prompting
questions about the role of cAMP as the sole mediator
of ACTH action. A lack of perceptible cAMP response
in the adrenal fasciculata cells after low doses of ACTH
(Beall and Sayers, 1972; Mackie et al., 1972; Moyle et
al., 1973) or during the early phase of stimulation of the
adrenal fasciculata cells by ACTH (Perchellet et al.,
1978; Perchellet and Sharma, 1979), maximal stimula-
tion of steroidogenesis without demonstrable increases
of cAMP by some ACTH analogues (Finn et al., 1976;
Seelig and Sayers, 1973), and steroidogenesis without a
corresponding increase of protein kinase A activity
(Richardson and Schulster, 1973) have raised the possi-
bility of the participation of other mediators in the action
of ACTH in the adrenal.

Some of the discrepancies observed between changes
in steroidogenesis and changes in cAMP levels were, at
least in part, attributable to the insensitivity of the
available cAMP assays of the time such that small
changes in cAMP concentration could not be appreci-
ated. The evolution of sensitive competitive protein-
binding assays and then radioimmunoassays later dis-
pelled (although not completely), the earlier doubts about
the role of cAMP. Even with such improvements in
cAMP assays, it has been observed that maximal stim-
ulation of steroidogenesis correlated with stimulation of
cAMP-dependent kinase, but not with maximal cAMP
generation or ACTH binding to the adrenal fasciculata
cells. Small increases in cAMP could produce marked
activation of protein kinase A (Saez et al., 1978), sug-
gesting that very modest or unmeasurable changes in the
mediators were adequate to produce the steroidogenesis
in the adrenal fasciculata. These results have suggested
that the binding of ACTH to a relatively small proportion
of receptors could evoke maximal steroidogenesis,
thereby implying that a greater proportion of ACTH
receptors served as spare receptors. Such conclusions
probably extend to the glomerulosa cells.

Rat glomerulosa cells might have more ACTH recep-
tors than do the fasciculata cells of the same species
(Gallo-Payet and Escher, 1985). Also, the number of
ACTH receptors in rat glomerulosa cells have been re-
ported to be greater than the corresponding numbers of
angiotensin receptors (Gallo-Payet and Escher, 1985).
Despite the difference in ACTH receptor numbers be-
tween the fasciculata and the glomerulosa cells in the rat
adrenal, the threshold of steroid responses to ACTH
seems to be similar in the two types of cells (Braley and
Williams, 1977). There are almost certainly species dif-
ferences in the numbers of ACTH receptors in adrenal
glomerulosa cells. It is possible that a greater degree of
binding of ACTH to the glomerulosa cells is required for
steroid secretion from these cells than that from the
fasciculata cells. Quantitatively, greater amounts of
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phosphodiesterase, the enzyme responsible for the deg-
radation of cAMP, seem to be present in the glomerulosa
cells than in the fasciculata cells (Gallant et al., 1974;
Koletsky et al., 1983). This observation could explain a
requirement for greater numbers of ACTH receptors in
the glomerulosa cells, because cAMP might be more
rapidly degraded in the glomerulosa cells compared with
the fasciculata cells.

Studies regarding cAMP generation in response to
ACTH were extended to the glomerulosa cells. However,
even in relatively recent studies of the aldosterone re-
sponse to ACTH, it has been observed that the steroid
response occurs usually at about a ten-fold lower concen-
tration of ACTH than does the cAMP response. The
EDs, of the steroid response to ACTH is also less than
that for cAMP. In rat glomerulosa cells (Fujita et al.,
1979), the lowest concentration of ACTH able to stimu-
late aldosterone secretion was 10~!! M, whereas the peak
steroid response was observed at 10~ M of ACTH with
an EDg of 4.5 X 107° M. In contrast, significant changes
in cAMP levels were generally not observed below ACTH
concentrations of 107'° M, and cAMP levels continued to
increase at an ACTH concentration of 10”7 M. The EDj,
for the cAMP response was 6 X 10~ M ACTH. Likewise,
in perifused calf adrenal glomerulosa cells (Kojima et al.,
1985a), ACTH at a concentration of 10~ M was able to
stimulate a significant increase in aldosterone secretion
with an EDg of 5 X 1071° M, i.e, higher than that seen in
the rat cells. The cAMP response to ACTH in this study
was again shifted to the right by an order of ten with an
EDs of 5 X 10~° M, a response very similar to that in the
rat cells. Compounds stimulating cAMP, such as chol-
eragen and forskolin, also stimulated aldosterone secre-
tion, and the increase of steroid production correlated
with the cAMP production, although the magnitude of
steroid production in comparison with that elicited by
ACTH was decreased with each agent. Thus, there is
little doubt that cAMP is the major mediator of ACTH-
mediated aldosterone secretion.

Despite the strong evidence of cCAMP as a mediator of
ACTH action in the adrenal cell, some investigators have
continued to either suspect this evidence or to present
evidence for other candidates as possible (additional)
mediator(s). A two-receptor model for an ACTH effect
on the adrenal cells has also been proposed—one involv-
ing cAMP formation and the other not linked with cAMP
(Bristow et al., 1980). Such two-receptor or transduction
systems exist in other endocrine cell types (Davis et al.,
1986; Lowik et al., 1985; Wakelam et al., 1986).

Cyclic GMP (cGMP) was implicated earlier as a pos-
sible mediator of ACTH-mediated steroidogenesis in the
adrenal fasciculata cells (Harrington et al., 1978; Per-
chellet et al., 1978; Perchellet and Sharma, 1979; Rubin
et al., 1977). It was reported that low concentrations of
ACTH increased cGMP levels along with the increase in
steroids, without an appreciable increase in cAMP levels

(Harrington et al., 1978; Perchellet et al., 1978; Perchellet
and Sharma, 1979). The increase in cGMP was shown
to be transient (Perchellet and Sharma, 1979) and was
not observed with high concentrations of ACTH. One
group of investigators (Hayashi et al., 1979) demon-
strated an increase in cGMP only extracellularly, but no
increase in intracellular cGMP was evident. Activation
of cGMP-dependent kinase by ACTH was also detected
(Ahrens and Sharma, 1977). Additionally, cGMP was
reported by several groups of investigators to stimulate
steroidogenesis in vitro in adrenal segments or isolated
cells (Kitabchi and Sharma, 1971; Mahaffee and Ney,
1970). This response has been observed both in the
fasciculata and glomerulosa cells. However, the magni-
tude of stimulation of steroidogenesis by cGMP was
substantially lower when compared with the steroid re-
sponse to cAMP (Hayashi et al., 1979). Some studies
even failed to show any steroidogenic effect of cGMP. In
broken cells, ACTH did not seem to activate guanylate
cyclase activity, either with soluble or particulate frac-
tions (McMillan et al., 1971); this differed from the
effects of ACTH on adenylate cyclase activity (Kelly and
Koritz, 1971). In contrast, sodium nitroprusside in-
creased guanylate cyclase activity markedly without
stimulating steroidogenesis in the isolated adrenal cells
(Laychock and Hardman, 1978).

It has been suggested that the transient nature of the
increase of cGMP in the adrenal cells in response to
ACTH might be related to an increase in cGMP-phos-
phodiesterase (Perchellet and Sharma, 1979). Because
ACTH did not seem to activate guanylate cyclase per se
in adrenal cells (McMillan et al., 1971), the mechanism
of the increase of cGMP has also remained elusive. It
might, however, be secondary to the increase of gluco-
corticoids in the adrenal cells as dexamethasone treat-
ment increases cGMP in the adrenal of hypophysectom-
ized rats (Guillemant and Guillemant, 1979). Taken to-
gether, these observations do not suggest that cGMP
serves a major role in ACTH-evoked steroidogenesis.

2. Role of calcium. The presence of extracellular cal-
cium is critically important for ACTH to elicit steroid
secretion from the adrenal cells (Birmingham et al., 1953;
Birmingham and Bartova, 1973; Farese, 1971; Haksar
and Peron, 1972; Leier and Jungmann, 1973). This is not
surprising, because calcium is important in many aspects
of the signal transduction process. The requirement for
optimal extracellular calcium concentrations seems to be
more important at low concentrations of ACTH than at
higher concentrations (Haksar and Peron, 1972). It has
been demonstrated by binding studies with a labeled
ACTH analogue that the duration of ACTH receptor
occupancy is reduced at low extracellular calcium con-
centrations (Cheitlin et al., 1985). Thus, optimal concen-
trations of extracellular calcium increase receptor occu-
pancy, enabling ACTH to produce sustained steroidogen-
esis.
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Both in whole and in broken adrenal cells, calcium is
required for the activation of adenylate cyclase (Podesta
et al., 1980). However, calcium might have a biphasic
effect on the enzyme itself such that both low and high
calcium concentrations can inhibit adenylate cyclase ac-
tivity, whereas intermediate concentrations of calcium
stimulate the enzyme activity, at least in vitro. The
stimulatory and inhibitory activity of calcium might be
associated with its binding at different sites on the cat-
alytic unit of the enzyme. In addition, calcium also seems
to facilitate the association of ACTH receptors with G-
proteins and the interaction of G-proteins with adenylate
cyclase (Mahaffee and Ontjes, 1980). Calcium is also
required for the activity of the steroidogenic enzymes,
for protein synthesis, and for synthesis of RNA and
DNA. The calcium requirement for the aldosterone-
stimulating effect of ACTH and/or cAMP has been
amply demonstrated by several investigators (Chiu and
Freer, 1979; Fakunding et al., 1979; Kojima et al., 1985a;
Muller, 1971; Saruta et al., 1972: Schiffrin et al., 1981;
Schiebinger et al., 1985, 1986; Shima et al., 1979).

ACTH seems to produce an influx of calcium in the
adrenal glomerulosa cells. Uptake of calcium in response
to ACTH stimulation had been reported earlier in rat
fasciculata cells (Leier and Jungmann, 1973; Yanagi-
bashi, 1979). In bovine glomerulosa cells (Kojima et al.,
1985c), ACTH increased calcium influx by 160% over
baseline in one study, whereas in rat glomerulosa cells
(Chartier and Schiffrin, 1987), a 135% increase in cal-
cium influx induced by ACTH was observed. Alterations
in extracellular potassium concentrations either abol-
ished or enhanced such calcium flux (Kojima et al.,
1985c). ACTH also induced a modest efflux of calcium
from the glomerulosa cells, which was abolished in the
presence of a calcium-free medium (Kojima et al., 1985c¢).
Using an intracellular calcium indicator, Quin 2, no
increases in the concentration of cytosolic free calcium
could be demonstrated over a wide range of ACTH
concentrations or cAMP concentrations in rat glomeru-
losa cells (Braley et al., 1986). However, when aequorin
was used to measure levels of cytosolic free calcium
(Kojima and Ogata, 1986), ACTH seemed to increase
cytosolic free calcium signals in bovine glomerulosa cells
in a dose-dependent manner. This effect was reduced by
the removal of extracellular calcium and further de-
creased by the addition of EGTA, suggesting that calcium
influx was the main determinant of the changes in the
calcium signal.

In a study by Tremblay et al. (1991) that used Fura 2
in cultured rat or bovine glomerulosa cells, ACTH was
reported to increase cytosolic free calcium concentration
in single glomerulosa cells, although a relatively small
proportion of cells (less than 30%) showed the response.
In those cells that responded to ACTH, the cytosolic
calcium concentration more than doubled. The pattern
of increase of calcium in the adrenal cell was slow and

gradual, unlike that induced by angiotensin II. BAY
K8644, a calcium channel agonist, tended to potentiate
the effect of ACTH. The ACTH-induced increase in
cytosolic free calcium could be prevented by incubation
of the cells in calcium-free medium, by calcium channel
blockers, or by inhibition of cAMP-dependent kinase.
Apparently, cAMP induced an increase of cytosolic cal-
cium, which was similar to that produced by ACTH.

ACTH, at a concentration of 10~ M, was observed to
affect action potentials and calcium currents through
both T and L channels in cultured rat and bovine adrenal
glomerulosa cells (Durroux et al., 1991). T channels were
initially inhibited, followed by some recovery. Significant
increases in L channel currents were observed. These
effects on calcium channels could be reproduced with a
cAMP analogue. The activation of the calcium channels
was postulated to be a consequence of potassium channel
blockade, resulting in membrane depolarization and ac-
tivation of voltage-related calcium channels. Calcium
channels have also been identified in bovine adrenal
fasciculata cells by an elegant technique involving recon-
stitution of lipid bilayer membrane in vitro (Coyne and
Pinkey, 1991). From the magnitude of voltage changes,
permeability to barium, and the effects of dihydropyri-
dine compounds, these studies (Coyne and Pinkey, 1991)
suggest that the calcium channels in bovine fasciculata
cells are of the L type.

In an earlier report, ACTH-mediated aldosterone se-
cretion in rat glomerulosa cells could not be inhibited by
10 uM nifedipine, a calcium channel inhibitor (Aguilera
and Catt, 1986). Also a calcium channel agonist, BAY
K8644 did not seem to potentiate the aldosterone-stim-
ulatory effect of ACTH (Hausdorff and Catt, 1988). But,
in perifused bovine glomerulosa cells, another calcium
channel blocker (nitrendipine 10 uM) did inhibit aldos-
terone secretion to a significant degree, and the calcium
ionophore, A23187 and calcium channel agonist, BAY
K8644 potentiated the effect of forskolin on aldosterone
secretion (Kojima et al., 1985a). Also, ACTH stimulation
of “calcium-clamped” adrenal cells generated more
cAMP when the intracellular calcium level was artifi-
cially increased than at a lower intracellular calcium
concentration. Most of these observations support the
contention that calcium plays a significant interactive
role with cAMP in the steroidogenesis induced by ACTH
in glomerulosa cells.

Calmodulin, a ubiquitous intracellular calcium-binding
protein present in many cells (Cheung, 1980; Means and
Dedman, 1980), has been detected in fetal adrenal cells
as well as in adult adrenal fasiculata and glomerulosa
cells. There is now good deal of evidence that calmodulin
plays a significant role in adrenal steroidogenesis, and it
is believed also to mediate adrenal steroidogenesis stim-
ulated by ACTH (Carr et al., 1987; Carsia et al., 1982).
This observation had been deduced from the inhibitory
effects of various calmodulin inhibitors. Calmodulin
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might influence the activity of adenylate cyclase
(MacNeil et al., 1985) and has a role in the early pathway
of steroidogenesis (Carr et al., 1987; Hall et al., 1981).
Trifluoperazine, an agent often used to inhibit calmod-
ulin, reduces steroid secretion from the fasciculata type
of adrenal cells (Hall et al., 1981). Likewise, calmodulin
inhibitors also inhibit ACTH-mediated aldosterone se-
cretion (Balla et al., 1982; Wilson et al., 1984), although
to a lesser extent than aldosterone secretion mediated by
the other secretagogues, angiotensin and potassium. In
mouse adrenal tumor cells, when calmodulin with or
without calcium was introduced into the cells by means
of liposomes, steroidogenesis was stimulated. Impor-
tantly, the stimulation of steroidogenesis was prevented
by the presence of anticalmodulin antibodies or the cal-
cium chelator, EGTA in the same liposomes (Hall et al.,
1981). Introduction of calmodulin into the cells also
stimulated transport of cholesterol to the mitochondria.
Furthermore, calmodulin increased the activity of the
cholesterol side chain cleavage enzyme in the mitochon-
dria. These results further implicate calcium and cal-
modulin in the actions of ACTH.

3. Role of other possible mediators. Other mediators of
ACTH action in the adrenal cells have been suggested.
ACTH might produce arachidonic acid and eicosanoid
metabolites, i.e., prostaglandins of the E and F series
(Laychock and Rubin, 1975). Some investigators have
reported the possible role of protein kinase C in ACTH-
mediated steroid production (Farese et al., 1987; Vilgrain
et al., 1984; Widemaier and Hall, 1985). In one report,
ACTH, as well as cCAMP, increased the protein kinase C
activity in rat Y-1 adrenal cells as well as in rat fascicu-
lata cells (Widemaier and Hall, 1985). The half-maximal
concentration of ACTH for the increase of protein kinase
C activity was less than that needed to increase steroid-
ogenesis. Phorbol ester, an activator of protein kinase C,
stimulated steroidogenesis. When the distribution of pro-
tein kinase C in these adrenal cells was examined, the
major part of the increase in protein kinase C activity
was found in the membranes, and no redistribution of
the kinase activity could be detected. This lack of redis-
tribution contrasts with the activation of protein kinase
C in other tissues as well as that in rat adrenal fascicu-
lata/reticularis cells in response to ACTH (Farese et al.,
1987) or in bovine or rat adrenal glomerulosa cells in
response to angiotensin II (Lang and Vallotton, 1987;
Nakano et al., 1990) when the enzyme was shown to be
redistributed from the cytosol to the membrane concom-
itantly with its activation.

Vilgrain et al. (1984) have reported that ACTH caused
redistribution of protein kinase C from the membrane to
the cytosol in the fasciculata cells. A similar redistribu-
tion of protein kinase C in response to ACTH was
reported in cells from human aldosterone-producing tu-
mors (Ishizuka et al., 1988). These varying observations
by different investigators do not lead to clear-cut conclu-

sions regarding a definitive role of protein kinase C in
ACTH-mediated steroidogenesis in adrenal fasciculata
cells. Interestingly, in cultured rat adrenal glomerulosa
cells, phorbol ester caused mild inhibition of ACTH-
induced aldosterone secretion, whereas in the protein
kinase C-depleted cells as induced by chronic exposure
to phorbol ester, ACTH-mediated aldosterone secretion
was potentiated (Nakano et al., 1990). As judged by the
effect of phorbol ester, protein kinase C activation might
inhibit the stimulatory action of ACTH on the induction
of some of the steroidogenic enzymes by ACTH (Bird et
al., 1992; Ilvesmaki and Voutilainen, 1991; Nasseruddin
and Hornsby, 1990).

The precise mechanism for the purported protein ki-
nase C activation by ACTH is not wholly clear, but a
role for ACTH-induced stimulation of synthesis of di-
acylglycerol de novo in the adrenal cells was suggested
(Farese et al., 1987). Although ACTH generally does not
cause breakdown of inositol phospholipids (Enyedi et al.,
1985; lida et al., 1986; Kojima et al., 1985a; Whitley et
al., 1984), phosphoinositide hydrolysis has been reported
to occur concomitantly with the increased steroidogenic
response in some studies to only low concentrations of
ACTH (Farese et al., 1986; Gallo-Payet and Payet, 1989)
but not in other studies (Ganguly et al., 1989b) with
either low or high concentrations of ACTH. In one study
(Farese et al., 1987) in which phosphoinositide hydrolysis
in the rat fasciculata/reticularis cells was reported, as
induced by a low concentration of ACTH, an increase of
cytosolic free calcium signal by Quin 2 was also observed.

Other propiomelanocortin-derived peptides (the pep-
tides cleaved from the precursor peptide of ACTH) have
not been shown to stimulate phosphoinositide metabo-
lism during stimulation of aldosterone secretion either
in rat (Ganguly et al., 1989b; Hyatt et al., 1986) or in
bovine (Ganguly et al., 1989b) adrenal glomerulosa cells.
Furthermore, ACTH could not be demonstrated to in-
crease the content of phosphoinositides or InsP; in the
adrenal glomerulosa cells (Underwood et al., 1988). Thus,
it seems unlikely that the metabolites of phosphoinosi-
tides play a major role in ACTH-mediated steroidogen-
esis. This leaves the possible mechanism of activation of
protein kinase C by ACTH an open question. Could the
influx of calcium per se be responsible for the protein
kinase C activation (Kobayashi et al., 1988) purported
to occur in the adrenal cells in response to ACTH or
could some other activator (other than diacylglycerol) of
protein kinase C, such as arachidonic acid (McPhail et
al., 1984), possibly be involved?

ACTH has long been thought to produce a labile
protein in the adrenal cells during its steroidogenic effect.
In this perspective, isolation of proteins by several groups
of investigators (Krueger and Orme-Johnson, 1983; Ped-
erson and Brownie, 1983; Yanagibashi et al., 1988) in
ACTH-stimulated fasciculata cells are of interest and
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such a protein is likely to be induced in the glomerulosa
cells as well.

It has been proposed recently by two groups of inves-
tigators (Gallo-Payet and Payet, 1989; Milnar et al.,
1993) that activation of potassium channels might lead
to adrenal steroid secretion. The effect of ACTH on
potassium flux was reported in bovine fasciculata cells
earlier (Kenyon et al., 1985). On the basis of similarities
between the effects of some potassium-channel blockers
and ACTH on rat glomerulosa cells, inhibition of one
type of potassium channels in steroid secretion by ACTH
has been invoked (Gallo-Payet and Payet, 1989; Payet
et al., 1987;). Calcium influx in the glomerulosa cells was
also observed with both agents.

Another group of investigators (Milnar et al., 1993)
reported the inhibition of a cholera toxin-sensitive po-
tassium current by ACTH (as well as by angiotensin II)
in bovine adrenal fasciculata cells and have suggested a
possible role for such a mechanism involving potassium
currents in both calcium entry into these cells and steroid
secretion from such cells.

Thus, ACTH possibly exerts its steroidogenic effect
on adrenal cells through several types of mediators (Ki-
mura, 1986), but the relative importance or physiological
relevance of the various mediators, other than cAMP
and its protein kinases, remains to be fully defined.

B. Angiotensin- and Potassium-induced Aldosterone
Secretion

Angiotensin II is the principal regulator of aldosterone
secretion, but the cellular mechanism by which it elicits
the increase in aldosterone secretion has remained elu-
sive until recently. It is now believed that alterations in
intracellular calcium serve as the mediator of the ste-
roidogenic action of angiotensin II. This subject will be
the focus of the ensuing discussion.

Angiotensin II stimulates aldosterone secretion by ac-
tivating specific well-characterized receptors (Aguilera
et al,, 1978; Glossman et al., 1974). It has become clear
that there are subtypes of angiotensin II receptors (Chiu
et al.,, 1989; Whitebread et al., 1989), one of which is
probably involved in the stimulation of steroid secretion
as shown in a hamster ovarian cell line (Ohnishi et al.,
1992). Angiotensin II stimulates both early and late
pathways of aldosterone synthesis (Kramer et al., 1980),
the latter mediated by aldosterone synthase (Curnow et
al., 1991; Matsukawa et al., 1990). The aldosterone syn-
thase mRNA expression seems to be regulated by angi-
otenisin II and potassium ion (Lauber et al., 1990; Shi-
bata et al., 1991). Angiotensin II, on the other hand, may
inhibit 17a-hydroxylase expression, perhaps through the
mediation of protein kinase C (Bird et al., 1992; Nasse-
ruddin and Hornsby, 1990).

Although some earlier studies (Albano et al., 1974;
Petyreman et al., 1973) suggested that angiotensin might
increase intracellular cAMP concentrations during the

stimulation of aldosterone secretion, later studies did not
support such a tenet. Angiotensin II could not be shown
to activate adenylate cyclase in broken cell preparations
(Woodcock and Johnston, 1984). These and other studies
(Fujita et al., 1979; Ganguly et al., 1990; Marie and Jard,
1983; Woodcock and Johnston, 1984) quite clearly dem-
onstrated that angiotensin II did not increase cAMP
accumulation in adrenal glomerulosa cells. It has been
demonstrated that angiotensin II actually inhibits aden-
ylate cyclase through an inhibitory (pertussis-sensitive)
G-protein (Hausdorff et al., 1987), and this inhibition of
adenylate cyclase is independent of the stimulatory effect
of angiotensin II on aldosterone secretion (Woodcock
and McLeod, 1986).

As with angiotensin II, the signaling mechanism of
potassium in aldosterone secretion was also enigmatic.
Because potassium is principally an intracellular cation
without cell surface receptors in the adrenal cells, it was
felt that the intracellular localization of potassium in the
glomerulosa cells was the sole mechanism responsible for
the stimulation of aldosterone secretion (Baumber et al.,
1971; Boyd et al., 1973; Braley and Williams, 1978). The
glomerulosa cells also contained more Na*-K*-ATPase
activity and had greater potassium content than did the
fasciculata cells (Boyd et al., 1973). In one study (Mackie
et al., 1977), the argument that increased intracellular
potassium was responsible for steroidogenesis from the
glomerulosa cell was disputed even though high potas-
sium in the extracellular fluid increased the intracellular
potassium content. In other studies (Boyd et al., 1973;
Braley and Williams, 1978), it was suggested that the
translocation of potassium in the glomerulosa cells re-
quired the participation of Na*-K*-ATPase and blockade
of this enzyme resulted in a decrease of potassium con-
tent in such cells (Boyd et al., 1973) and reduced aldos-
terone secretion. Inhibitory effects of high concentra-
tions of ouabain, a Na*-K*-ATPase inhibitor, on aldos-
terone secretion were observed in several studies (Boyd
et al., 1973; Braley and Williams, 1978; Schiffrin et al.,
1981), although the specificity of these effects remains
unclear.

The role of potassium in aldosterone secretion has
been clearly established. Potassium may serve several
functions in influencing aldosterone secretion in addition
to generating intracellular signals. The critical need for
extracellular potassium in supporting aldosterone secre-
tion has been demonstrated in vitro by altering media
concentrations in incubations of acutely dispersed or
primary cultures of adrenal glomerulosa cells (Fredlund
et al., 1977; Hornsby and O’Hare, 1977). In the absence
of adequate levels of potassium in the medium, glomer-
ulosa cells seem to assume the characteristics of fasci-
culata cells (Hornsby and O’Hare, 1977). Extracellular
potassium concentration also may (Douglas, 1980; Le-
houx et al., 1994) or may not (Fredlund et al., 1977)
influence angiotensin II receptor content/affinity of rat
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glomerulosa cells. Potassium could be involved in the
internalization of angiotensin II (probably associated
with its receptors) in the adrenal glomerulosa cells (Hun-
yady et al., 1991), and it has been shown (Curnow et al.,
1991; Lauber et al., 1990; Meuli and Muller, 1983) that
potassium induces the expression of aldosterone syn-
thase involved in the final step(s) of aldosterone biosyn-
thesis. During the last few years, we have begun to
understand the cellular basis of aldosterone secretion as
mediated by angiotensin II and potassium and as dis-
cussed in the ensuing sections.

1. Role of calcium. It is now firmly believed that calcium
acts as a major intracellular mediator of both angiotensin
II- and potassium-stimulated aldosterone secretion. In-
tracellular calcium level is regulated by calcium entry,
mobilization from and sequestration of calcium in organ-
elles, and extrusion of calcium from the cell (Carafoli,
1987, 1991; Putney, 1986, 1990). Various aspects of the
involvement of calcium and its interactions with other
factors in aldosterone secretion became clearer through
the years, and the evolution of the related concepts will
be discussed in the ensuing sections in this historical
perspective.

a. EXTRACELLULAR CALCIUM. Although the impor-
tance of calcium in adrenal steroid secretion had been
appreciated as far back as 1953 (Birmingham et al.,
1953), the role of extracellular calcium in aldosterone
secretion from the adrenal glomerulosa cells only began
to be delineated in the 1970s (Chiu and Freer, 1979;
Fakunding et al., 1979; Muller, 1971; Saruta et al., 1972;
Shima et al., 1978). The role of extracellular calcium in
angiotensin II- and potassium-induced aldosterone se-
cretion was suggested by several investigators in similar
types of studies, and Fakunding and colleagues (1979)
were the first to examine the question most exhaustively.
They demonstrated that increasing extracellular calcium
concentrations between 0 and 0.2 mM increased respon-
siveness of the rat glomerulosa cells to its secretagogues,
including angiotensin II and potassium. Maximal in-
creases in steroid production occurred when the extra-
cellular calcium concentration was increased to 0.5 mM.
Others (Chiu and Freer, 1979; Foster et al., 1981; Schie-
binger et al., 1986; Schiffrin et al., 1981; Shima et al.,
1978) have reached similar conclusions with regard to
the threshold and maximal effective extracellular con-
centrations of calcium on steroidogenesis. When the
aldosterone response to angiotensin II was examined
(Fakunding et al., 1979) with varying concentrations of
extracellular calcium, the latter was found not to shift
the angiotensin II dose-response curve, but low concen-
trations of calcium did attenuate the maximal steroid
response to both angiotensin II and potassium. This was
observed with rat as well as dog glomerulosa cells. Fak-
unding et al. (1979) also demonstrated that in rat glo-
merulosa cells, varying extracellular calcium concentra-

tions did not affect the binding of angiotensin II to its
receptors.

b. cALCIUM FLUXES. The importance of extracellular
calcium in aldosterone secretion suggested that calcium
uptake by the adrenal cells could mediate the stimulatory
effects of the aldosterone secretagogues, especially angio-
tensin II and potassium. Initially, the role of calcium
entry into the adrenal cells was examined indirectly by
using calcium antagonists or agents promoting calcium
movement into the cells. Later, more specific calcium
channel blockers were used, and finally, calcium fluxes
and changes in cytosolic free calcium concentration were
directly investigated.

i. Effects of calcium antagonists or channel
blockers. If calcium influx is involved in angiotensin
II-mediated aldosterone secretion from the glomerulosa
cells, calcium antagonists should affect aldosterone se-
cretion. With such a premise, the actions of a variety of
calcium antagonists were studied.

Quite a few investigators (Balla et al., 1982; Fakunding
and Catt, 1980; Foster et al., 1981; Schiebinger et al.,
1986; Schiffrin et al., 1981; Shima et al., 1978;) examined
the effects of calcium antagonists such as lanthanum,
verapamil or methoxyverapamil (D-600) on basal as well
as stimulated aldosterone secretion. Most investigators
detected some decrease (from 20 to 50%) of basal aldos-
terone secretion with these agents. These agents also
attenuated ACTH, angiotensin II, and potassium-in-
duced aldosterone secretion (usually at high concentra-
tions ranging from 1075 to 10~ M).

In the detailed studies in the laboratory of Catt (Fak-
unding and Catt, 1980), lanthanum produced a striking
inhibition of basal and angiotensin II-induced aldoster-
one secretion from the rat glomerulosa cells. Aldosterone
secretion was almost completely inhibited by 1 uM of
lanthanum, and about the same relative degree of inhi-
bition of aldosterone secretion occurred (ICs 0.5 to 1
uM) in the presence of a ten-fold range of angiotensin II
concentrations, suggesting that lanthanum did not sig-
nificantly shift the angiotensin II dose-response curve.
Lanthanum produced a similar reduction in potassium-
induced aldosterone secretion. Likewise, verapamil in-
hibited aldosterone secretion induced by angiotensin II
and potassium with an ICs of 2 to 5 uM. In general,
similar results were obtained by other investigators
(Balla et al., 1982; Foster et al., 1981; Schiebinger et al.,
1986; Schiffrin et al., 1981; Shima et al., 1978) using one
or more of these compounds.

The clearest evidence for a role of calcium influx in
aldosterone secretion has been obtained with the dihy-
dropyridine compounds which are more specific calcium-
channel blockers. These agents inhibited aldosterone
secretion to a greater extent when stimulated by potas-
sium than when stimulated by angiotensin II (Aguilera
and Catt, 1986; Kojima et al., 1984b). This is consistent
with the currently accepted mechanisms known to reg-
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ulate the changes in the intracellular calcium concentra-
tion in glomerulosa cells—namely, mobilization of intra-
cellular calcium—as well as influx of extracellular cal-
cium associated with angiotensin II stimulation. Only
calcium influx is associated with potassium stimulation.
When intracellular calcium mobilization was blocked,
angiotensin II-mediated aldosterone secretion was com-
pletely abolished with dihydropyridines (Kojima et al.,
1984b).

Whether all of the dihihydropyridine compounds block
the same types of calcium channels, and to the same
degree, is far from clear as discussed later. Many inves-
tigators have used nifedipine, but some investigators
have used nitrendipine. One group of investigators (Ko-
jima et al., 1984b) have compared the effects of several
dihydropyridine compounds—nitrendipine, nimodipine
and nisoldipine. Seemingly, there was little difference
between their effects. Both high- and low-affinity bind-
ing sites for labeled nitrendipine have been demonstrated
in the rat adrenal glomerulosa cells; these binding sites
can be considered the correlates of calcium channels
(Aguilera and Catt, 1986), although it is not clear whether
all types of calcium channels are recognized by such
binding.

ii. Effects of calcium ionophore and a calcium
channel agonist. Calcium ionophore, A23187, has been
reported to increase aldosterone secretion (Foster et al.,
1981; Fakunding and Catt, 1982; Kojima et al., 1983,
1984a). This finding has further supported the putative
role of calcium in the adrenal cell signaling mechanism.
The effect of the ionophore on aldosterone secretion,
however, was modest and short-lived (Kojima et al., 1983,
1984a). The aldosterone-stimulating effect of the iono-
phore was shown to be dependent on extracellular cell
calcium, and a reduction of extracellular calcium concen-
tration to 0.4 mM shifted the A23187 dose-response curve
to the right (Fakunding and Catt, 1982). The concentra-
tion of A23187 used in this report ranged from 0.1 to 4
uM with an EDj, response of aldosterone response of 0.3
uM. The ionophore increased aldosterone secretion max-
imally at a concentration of 0.5 uM, with no additional
increase occurring beyond this concentration. Kojima
and colleagues (Kojima et al., 1983, 1984a) also observed
a stimulatory effect of A23187 on perifused porcine and
bovine glomerulosa cells at a concentration of 0.5 uM.
However, higher concentrations of A23187 seem to in-
hibit angiotensin II- and potassium-stimulated aldoster-
one secretion, and this may be related to a number of
potential confounding effects of this agent (Fakunding
and Catt, 1982).

The dihydropyridine calcium channel agonist, BAY
K8644, was also shown to stimulate aldosterone secretion
in rat glomerulosa cells at a minimum and maximum
concentration of 30 nM and 1 uM, respectively (Hausdorff
et al., 1986). BAY K8644 did so, presumably by promot-
ing calcium influx, because an actual increase in cytosolic

calcium in response to BAY K8644 could not be dem-
onstrated (Hausdorff and Catt, 1988). Unlike the calcium
ionophore A23187, BAY K8644 potentiated the effects
of angiotensin ii and potassium on aldosterone secretion.
Paradoxically, the potentiating effect of BAY K8644 on
potassium-induced aldosterone secretion was reduced at
potassium concentrations exceeding 9 mM.

Finally, calcium itself was demonstrated to stimulate
aldosterone secretion in permeabilized bovine glomeru-
losa cells at an ECqy for calcium of 0.5 uM (Capponi et
al., 1988). This effect of calcium was abolished by either
W-7, a calmodulin inhibitor, or ruthenium red, an inhib-
itor of mitochondrial calcium uptake. These studies fur-
ther support the involvement of calcium as an intracel-
lular mediator of aldosterone secretion much in the same
way as cCAMP directly influences steroidogenesis. How-
ever, in contrast to cAMP, the magnitude of the calcium
effect is quite modest. Whether persistent calcium influx
or protein kinase C activation is the principal determi-
nant of the greater and more sustained effect of calcium
on aldosterone secretion is not totally clear.

iii. Estimation of calcium influx. Calcium influx
into adrenal glomerulosa cells has been reported by sev-
eral groups (Chartier and Schiffrin, 1987; Kojima et al.,
1985a, 1985b; Takagi et al., 1988b), but it has been
examined most extensively by Kojima and colleagues
(1985a, 1985b). Most, but not all, observers have used a
relatively simple technique (Mauger et al., 1984), using
radiolabeled calcium, “Ca?*. By the use of such a tech-
nique, calcium influx was quantified in the bovine adre-
nal glomerulosa cells and was found to increase with time
during the initial minute of stimulation of the cells with
angiotensin II or potassium. The magnitude of calcium
influx was greater with potassium than with angiotensin
II (increases of 340 and 230%, respectively, compared
with the unstimulated cell). Calcium influx in the glo-
merulosa cells was found to be sustained during extended
periods of incubation of the adrenal cells with angioten-
sin II. Calcium influx in response to angiotensin II or
potassium was dependent on the presence of optimal
concentrations of extracellular calcium, and no stimula-
tion of calcium influx could be demonstrated with either
angiotensin II or potassium when the extracellular cal-
cium concentration was decreased below 10 uM. The rate
of calcium influx was found to be saturable or maximal
at an extracellular calcium concentration of 1.256 mM.
Predictably, the dihydropyridine calcium channel antag-
onist, nitrendipine, blocked both angiotensin II- and
potassium-mediated calcium influx. The calcium channel
agonist, BAY K8644, enhanced calcium influx additively
with angiotensin II stimulation and potentiated potas-
sium-mediated calcium influx.

In the above studies, aldosterone secretion was well
correlated with calcium influx, and it was evident that,
except for the initial increase of aldosterone secretion,
angiotensin II-induced aldosterone secretion could not
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be sustained without the calcium influx as judged by the
effect of nitrendipine. The ability of angiotensin II to
sustain aldosterone secretion was also dependent on the
concentration of extracellular potassium, which would
modify aldosterone secretion by reducing it or amplifying
it several-fold, depending on the potassium concentra-
tion, ranging between 2 and 6 mM. This dependence of
aldosterone secretion on extracellular potassium has
been well-known (Fredlund et al., 1977; Hornsby and
O’Hare, 1977). However, it is now clear that alteration
of calcium influx is probably the main determinant of
this effect of potassium, although other possible effects
(Douglas, 1980; Hunyady et al., 1991) cannot be ruled
out.

The need for a continual presence of extracellular
calcium and calcium influx to maintain the stimulation
of aldosterone secretion by angiotensin II and potassium
has also been reported or alluded to by several investi-
gators. In our own studies (Ganguly et al., 1992), we
clearly demonstrated that the decrease of extracellular
calcium concentration with EGTA anytime during stim-
ulation of the adrenal cells markedly inhibited aldoster-
one secretion. The extent of inhibition was directly cor-
related with the extent of reduction in extracellular
calcium concentration. Similarly, nitrendipine added to
the medium at varying time points of incubation had a
concentration-dependent and profound inhibitory effect
on the aldosterone secretion evoked by both secreta-
gogues, angiotensin II and potassium.

iv. Nature of calcium channels. Investigations of
neurones initially have revealed several types of calcium
channels of which L, T, and N channels have been best
characterized (Nowycky et al., 1985; Miller, 1992; Sped-
ding and Paoletti, 1992). Such classification may now be
expanded to include other newly recognized channel(s)
(Miller, 1992; Spedding and Paoletti, 1992). The struc-
ture of calcium channels has also been examined, and it
seems to consist of several subunits (Miller, 1992). The
calcium channels can be identified by their voltage-
dependence, the size of conductance, duration of activity,
the relative permeability of calcium and barium, and the
effects of various channel blocking agents. The L chan-
nels are activated by large depolarizations, blocked by
nifedifine and probably by nitrendipine as well, and are
blocked by cadmium and «-conotoxin among other
agents. The T channels are activated by relatively small
depolarization and are blocked selectively by nickel. The
inactivation of T channels apparently might occur slowly
and incompletely, permitting continued calcium influx.
The N channels have characteristics in between those of
T and L channels and are blocked by cadmium and
gadolinium but not by nifedipine.

Earlier studies revealed that adrenal glomerulosa cells
possess both L and T types of calcium channel charac-
teristics (Matsunaga et al., 1987). High-affinity and low-
affinity binding sites for labeled nitrendipine have been

observed in the rat glomerulosa cells (Aguilera and Catt,
1986). Interestingly, the number of such binding sites
correlated quite well with the number of angiotensin
receptors. The binding of labeled nitrendipine could be
inhibited completely by both unlabeled nitrendipine and
nifedipine with similar potencies. As judged by the con-
centration of nifedipine required to inhibit aldosterone
secretion, it seems that the action of nifedipine was
mediated by the binding of nifedipine to the low-affinity,
rather than the high-affinity, binding sites. It is conceiv-
able that the low-affinity binding sites might represent
T-type calcium channels.

Subsequent studies (Durroux et al., 1988) seem to
suggest that all three types of calcium channels are
present in the glomerulosa cells, although the existence
of N channels in adrenal cells remains questionable. It
is known that BAY K8644 promotes calcium influx
through the opening of L channels but not of T or N
channels. This was confirmed in rat glomerulosa cells by
Durroux and colleagues (1988). Additionally, it was ob-
served that BAY K8644, although facilitating calcium
influx through L channels at lower concentrations, de-
creased calcium flux through the same channels at higher
concentrations. Furthermore, BAY K8644 was shown to
inhibit calcium influx through T channels at a concen-
tration even lower than that needed to inhibit calcium
flux through the L channels.

In bovine glomerulosa cells, other investigators have
also identified both L and T types of calcium channels
(Cohen et al., 1988). Examining the characteristics and
voltage dependency of the calcium currents as well as
the sensitivity to low levels of potassium, it was con-
cluded (Cohen et al., 1988) that T-type channels, rather
than L channels, were normally involved in aldosterone
secretion induced by both potassium and angiotensin II.
However, in a prior study (Matsunaga et al., 1987),
potassium-induced aldosterone secretion was observed to
be associated with activation of both T- and L-type
channels in bovine glomerulosa cells. In contrast, only
T-channel activation was observed in rat adrenal cells.
Additionally, it has been noted (Spat et al., 1989) that
potassium-induced aldosterone secretion could be inhib-
ited by 1 uM nifedipine but not by nickel, and angiotensin
II-mediated aldosterone secretion could not be inhibited
by 1 uM nifedipine.

These findings pose more questions about the type of
the calcium channels activated by the two secretagogues.
Thus, there is still a good deal of ambiguity and confusion
with regard to the nature of channels involved in calcium
influx in adrenal glomerulosa cells. Some of the obser-
vations may be related to species differences in the
regulation of calcium influx. The reported specificity of
calcium channel blockers may also be questionable. It
might be that the effects of low and high concentrations
of potassium, and possibly angiotensin II, might be me-
diated by different types of calcium channels. This pos-
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sibility is supported by the observation that potassium
can clearly produce different levels of depolarization of
adrenal glomerulosa cells.

v. Calcium efflux. Angiotensin II not only induces
calcium influx, but it also causes calcium efflux from the
glomerulosa cells. Calcium efflux from the glomerulosa
cells in response to angiotensin II and/or potassium has
been reported by several investigators (Elliott and Good-
friend, 1981; Foster et al., 1981; Kojima et al., 1984a,b;
Mackie et al., 1978; Williams et al., 1981). The technique
used to study calcium efflux generally uses cells pre-
loaded with radiolabeled calcium as described by Borle
(Borle, 1981) or a modification thereof. Calcium efflux is
believed to be secondary to the increase in the intracel-
lular calcium resulting from both mobilization of intra-
cellular calcium as well as calcium influx.

When compared in a single study (Kojima et al.,
1985f), angiotensin II elicited a 3.5-fold increase in cal-
cium efflux, whereas potassium stimulated only a 1.5-
fold increase. Calcium efflux preceded aldosterone secre-
tion. In the absence of extracellular calcium or when
strontium replaced calcium in the media and cells were
also treated with dantrolene to inhibit mobilization of
intracellular calcium, angiotensin II failed to increase
either calcium efflux or aldosterone secretion.

Angiotensin II-mediated calcium efflux has been re-
ported by other groups (Elliott and Goodfriend, 1981;
Williams et al., 1981). In one such report (Elliott and
Goodfriend, 1981), angiotensin II also inhibited calcium
uptake but increased calcium efflux. As a result, the
exchangeable calcium pool was decreased by 34%, and
total cell calcium content was reduced in the bovine
glomerulosa cells. A transient decrease in total calcium
was also reported by Kojima and colleagues (Kojima et
al., 1985a), and these investigators were also unable to
demonstrate an increase of total cell calcium in response
to angiotensin II but did observe an increase of total cell
calcium after potassium stimulation. Calcium efflux is
probably mediated by the actions of Ca**-ATPase and a
Na*-Ca** exchanger. The activation of the latter by
angiotensin II has been reported in adrenal glomerulosa
cells (Hunyady et al., 1988; Van Der Bent et al., 1993).

C. ROLE OF CHANGES IN CYTOSOLIC FREE CALCIUM
CONCENTRATION. The capability of measuring intracel-
lular free calcium concentration (Morgan and Morgan,
1982; Borle and Snowdowne, 1982; Tsien et al., 1982;
Grynkiewicz et al., 1985) has added a new dimension to
the investigations of calcium-related cell signaling mech-
anisms. Aequorin, a calcium-sensitive photoprotein, and
several fluorescent dyes, such as Quin 2 and Fura 2, have
been used extensively to monitor intracellular calcium.

Changes in cytosolic calcium concentration in the
acutely dispersed adrenal glomerulosa cells were reported
initially by two groups of investigators using the calcium
chelating dye Quin 2 (Braley et al., 1984; Capponi et al.,
1984). More extensive studies were reported later (Braley

et al., 1986; Capponi et al., 1987). Resting calcium con-
centrations in the rat glomerulosa cells (Braley et al.,
1986) ranged between 240 and 270 nM, whereas in bovine
glomerulosa cells (Capponi et al., 1984), the resting mean
cytosolic calcium concentration was 124 nM. In both rat
(Braley et al., 1984, 1986) and bovine glomerulosa cells
(Capponi et al., 1984, 1987), increasing the extracellular
potassium concentration caused a progressive increase
of cytosolic calcium concentration, with a plateau in the
response being reached at a potassium concentration of
9 mM, even though membrane potential changes up to
28 mM potassiuim have been observed in the glomerulosa
cells (Quinn et al., 1987).

In bovine glomerulosa cells (Capponi et al., 1984), the
EDs, of the cytosolic calcium response to potassium was
6.5 mM, and potassium-induced aldosterone secretion
correlated remarkably well with the changes in cytosolic
calcium concentration, with an EDg for aldosterone
secretion of 6.8 mM. The actions of angiotensin II on the
changes in intracellular calcium were also similar in the
glomerulosa cells of the two species (Capponi et al., 1984;
Braley et al., 1986). As little as 107'° M angiotensin II
increased intracellular calcium with maximal increases
observed at 10~ M angiotensin II. Saralasin, a partial
angiotensin II antagonist, blocked angiotensin II-in-
duced increase of cytosolic calcium at a ratio of saralasin
to angiotensin II of 100:1 (Capponi et al., 1984).

The patterns of changes in cytosolic calcium were
different in response to angiotensin II and potassium.
Whereas the angiotensin II-induced increase in intracel-
lular calcium was transient (with a return to baseline by
5 minutes), the potassium-provoked calcium response
was sustained. Some investigators have referred to a
“biphasic effect” of cytosolic calcium response to angio-
tensin II as an initial sharp, but transient, increase
lasting for a few seconds followed by a lower, but sus-
tained, elevation lasting over a longer period (up to 5
minutes or so). The initial phase presumably reflects
intracellular calcium mobilization and the prolonged
phase reflects calcium influx.

Effects of extracellular calcium, calcium channel
blockers, and the calcium channel agonist BAY K8644
on cytosolic calcium were also investigated (Braley et al.,
1986; Capponi et al., 1987). In both rat and bovine
glomerulosa cells, removal or a reduction in extracellular
calcium concentration was associated with a reduction
in basal cytosolic calcium concentrations as well as re-
duction in the response to angiotensin II and potassium.
The response to potassium was affected to a greater
extent, especially by the calcium channel blocker, nife-
dipine, at a concentration of 1 uM. Restoring the extra-
cellular calcium concentration to normal progressively
increased the responsiveness of the adrenal glomerulosa
cells. In the absence of extracellular calcium, angiotensin
II produced a rapid transient peak (as occurred in the
presence of extracellular calcium), but the calcium levels

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS i

aspet

428 GANGULY AND DAVIS

were not sustained, and the signal dropped below the
initial baseline (Capponi et al., 1987). Moreover, with
time the glomerulosa cells became less responsive to
angiotensin II, suggesting that depletion of intracellular
calcium stores occurred when the cells were suspended
in a calcium-free medium (Capponi et al., 1987).

The dihydropyridine calcium channel agonist, BAY
K8644, by itself did not increase cytosolic calcium con-
centrations (Hausdorff et al., 1988), but it did potentiate
the cytosolic calcium responses of potassium and angio-
tensin II in rat glomerulosa cells. In contrast, BAY
K8644 had no effect on angiotesin II-induced changes in
cytosolic calcium in the bovine glomerulosa cells. This
has been interpreted to mean that in the bovine glomer-
ulosa cells there are few or no L-type calcium channels.
However, both calcium influx and potentiation of angio-
tensin II-mediated aldosterone secretion by BAY K8644
has been reported in bovine glomerulosa cells by another
group (Kojima et al., 1985b).

Angiotensin II also increased cytosolic free calcium
concentrations in cultured bovine glomerulosa cells
loaded with Fura 2 with 107* M angiotensin II, consist-
ently increasing cytosolic free calcium levels up to eight-
fold (Kramer, 1988a, 1988b). Thus, the cultured bovine
glomerulosa cells seemed to be more responsive to low
concentrations of angiotensin II than are acutely dis-
persed glomerulosa cells of both rat and bovine adrenals.
The patterns of increase in cytosolic free calcium were
different at low concentrations compared with high con-
centrations of angiotensin II stimulation. Aldosterone
secretion correlated well with the initial phase of the
increase of cytosolic calcium, but only at low concentra-
tions of angiotensin II was the sustained phase of cyto-
solic calcium increase correlated with aldosterone secre-
tion. Angiotensin II antagonists, Sar'Ile® angiotensin and
Sar'Ala® angiotensin, inhibited the angiotensin II-me-
diated increase of cytosolic calcium at high concentra-
tions but had different potencies in this regard.

In another study (Balla et al., 1990) with perifused rat
glomerulosa cells, potassium produced concentration-
dependent increases in the cytosolic calcium concentra-
tion as measured by Fura 2. Incremental effects of po-
tassium on cytosolic calcium levels were observed up to
a concentration of 18 mM, unlike concentrations seen in
other studies. BAY K8644 potentiated the cytosolic cal-
cium response of potassium concentrations up to 30 mMm.
In these studies, aldosterone secretion provoked by po-
tassium peaked at 8.4 mM. The reason for the differences
in the steroidogenic and calcium responses to potassium
in this study, compared with other studies, are not clear
but might be related to the fact that the former study
was conducted in a dynamic perifusion system, whereas
the other studies (Capponi et al., 1984; Braley et al.,
1986) were performed in static incubations.

Angiotensin II similarly increased aequorin-related
calcium signals in perifused bovine adrenal capsules (Ap-

peldorf and Rasmussen, 1988; Appeldorf et al., 1988) as
well as in acutely dispersed glomerulosa cells (Pratt et
al., 1989). The effects of angiotensin II were inhibited by
the angiotensin II antagonist, Sar'Ala® angiotensin (Ap-
peldorf and Rasmussen, 1988). Again, the initial increase
of the aequorin signal in response to angiotensin II was
unaffected by the presence or absence of extracellular
calcium, but the subsequent sustained phase of the cal-
cium signal was reduced by increasing extracellular cal-
cium concentrations (Pratt et al., 1989). Nitrendipine
caused the potassium-induced increase of cytosolic cal-
cium to decline abruptly. Adequate concentrations of
potassium in the media were required for an optimal
cytosolic calcium signal in response to angiotensin II.

d. SINGLE CELL CALCIUM RESPONSES AND CALCIUM
OSCILLATIONS. Changes in cytosolic calcium in response
to angiotensin II and potassium have been examined in
great detail by digital imaging of single rat glomerulosa
cells loaded with Fura 2 (Connor et al., 1987). The
responses in individual cells to potassium and angioten-
sin II were somewhat heterogenous, with regard to both
intensity and spatial distribution of the changes of the
signal within the cell. There were also differences in
patterns of response observed with potassium and angio-
tensin II stimulation. Whereas the potassium-induced
increase in cytosolic calcium concentration seemed to be
generalized in the cell cytoplasm, angiotensin Il-evoked
changes were localized to certain areas of the cell.

Later, using microspectrofluorometry as well as digital
imaging, changes in cytosolic free calcium concentrations
were extensively characterized and quantitated in both
single rat and bovine adrenal glomerulosa cells (Quinn
et al., 1988a, 1988b; Johnson et al., 1989; Tremblay et
al.,, 1991). Resulting studies provide interesting insights
into cell calcium changes evoked by angiotensin II, po-
tassium, as well as vasopressin. Again, elegant studies by
Quinn from the laboratory of Williams (Quinn et al.,
1988a, 1988b, 1991) revealed differences in the patterns
of cytosolic calcium response in rat adrenal glomerulosa
cells following the stimulation by angiotensin II or po-
tassium. The effects of angiotensin II on the cytosolic
calcium responses were rather complex. One major dif-
ference between the responses to angiotensin II and
potassium was that angiotensin II (but not potassium)
induced patterns of calcium oscillations in single cells.
The frequency of the oscillations tended to occur more
with the lower concentrations of angiotensin II than with
the higher concentrations. Concentrations greater than
1 nM produced transient peaks followed by a plateau,
whereas lower concentrations produced repeated oscil-
latory changes.

The responses to angiotensin II were also character-
ized by a concentration-related delay in the onset of the
cytosolic calcium spike, with higher concentrations of
angiotensin II causing a shorter delay. Peak levels of
calcium were reached by about 15 seconds and showed
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some concentration-dependence. Again, there was signif-
icant variability in the pattern of response between in-
dividual cells. The potassium-induced calcium response
was quite prompt but lacked the oscillations seen with
angiotensin II stimulation. Although paired experiments
usually showed a greater magnitude of calcium response
with the higher potassium concentrations, the changes
in cytosolic calcium with varying concentrations of po-
tassium could not be sharply differentiated. A calcium
channel blocker, cadmium, or use of a calcium-free me-
dium prevented the calcium response to potassium. Ni-
fedipine also blocked the effect of potassium after a lag
period.

Other investigators (Johnson et al., 1989; Tremblay et
al., 1991) also have measured single bovine and/or rat
adrenal glomerulosa cell responses to aldosterone secre-
tagogues, using essentially similar techniques of micros-
pectrofluorometry and digital imaging using Fura 2. Like
Quinn, they have also shown different patterns of re-
sponses as well as varying responsiveness of individual
cells to stimulation of bovine glomerulosa cells with
angiotensin II and potassium. Oscillatory responses were
seen only with angiotensin II but not with potassium.
The effects of changes in extracellular calcium and use
of calcium channel blockers also were in agreement with
the previous studies.

Oscillatory patterns in cytosolic calcium responses to
agonists have now been recognized in many different
types of cells (Berridge, 1990; Fewtrell, 1993) including
adrenal glomerulosa cells (Johnson et al., 1989; Quinn et
al., 1988a; Tremblay et al., 1991), as alluded to earlier.
These intriguing oscillations have been observed during
cytosolic calcium measurements with aequorin, Fura 2,
and microelectrodes. Various types of oscillations,
namely sigmoid, transient, or asymmetric oscillations,
have been observed. In the adrenal glomerulosa cells,
such oscillatory behavior has been noted in response to
angiotensin II stimulation but not with potassium stim-
ulation.

Although the precise basis of such oscillations remains
unclear, several possible mechanistic models have been
proposed. Whereas in excitable cells oscillations can
conceivably occur from fluctuating membrane potentials,
this is not believed to account for the oscillations in
nonexcitable cells, although some evidence suggests oth-
erwise (Kukuljan et al., 1994). In such cells, the possible
role of a receptor-operated or second-messenger-me-
diated mechanism, has been suggested. In this context,
because of the purported effects of 1,4,5-InsP; (Haroo-
tunian et al., 1991), diacylglycerol, protein kinase C, and
calcium itself (Finch et al., 1991) on calcium release, each
might be assigned a putative role in different variations
of the hypothetical models to explain the oscillatory
behavior. Because each of the cellular mediators has been
shown to produce oscillations in different experimental
cell preparations, it will be difficult to determine their

relative contribution to calcium oscillations in angioten-
sin II-stimulated cells. As potassium, unlike angiotensin
I1, did not produce the cytosolic oscillatory response in
the adrenal glomerulosa cells, it can be inferred that
potassium-mediated aldosterone secretion depends on
amplitude-mediated changes in cell calcium concentra-
tions, whereas angiotensin II-induced aldosterone secre-
tion involves frequency-modulated cytosolic calcium
changes.

€. INTRACELLULAR CALCIUM STORES. Intracellular cal-
cium is located in various organelles, compartments or
pools. Principal calcium storage sites include different
parts of endoplasmic reticulum and mitochondria. A
number of pharmacological agents have been used to
probe the roles of various calcium stores as discussed in
the ensuing sections.

i. Calcium stores in endoplasmic reticulum and/
or calciosome. Dantrolene has been shown to inhibit
angiotensin II-induced aldosterone secretion and/or in-
crease of cytosolic calcium concentration (Braley et al.,
1986; Kojima et al., 1984a, 1984b; Kramer, 1988b; Rossier
et al., 1987), seemingly confirming the putative role of
intracellular calcium mobilization from endoplasmic re-
ticulum in adrenal glomerulosa cells. Surprisingly, dan-
trolene has also been reported to inhibit potassium-
induced increase of cytosolic calcium concentration
(Braley et al., 1986) and aldosterone secretion (Braley et
al., 1986; Rossier et al., 1987), which is not accompanied
by phosphoinositide hydrolysis and/or inositol polyphos-
phate formation (Ganguly et al., 1990; Hunyady et al.,
1990; Kojima et al., 1985d). This suggests that intracel-
lular calcium mobilization might also occur during po-
tassium-evoked aldosterone secretion as reported for
muscle cells (Meisheri et al., 1986). This type of mobili-
zation of calcium could conceivably be triggered by cal-
cium itself (known to potentiate InsP;-induced calcium
release (Finch et al., 1991; Iino and Endo, 1992) when
calcium concentration increases during depolarization of
the adrenal cell in response to potassium. It is of interest
that dantrolene also inhibited the modest calcium iono-
phore-induced aldosterone secretion from the glomeru-
losa cells (Rossier et al., 1987). Dantrolene-mediated
inhibition of the increase of cytosolic free calcium con-
centration in response to angiotensin II (IC5 = 20 uM)
occurred even in the absence of extracellular calcium
(Kramer, 1988b), implying that dantrolene did not
impede calcium influx. In one study (Rossier et al., 1987),
dantrolene was unable to abolish 1,4,5-InsPs-induced
calcium release in bovine adrenal glomerulosa cells, even
though it reduced angiotensin II-mediated aldosterone
secretion markedly. This suggested that the aldosterone-
inhibiting effect of dantrolene was not solely related to
interference of calcium mobilization by 1,4,5-InsPs.

Originally, the endoplasmic reticulum was thought to
be the site of the stored calcium mobilized by 1,4,5-InsPs.
However, some evidence has been presented indicating
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that the calcium-storing organelle sensitive to 1,4,5-
InsP, is different from the endoplasmic reticulum and
this putative calcium store has been called the calcio-
some, an organelle, situated close to the cell membrane
(Rossier et al., 1989; Volpe et al., 1988). This conclusion
was based on the findings that 1,4,5-InsP;s-binding sites
were located on microsomes associated with the plasma
membrane and that these binding sites in the microsomal
fraction could be separated from the endoplasmic retic-
ulum (Rossier et al., 1989, 1991). For example, when the
microsomal components were fractionated on sucrose
density gradients, the 1,4,5-InsPs-binding sites or recep-
tors could be separated from the endoplasmic reticulum.
Also, various enzyme markers have been used to differ-
entiate subcellular fractions containing endoplasmic re-
ticulum from that containing calciosome. Furthermore,
evidence obtamed from immunocytochemical distribu-
tion of Ca’*-ATPase, various calcium-binding proteins,
calsequestrin, calsequestrin-like protein, and calreticu-

lin, has been marshalled to support the possible existence
of calciosomes as distinct organelles. Presently, the con-
cept of the existence of calciosome as distinct from
endoplasmic reticulum remains coutroversial at best
(Koch, 1990; Krause et al., 1989; Meldolesi et al., 1990;
Milani et al., 1990; Ross et al., 1989; Rossier et al., 1991
Villa et al., 1991). In various tissues, support or lack of
it for this putative calcium-storing organelle has been
presented. It is conceivable that calciosome could be part
of the endoplasmic reticulum itself rather than a separate
entity despite some of the evidence presented to the
contrary.

Thapsigargin, a Ca?*-ATPase inhibitor, increases
basal aldosterone secretion and produces an additive or
potentiating effect on angiotensin II and potassium-
induced aldosterone secretion (Ely et al., 1991; Ganguly,
1994; Ganguly and Waldron, 1994; Hajnoczky et al.,
1991). This aldosterone-stimulating effect seems to be
related to an increase of cytosolic calcium concentration
(Ely et al., 1991), resulting from the release of intracel-
lular calcium from the endoplasmic reticulum (or calcio-
some) caused by Ca?*-ATPase blockade (Thastrup et al.,
1990) as well as calcium influx (Takemura et al., 1989).
Thus the aldosterone-stimulating action of thapsigargin
is consistent with the postulated role of calcium as a
mediator of aldosterone secretion. The effect of thapsi-
gargin on calcium influx also suggests an inherent cel-
lular mechanism to stimulate calcium influx when cer-
tain intracellular calcium stores are depleted—the so-
called capacitative entry mechanism (Putney, 1990).

ii. Calcium stores in mitochondria. Angiotensin II
stimulation of glomerulosa cells not only releases calcium
from a 1,4,5-InsP;-sensitive calcium pool, it seems to
decrease mitochondrial calcium as well (Kramer, 1990).
Similar observations were reported by Balla et al. (1985),
who also found a net decrease in total cell calcium
following angiotensin II stimulation, an observation also

made by other investigators (Elliott et al., 1985). How
the mitochondrial pool is decreased by angiotensin II is
not clear, but this pool presumably reflects a slowly
exchangeable pool of calcium. Mitochondrial calcium
pool is known to be unresponsive to stimulation by 1,4,5-
InsP; (Rossier et al., 1987). Mitochondria may act as a
sponge or a buffer, initially sequestering some of the
cytosolic calcium increased by the agonists, but it then
may help to restore slowly the cytosolic free calcium (in
concert with the influx of calcium from the extracellular
pool) to replace the calcium ejected from the cell by the
efflux mechanism.

Some inhibitors of mitochondrial calcium uptake can
modify the aldosterone response to angiotensin II and
potassium. Ruthenium red, an inhibitor of mitochondrial
calcium uptake, attenuates aldosterone secretion (Gan-
guly and Haxton, unpublished observations) probably
caused by interruption of mitochondrial calcium flux
(Rossier et al., 1987). Purported uncouplers of oxidative
phosphorylation of the mitochondria (Balla et al., 1985;
Kramer, 1990) have also been found to increase cytosolic
calcium concentration (Kramer, 1991) or to mobilize
calcium from adrenal glomerulosa cells (Balla et al.,
1986). Calcium might serve as a modulator of steroido-
genic enzymes located in the mitochondria (McCormack
and Denton, 1986), and such a possibility can be ex-
tended to aldosterone synthesis in the glomerulosa cell,
inasmuch as two of the key enzymes are mitochondria
based.

iii. Calcium stores in multiple organelles. TMB-
8 has been reported to inhibit adrenal steroid secretion
including aldosterone (Braley et al., 1986; Lihrmann et
al., 1987; Kramer, 1988b; Rossier et al., 1987), and it
inhibited both the potassium-stimulated (Braley et al.,
1986) and angiotensin II-stimulated (Braley et al., 1986;
Kramer, 1988b) increase in cytosolic calcium concentra-
tion in rat and bovine glomerulosa cells in a dose-de-
pendent (ICso = 50 uM) manner (Braley et al., 1986;
Kramer, 1988b). Inasmuch as TMB-8-mediated inhibi-
tion of aldosterone secretion, as evoked by angiotensin
II and potassium, is probably related to its effects on
different cellular targets (Foster et al., 1990; Lihrmann
et al., 1987), no firm conclusions about the basis of its
effects on aldosterone secretion can be made.

After stimulation of the glomerulosa cells by angioten-
sin II, the angiotensin II-sensitive intracellular calcium
stores are reduced, but the calcium stores are rapidly
restored, as shown by an increase in total cell calcium,
without any measurable change in the cytosolic free
calcium concentration (Kojima et al., 1987). This replen-
ishment of calcium stores required the presence of extra-
cellular calcium and was not affected by a concentration
of nitrendipine that blocked angiotensin II-induced (but
not basal) calcium influx. Thus, the restoration of the
1,4,5-InsP;-sensitive intracellular calcium pools most
likely occurred as a result of calcium coming mainly from
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an extracellular source. Inmediately after restoration of
the pool, there was some refractoriness of the pool to
mobilization by angiotensin II, but with time, the pool
regained responsiveness to the 1,4,5-InsP; stimulus. This
suggests a temporary compartmentalization of the intra-
cellular calcium stores during their replenishment. The
initial unresponsiveness of calcium mobilization to 1,4,5-
InsP; was probably not related to calcium sequestration
in the mitochondrial pool (Rossier et al., 1987).

All of these studies underscore a complex interplay
between extracellular calcium, intracellular cytosolic cal-
cium and various calcium stores during and after stimu-
lation of adrenal cells by the agonists.

f. SUMMARY. Both angiotensin II and potassium in-
crease concentrations of cytosolic calcium concurrently
or preceding the stimulation of aldosterone secretion.
The evidence for a role of calcium as one of the critical
cellular messengers for the two aldosterone secretagogues
is quite persuasive inasmuch as calcium ionophore, a
calcium channel agonist, and calcium itself are both
capable of stimulating aldosterone secretion independ-
ently, and reduction of extracellular calcium or blockade
of calcium influx is associated with marked inhibition of
aldosterone secretion evoked by the two secretagogues.
However, the precise mechanism by which calcium exerts
this aldosterone-stimulating effect is not wholly clear,
because there are potentially multiple targets of calcium
action in adrenal glomerulosa cell leading to the steroid-
ogenesis.

Despite the evidence that calcium is critically impor-
tant for the steroidogenic response of both angiotensin
II and potassium, there seem to be differences as regards
the precise mode by which each secretagogue produces
the qualitative and quantitative changes in the cytosolic
calcium concentration. Potassium clearly causes depo-
larization of the glomerulosa cells (Quinn et al., 1987)
preceding the calcium influx. Whether such a mechanism
is also responsible for angiotensin II-mediated calcium
influx is not entirely clear. Angiotensin II may also cause
depolarization of adrenal cells (Natke and Kabela, 1979;
Heschler et al., 1988). Changes in potassium fluxes ob-
served during stimulation of glomerulosa cells by angio-
tensin II, which have been attributed to depolarization
and hyperpolarization of such cells (Lobo and Marusic,
1986; Shepherd et al., 1991) provide additional evidence
for angiotensin II-induced changes in membrane poten-
tial. On the other hand, it has often been suggested that
angiotensin II might cause calcium influx by a receptor-
activated mechanism. How does angiotensin II activate
calcium channels through its receptors? Could it do so
through a G-protein or other mediators such as 1,4,5-
InsPs, 1,3,4,6-InsP or protein kinase C (Brown and
Birnbaumer, 1990; Ferris and Snyder, 1992; Gomperts,
1983; Kaczmarek, 1987: Kuno and Gardner, 1987; Rosen-
thal et al., 1988)? It is of interest that one study showed
that pertussis toxin does not inhibit angiotensin II-

induced aldosterone secretion but blocks calcium influx
(Kojima et al., 1986b). In Y-1 adrenal cells, pertussis
toxin was also shown to inhibit angiotensin II-induced
slowly inactivating calcium currents (Heschler et al.,
1988), although the effect on aldosterone secretion was
not mentioned; whereas in perifused bovine glomerulosa
cells, pertussis toxin tended to attenuate angiotensin II-
induced aldosterone secretion (Barrett and Isales, 1989).
However, in other studies (Hausdorff et al., 1987; Wood-
cock and McLeod, 1986;), pertussis toxin treatment of
rat adrenal glomerulosa cells did not affect angiotensin
II-mediated aldosterone secretion. There are other as yet
ill-defined mechanisms of calcium entry (Hoth and Pen-
ner, 1992; Luckhoff and Clapham, 1992) that could con-
ceivably explain the basis of receptor-activated calcium
influx. Such a mechanism might be triggered by depletion
or decrease of intracellular calcium stores, as originally
suggested by Putney (1990).

As dicussed earlier, calcium channel blockers, known
to block voltage-dependent calcium channels, do inhibit
aldosterone secretion induced by both angiotensin I and
potassium. But there remain unanswered questions re-
garding differences of the effects of calcium channel
blockers (especially nifedipine) on aldosterone secretion
evoked by each secretagogue (Spat et al., 1989). However,
in the presence of another dihydropyridine calcium chan-
nel blocker, nitrendipine, no differences in the sensitivity
of aldosterone secretion induced by angiotensin II and
potassium was observed by one group of investigators
(Kojima et al., 1984b). Whether nitrendipine preferen-
tially blocks T-type rather than L-type calcium channels
in the concentrations used to inhibit aldosterone secre-
tion is not clear. Finally, there also seems to be diversity
within the same subtypes of calcium channels (Perez-
Reyes et al., 1990). Could such a diversity perhaps ex-
plain the observed differences in the effects of some of
the calcium channel blockers? Possibly, the current clas-
sification of the calcium channels is oversimplified. Al-
ternatively, the purported specificity of the calcium
channel blockers must be seriously questioned. Definitive
answers to these issues are presently elusive.

2. Role of calmodulin and calmodulin-dependent protein
kinase. Calmodulin-like activity has been detected in the
glomerulosa cells (Koletsky et al., 1983). Interestingly,
in the guinea pig adrenal cortex, significantly higher
activity of calmodulin-dependent protein kinase was re-
ported in the outer cortex compared with that in the
inner cortex (Kubo and Strott, 1988). Also, substrate
proteins for this protein kinase have been identified in
the glomerulosa zone of the rat adrenal (Kigoshi et al.,
1989).

A number of calmodulin inhibitors have been shown
to inhibit aldosterone secretion induced by its secreta-
gogues, especially angiotensin II and potassium. Trifluo-
perazine, pimozide, calmidazolium, W-5, and W-7, com-
pounds which are known to inhibit calmodulin, also
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inhibit aldosterone secretion (Balla et al., 1982; Wilson
et al., 1984). We have demonstrated (Ganguly et al.,
1990, 1992) that aldosterone secretion evoked by angio-
tensin II and potassium was extremely sensitive to in-
hibition by both W-7 and calmidazolium. Both com-
pounds reduced aldosterone secretion to a similar degree.
The effects of calmodulin inhibitors on aldosterone se-
cretion might not necessarily be related to the specific
inhibition of calmodulin. As with many pharmacological
agents, calmodulin inhibitors are also not wholly specific
with regard to their purported effects. However, because
a variety of calmodulin antagonists have been demon-
strated to inhibit aldosterone secretion, it is unlikely that
their

effects, in major part, are nonspecific. Additionally, it
has also been suggested that calcium and calmodulin in-
fluence enzymes in the steroidogenic pathway. There-
fore, the evidence thus far seems to point to a major
dependence of aldosterone secretion on calcium-calmod-
ulin system.

3. Role of phosphoinositides and other mediators.
a. PHOSPHOINOSITIDES. About four decades ago, it was
observed that cholinergic stimulation of pancreatic exo-
crine cells increased the incorporation of **P into PtdIns
in such cells (Hokin and Hokin, 1953). Subsequently, a
number of investigators observed a similar PtdIns turn-
over response in hormone- and neurotransmitter- sensi-
tive tissues. Michell (1975) put forth a provocative hy-
pothesis that cellular inositol phospholipid turnover was
associated with a gating effect in the cell membrane,
causing calcium influx. A large body of evidence has
since linked inositol phospholipid metabolism with cell
signaling in hormone and neurotransmitter action.

Phosphoinositides constitute a small portion of the
cell membrane lipids (about 2 to 8%), and among the
various phosphoinositides, PtdIns 4,5-bisphosphate and
PtdIns 4-phosphate form a small minority. These are the
principal phosphoinositides that are rapidly hydrolyzed
during cellular stimulation. Research in this area led to
a major discovery (Berridge, 1984; Berridge and Irvine,
1984) that two important metabolites of phosphoinosi-
tide hydrolysis—1,4,5-InsP; and 1,2-diacylglycerol—
serve as intracellular second messengers. The metabolite,
1,4,5-InsP;, was shown to mobilize intracellular calcium
from nonmitochondrial stores and thereby measurably
increase cytosolic calcium concentrations. About this
time, a novel protein kinase had been discovered, and
that was named protein kinase C (Nishizuka et al., 1984;
Nishizuka, 1986, 1988). This serine/threonine protein
kinase could be activated by phospholipids in the pres-
ence of calcium. Diacylglycerol was demonstrated to be
an important cofactor, enabling the activation of this
protein kinase at physiological calcium concentrations.
The synthesis and metabolism of Ptdins (PtdIns, Ptd-
Ins4P, PtdIns4,5P2) as well as their hydrolytic products,
inositol phosphates, have been extensively studied (Ber-

ridge, 1984; Berridge and Irvine, 1984; Majerus et al.,
1986, 1988) and have proven to be quite complex.

It is generally recognized that the hormone-induced
activation of PLC in the adrenal glomerulosa cells and
hydrolysis of PtdIns polyphosphates (PtdIns4,5P2 and
PtdIns4P) are independent of extracellular calcium or
calcium influx and can take place at basal or resting
levels of cytosolic free cell calcium. The enzyme is located
both in the cytosol and in the plasma membrane of the
cell. Subsequent to the initial hydrolysis of PtdIns4,5P2
and PtdIns4P by PLC at the basal calcium concentra-
tions (about 0.1 uM), calcium-dependent breakdown of
PtdIns may be catalyzed by PLC as a result of increased
cytosolic calcium concentration (about 1 uM) caused by
InsP;-induced intracellular mobilization of calcium as
well as calcium influx. Thus, the inositol phosphates, as
well as diacylglycerol so formed during angiotensin II-
induced activation of PLC, may have their origin from
different phosphoinositides. It is not clear whether the
cytosolic calcium concentration in the adrenal glomeru-
losa cell during angiotensin II stimulation can reach the
level required to trigger the hydrolysis of PtdIns.

Several isoenzymes of PLC (8, v, and §) have been
identified (Rhee and Choi, 1992; Rhee et al., 1989), and
they all hydrolyze the various phosphoinositides, al-
though some of the phosphoinositides may be preferred
over others (Rhee et al., 1989). PLC (especially PLCpB)
is probably activated by a GTP-binding protein (Baukal
et al.,, 1988; Cockcroft, 1987; Litosch and Fain, 1986;
Smrcka et al., 1991), which may be coupled to angioten-
sin receptors. The differential roles, localization, regu-
lation, or unique characteristics, if any, of the various
PLCs, in the regulation of phosphoinositide metabolism
or cellular signaling in the adrenal, have not yet come to
light.

In rat and bovine adrenal glomerulosa cells, angioten-
sin II has been clearly demonstrated (Baukal et al., 1988:
Catt and Balla, 1989; Enyedi et al., 1985; Farese et al.,
1984; Ganguly et al., 1986; Kojima et al., 1984a; Rossier
et al., 1986, 1988; Woodcock et al., 1988), to cause the
hydrolysis of phosphoinositides with the resultant pro-
duction of the second messengers, inositol 1,4,5-InsP;
and diacylglycerol. The calcium-mobilizing effects of po-
tassium are not associated with increases in PLC activ-
ity, as judged by the lack of formation of inositol phos-
phates (Ganguly et al., 1990; Kojima et al., 1985d) or
diacylglycerol (Hunyady et al., 1990). Although it is
generally believed that angiotensin II-mediated hydrol-
ysis of phosphoinositides by PLC is independent of cal-
cium influx, this view is not shared by all investigators
(Foster et al., 1990). After the initial hydrolysis of phos-
phoinositides, however, calcium influx seems to be a
requisite for the continued action of PLC (Hunyady et
al., 1990). Rapid hydrolysis of phosphoinositides in re-
sponse to angiotensin II has been observed in bovine
glomerulosa cells after radiolabeling of inositol phospho-
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lipids with phosphorus, inositol, or arachidonic acid (Ko-
jima et al.,, 1984a). Some differences were observed in
the duration of the hydrolysis of the phosphoinositides
or the restoration of their levels in cells labeled with the
various labeled precursors, which might suggest com-
partmentalization of agonist-responsive phospholipid
pools. The inositol polyphosphates formed in response
to angiotensin II are degraded sequentially by a series of
highly specific phosphatases (phosphomonoesterases)
which cleave phosphate groups forming various InsP,
and InsP in the process.

It is now clear (Balla et al., 1988; Rossier et al., 1986)
that inositol 1,4,5-InsP;3 initially formed from Ptd-
Ins4,5P2, is rapidly converted to 1,3,4,5-InsP, and then
dephosphorylated to inositol 1,3,4-InsP; (thought to be
a relatively inert isomer of 1,4,5-InsP3). The conversion
of inositol 1,4,5-InsP; to 1,3,4,5-InsP, is mediated by the
cytosolic 3-phosphokinase. The activity of this enzyme
is dependent on calmodulin, and ATP and is stimulated
by elevated levels of cytosolic free calcium (Rossier et
al., 1986). The 1,4,5-InsP;-kinase has a greater affinity
for 1,4,5-InsP; than the 5-phosphatase has for 1,4,5-
InsP;. The latter enzyme degrades the InsP; to 1,4-InsP;.
Protein kinase C may regulate this phosphatase activity
(Majerus et al., 1988). Thus, by mobilizing intracellular
calcium, 1,4,5-InsP; favors its own metabolism to 1,3,4,5-
InsP, rather than its degradation to 1,4-InsP;. The
higher affinity of 5-phosphatase for 1,3,4,5-InsP, than
for 1,4,5-InsP3; may also favor the metabolism of 1,4,5-
InsP; to 1,3,4,5-InsP,. As a result, several isoforms of
InsP; and InsP are formed from the higher forms of the
inositol polyphosphates. The various monophosphates
are finally degraded by a nonspecific monophosphatase
to free inositol. This enzyme is inhibited by lithium.
Therefore, studies using lithium may amplify some of
the inositol phosphate formation. The free inositol is
reutilized for the synthesis of the various PtdIns. This
synthesis whereby myo-inositol combines with cytidine
diphosphodiacylglycerol is followed by incorporation of
the phospholipid in the plasma membrane. There it is
phosphorylated sequentially by kinases forming Ptd-
Ins4P and PtdIns4,5P2. A 3-PtdIns kinase has been
identified in some cells (Stephens et al., 1991). Whether
this enzyme is present in the adrenal glomerulosa cells
and whether it is involved there in the synthesis of 3-
phosphorylated PtdIns is unclear.

Among these inositol metabolites, the 1,4,5-InsP; has
been clearly assigned a biological function in that it
mobilizes intracellular calcium. The 1,3,4,5-InsP, may
also serve a useful function in cell signaling (Irvine and
Moor, 1986)—it may promote calcium influx or mobilize
intracellular calcium (Ely et al., 1990) with or without
the coparticipation of the 1,4,5-InsPs. Two other tetrakis
isomers of inositol phosphates, 1,3,4,6-InsP, and 3,4,5,6-
InsP, have been identified in the adrenal glomerulosa
cells (Balla et al., 1989b). Their functions, if any, are

unknown presently. It is now known that higher forms
of inositol phosphates (InsPs and InsPg) may be formed
in some tissues (including the adrenal) in response to
agonist stimulation (Balla et al., 1989b; Heslop et al.,
1985; Menniti et al., 1993). Their roles in cell signaling
in general and adrenal in particular, are yet to be clearly
defined.

It has been shown that in the cultured bovine glomer-
ulosa cell, 1,4,5-InsP; in response to angiotensin II, is
produced in a biphasic manner (Balla et al., 1989a). The
secondary increase of 1,4,5-InsP; was accompanied by
an increase of 1,3,4,5-InsP,. When cell cytosolic calcium
and 1,4,5-InsP; responses to varying doses of angiotensin
II were compared, peak calcium and 1,4,5-InsP; re-
sponses correlated quite well, but the aldosterone re-
sponse was more sensitive than calcium and 1,4,5-InsP3
response, so that the dose-response relationship of al-
dosterone to angiotensin II was found to be on the left
of the peak cytosolic calcium and 1,4,5-InsP; responses.
This is similar to cAMP and aldosterone responses to
ACTH and suggests the high degree of sensitivity of the
steroid secretory response to very small changes in the
intracellular mediators.

Receptors for the 1,4,56-InsPs have been found in the
bovine adrenal microsomes (Guillemette et al., 1987).
The binding of labeled 1,4,5-InsP; to the receptors is
saturable, and is of high-affinity and specificity (Guille-
mette et al., 1987; Rossier et al., 1989; Ely et al., 1990).
Initial studies suggested that the binding sites were in
close approximation to the plasma membranes of the
adrenal cells. Subsequent studies (Volpe et al., 1988), as
discussed earlier, have pointed to a plasma membrane
associated (nonendoplasmic reticulum) calcium store
(named calciosome) as the site of 1,4,5-InsP;-binding in
the adrenal cortical cells (Rossier et al., 1989, 1991). The
concept of the calciosome, however, remains controver-
sial. The 1,4,5-InsP; receptors can be phosphorylated by
any of several protein kinases: protein kinase A, protein
kinase C, or calmodulin-dependent protein kinase (Ferris
and Snyder, 1992), and this may be a necessary requisite
for calcium mobilization by 1,4,5-InsP; from the stores.
Increases in calcium may inhibit 1,4,5-InsP; binding to
its receptors (Worley et al., 1987), and this may be an
inherent mechanism to reduce or regulate additional
calcium release. To add further complexity, subtypes of
1,4,56-InsP; receptors have been identified in some tissues
(Nathanson et al., 1994), and such diversity of these
receptors might involve differential mobilization of cal-
cium from its stores. The 1,4,5-InsP; receptor protein
may be similar to ryanodine receptor/Ca’* channel pro-
tein sarcoplasmic reticulum of skeletal muscle (Mc-
Pherson and Campbell, 1993). Both are involved in mo-
bilization of calcium from intracellular stores. Ryanodine
receptors are present in muscle and some nonmuscle
cells (but probably not in the adrenal glomerulosa cells).

Receptors for 1,3,4,5-InsP, have also been demon-
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strated in the bovine adrenal cortical microsomes (En-
yedi and Williams, 1988). These binding sites also seem
to be quite specific and of high-affinity (mean Kp about
4 nM) and are distinct from the binding sites of 1,4,5-
InsP;. The tetrakis isomer, 1,3,4,5-InsP,, was able to
bind to 1,4,5-InsP; receptors but at about 30 times lesser
potency than 1,4,5-InsP;. The tetrakisphosphate was
also able to mobilize calcium from bovine adrenal micro-
somes even when the binding of 1,4,5-InsP; to its recep-
tors and 1,4,5-InsP;-induced calcium release were
blocked by heparin (Ely et al., 1990). Thus, the calcium-
mobilizing effect of 1,3,4,5-ImsP4 was mediated by recep-
tors distinct from those of 1,4,5-InsP; receptors, and
these findings further underscore the potential synergism
between the two inositol polyphosphates in mobilizing
intracellular calcium.

The formation of the other metabolite from phospho-
inositide hydrolysis, diacylglycerol, in the glomerulosa
cell in response to angiotensin II has been fairly well-
characterized. A biphasic response to angiotensin stim-
ulation was also seen, initially as a transient increase
with a peak response of about 3.5-fold increase above the
baseline at 20 seconds, followed by a sustained increase
in diacylglycerol production (Hunyady et al., 1990; Bollag
et al., 1991). The source of the diacylglycerol in the
second phase may not be the same as that in the first
phase (Underwood et al., 1993). This biphasic response
is somewhat similar to the formation of 1,4,5-InsP;, as
described earlier. Diacylglycerol so formed from the
phosphoinositides is further metabolized to monoacyl-
glycerol, arachidonate, and glycerol by lipases, or to
phosphatidic acid by diacylglycerol kinase. The latter is
eventually utilized in the resynthesis of the phosphoi-
nositides.

Whereas the effects of angiotensin II on phosphoino-
sitides and calcium in the adrenal glomerulosa cells have
been observed by a number of investigators (as dis-
cussed), curiously, angiotensin II provokes the same sig-
naling mechanism in the adrenal fasciculata cells as well.
But, there seem to be species differences with regard to
the effect of angiotensin II on the fasciculata cells. Thus,
angiotensin II seems to produce phosphoinositide hy-
drolysis concomitantly with cortisol secretion in bovine
fasciculata cells (Bird et al., 1989) but not in the rat
fasciculata cells. In the fasciculata/reticularis cells of the
cow, but not in the rat, angiotensin II activates voltage-
dependent calcium channels (Yanagibashi et al., 1990)
and increases cytosolic calcium concentration (Walker
et al., 1991). These findings are in agreement with the
lack of binding sites for labeled nitrendipine as well as
angiotensin receptors in rat fasciculata cells (Aguilera
and Catt, 1986). Interestingly, in the ovine fasciculata
cells, despite the presence of the same subtypes of angio-
tensin receptors as found in the bovine glomerulosa cells,
angiotensin II fails to induce steroid secretion but pro-

vokes phosphoinositide hydrolysis, calcium influx, and
efflux (Viard et al., 1990).

There are also differences with regard to the effect of
potassium on the fasciculata and glomerulosa cells, and
here too there may be species differences. In the rat
fasciculata cells, increasing extracellular potassium con-
centrations produce the same magnitude of depolariza-
tion as in the glomerulosa cells, yet no calcium conduct-
ance or increase of steroid secretion by potassium is
observed (Quinn et al., 1987). This may be explained by
the absence of dihydropyridine calcium channels in the
rat fasciculata cells (Aguilera and Catt, 1986). As a result,
potassium fails to increase cytosolic free calcium concen-
tration in such cells (Braley et al., 1986). In the rat
fasciculata cells, calcium efflux is also not demonstrable
in response to either angiotensin II (Williams et al.,
1981) or potassium (Mackie et al., 1978). In mouse ad-
renal fasciculata cells, however, potassium has been re-
ported to enhance corticosteroid production in response
to ACTH (Robertson et al., 1984). In other studies (Yan-
agibashi, 1979), calcium uptake in rat fasciculata cells in
response to ACTH has been reported, despite the re-
ported lack of demonstrable effect of angiotensin II or
potassium in such cells. The mechanism, however, re-
mains obscure.

Thus, there seems to be differences in signaling mech-
anisms in adrenal fasciculata cells of different species in
response to angiotensin II and potassium. The findings,
as described, can explain the different steroidogenic re-
sponses of such cells to the two stimuli.

b. OTHER MEDIATORS. Other mediators of phospho-
lipid metabolism have been proposed in aldosterone se-
cretion. Diacylglycerol can potentially be derived from
other sources such as phophatidylcholine (Exton, 1990)
or by the action of phospholipase A; or phospholipase D.
In vascular tissue, angiotensin II-induced diacylglycerol
formation from phosphatidylcholine has been reported
(Lassegue et al.,, 1991). Similarly, in adrenal cells, di-
acylglycerol may be derived from phosphatidylcholine
(Bollag et al., 1991). Phospholipase A, may produce
arachidonic acid, which, by itself or by its further metab-
olism might mediate aldosterone secretion. Evidence for
that is the following. Inhibitors of phospholipase A;
reduce aldosterone secretion, and phospholipase A;
added to glomerulosa cells stimulate aldosterone secre-
tion and efflux of radiolabeled calcium from these cells
(Kojima et al., 1985e). The role of phospholipase A;
activation during angiotensin II-mediated aldosterone
secretion, however, remains somewhat uncertain. An
earlier study (Enyedi et al., 1981) suggested that only
high concentrations of arachidonic acid stimulated al-
dosterone secretion. If arachidonic acid is involved in
aldosterone secretion, it might do so directly through
stimulation of protein kinase C (McPhail et al., 1984) or
indirectly through a metabolic product (Kojima et al.,
1985e). Blockade of the lipoxygenase pathway by inhib-
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itors of lipoxygenase (but not inhibitors of the cycloxy-
genase pathway) partially inhibited angiotensin II-me-
diated stimulation of aldosterone production (Kojima et
al., 1985e).

Other studies have shown that angiotensin II (but not
ACTH or potassium) increases a lipoxygenase-derived
product, 12-hydroxyeicosatetranoic acid by activating
the 12-lipoxygenase pathway (Nadler et al., 1987). This
increase of 12-hydroxyeicosatetranoic acid might possi-
bly occur through the involvement of protein kinase C
(Shibata and Kojima, 1991). Angiotensin II has been
reported to induce 12-lipoxygenase in the human adrenal
glomerulosa cells (Gu et al., 1994). Both selective and
nonselective inhibitors of 12-lipoxygenase pathway re-
duced aldosterone secretion and this could be restored
by replacement or addition of the 12-lipoxygenase-de-
rived product. Aldosterone secretion was not influenced
by selective inhibitors of 5-lipoxygenase or 15-lipoxygen-
ase pathways. Diacylglycerol seemed to be the source of
the arachidonic acid that is metabolized to the eicasonoid
metabolite, as judged by the effects of two different types
of inhibitors of diacyglycerol metabolism (Natarajan et
al., 1990). The role of cycloxygenase-derived metabolites
in angiotensin II-induced aldosterone secretion remains
controversial (Campbell et al., 1980; Enyedi et al., 1981).

Hydrolysis of phospholipids by phospholipase D re-
sults in the formation of phosphatidic acid and the
release of phospholipid head groups (Exton, 1990). The
resultant phosphatidic acid can be hydrolyzed to diacyl-
glycerol. Angiotensin II has also been reported to activate
phospholipase D (Bollag et al.,, 1990) and to activate
formation of various diacylglycerols likely to be derived
from both phosphoinositides and phosphatidylcholine,
as judged by the sequential analysis of the composition
of the diacylglycerols (Underwood et al., 1993). Angio-
tensin II increased phosphatidic acid along with diacyl-
glycerol production, and, in the presence of ethanol, was
associated with the formation of phosphatidylethanol
from ethanol, a marker of phospholipse D activation.
Addition of exogenous phospholipase D also resulted in
an increase of diacylglycerol and aldosterone secretion
from cultured bovine glomerulosa cells. The amount of
diacylglycerol produced by the exogenous phospholipase
D was about half of that produced in response to angio-
tensin I1. The aldosterone-stimulating effect of phospho-
lipase D was potentiated further by the presence of the
calcium channel agonist, BAY K8644, which did not
affect diacylglycerol (or inositol phosphate) formation.
Thus, several mediators may be coparticipating or oper-
ating synergistically in cellular signaling of aldosterone
secretion evoked by angiotensin II, although their rela-
tive importance requires more definitive studies.

Although the Na*-H* antiporter system and Ca**-H*
exchanger can be activated by angiotensin II, their pre-
cise roles in aldosterone secretion have not been ade-
quately defined (Conlin et al., 1990; Hunyady et al.,

1988). The activation of Na*-H* exchanger by angioten-
sin II was thought to be mediated by protein kinase C
(Conlin et al., 1991). Such an indirect action of protein
kinase C could possibly explain the postulated role of
protein kinase C in aldosterone secretion as discussed
later. In a very recent study in which inhibitors of Na*-
H* and Na*-Ca’* exchange mechanisms were examined
further, it was concluded that the activation of these
sodium exchangers did contribute to angiotensin II- and
potassium-induced aldosterone secretion (Van Der Bent
et al., 1993). Using a fluorescent probe for Na*, these
investigators demonstrated significant increase of cyto-
solic Na* (maximal increase five-fold) to increasing doses
of angiotensin II. This increase could very well be me-
diated through one or both of the Na* exchanger sys-
tem(s) thought to be stimulated by angiotensin II. Phar-
macological blockade of each of the Na* exchanger mech-
anisms was associated with a decrease in angiotensin II-
induced aldosterone secretion. Inasmuch as changes in
cytosolic Na* concentration could not be measured in
the presence of the pharmocolgical blockers of the Na*
exchangers, the precise mechanism of action of these
agents or the mode of increase of cytosolic Na* concen-
tration remains elusive. A modest increase of cytosolic
Na* level was also noted during potassium-mediated
stimulation of aldosterone secretion in these studies.

4. Role of protein kinases. Phosphorylation-dephospho-
rylation cycles play critical roles in cellular signaling
mechanisms (Cohen, 1982; Krebs, 1985). In this context
protein kinases, phosphoproteins, and phosphatases are
key elements. As discussed earlier, CAMP and its protein
kinase(s) are the major intracellular mediators in ACTH-
mediated aldosterone secretion (Garren et al., 1971; Gill,
1972). This aspect will not be discussed here any further.
The role of other protein kinases (especially protein
kinase C) associated with the newly identified mediators
will be the subject of discussion in this section.

Nishizuka and his colleagues (Nishizuka et al., 1984)
identified a new protein kinase that was named protein
kinase C. This enzyme is distributed in many tissues and
requires phospholipid and calcium for activation. This
enzyme was first characterized on the basis of its cofactor
requirements i.e., calcium, phospholipid and diacylglyc-
erol. Diacylglycerol increases the affinity of the enzyme
for the phospholipids at the usual physiological calcium
concentrations, although an increment in cytosolic cal-
cium concentration can produce a synergistic effect with
diacylglycerol in activating the enzyme (Nishizuka et al.,
1984).

Among the diacylglycerols, 1,2-diacylglycerols contain-
ing unsaturated fatty acids are believed to be capable of
activating protein kinase C. The enzyme is generally
present in inactive form in the cytosol and translocates
to cellular membranes during cell stimulation. Protein
kinase C can also be activated by unsaturated fatty acids
such as arachidonic acid. Protein kinase C can also be
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activated pharmacologically with the tumor-promoting
phorbol ester, 12-O-tetradecanoylphorbol-13-acetate
(Blumberg et al., 1984), and with permeable diacylglyc-
erol analogues. Phorbol esters apparently become inter-
calated in the cell membrane, whereby it becomes the
receptor for the enzyme and its activator. These agents
have been widely used in the investigations relating to
protein kinase C in signaling as well as other biological
processes.

It is now evident that there exists a family of protein
kinase C isoforms (Coussens et al., 1986; Nishizuka,
1988), at least 12 in number, representing products of
specific genes (Dekker and Parker, 1994). The protein
kinase C isoforms show differential tissue distribution,
substrate specificity and mode of activation. Thus, pro-
tein kinase C may conceivably subserve a variety of
cellular functions and signaling mechanisms which re-
main to be clearly defined.

The metabolism phosphoinositides produces two
chemically distinct classes of products: inositol phos-
phates and diacylglycerol. Whereas some of the inositol
phosphates participate in cellular calcium changes, di-
acylglycerol causes physiological activation of protein
kinase C, although it might also be involved in calcium
influx (Kaczmarek, 1987; Shearman et al., 1989; Vivau-
dou et al., 1988). Recognition of the important role of
diacylglycerol in the activation of protein kinase C
prompted studies involving adrenal glomerulosa cell sig-
naling in Rasmussen’s laboratory (Kojima et al., 1983,
1984a), utilizing calcium ionophore A23187 and the pro-
tein kinase C agonists, a phorbol ester, and a diacylglyc-
erol analogue. Having demonstrated the individual and
concerted effects of these two types of agents in perifused
porcine and bovine adrenal glomerulosa cells, these in-
vestigators deduced that in adrenal glomerulosa cells, the
calcium-calmodulin system and protein kinase C might
operate in concert or sequence to produce the initial and
sustained stimulation of aldosterone secretion evoked by
angiotensin II. This interesting hypothesis stimulated
other investigators to examine the question further.

Angiotensin II has been reported (Lang and Vallotton,
1987) to cause a redistribution of protein kinase C from
the cytosol to the plasma membrane (a concomitant of
its activation) in bovine adrenal glomerulosa cells. In rat
glomerulosa cells (Farago et al., 1988), angiotensin II
failed to cause redistribution of protein kinase C under
calcium-free conditions, but it was able to do so in the
calcium-replete state. The significance of these findings
is not clear. These investigators observed, however, that
phorbol ester caused the expected redistribution of pro-
tein kinase C in the rat glomerulosa cells.

In another study (Nakano et al., 1990) using cultured
rat glomerulosa cells, both angiotensin II and a phorbol
ester acutely stimulated aldosterone secretion and caused
a transient redistribution of protein kinase C from the
cytosol to the cell membrane. However, when protein
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kinase C activity was down-regulated by extended expo-
sure to a phorbol ester, angiotensin II-stimulated aldos-
terone secretion remained unimpaired, thus implying, as
interpreted by Nakano et al. (1990), that protein kinase
C activation was not an absolute requisite for cell sig-
naling involved in angiotensin II-mediated aldosterone
secretion. It has even been suggested on the basis of the
effects of a phorbol ester and an inhibitor of protein
kinase C that the stimulatory effects of angiotensin II
and potassium on aldosterone secretion might involve
inhibition of protein kinase C activity in the adrenal
cells by these secretagogues (Hajnoczky et al., 1992).

These conflicting conclusions on protein kinase C
activity and aldosterone secretion have to be considered
in the perspective of various methods used to assess
protein kinase C activity. In view of the heterogeneity of
protein kinase C now known to exist and substrate
specificity of the various isoforms of the enzyme, it is
conceivable that substrates used or other variables in the
assays could give different results, depending on the
type(s) of protein kinase C activated during the experi-
ments.

We have not been able to stimulate aldosterone secre-
tion significantly with phorbol esters or diacylglycerol
analogues in static incubations of acutely dispersed ad-
renal glomerulosa cells. In fact, somewhat higher concen-
trations of phorbol ester inhibited angiotensin II-me-
diated aldosterone secretion (Kojima et al., 1986a). Yet,
inhibitors of protein kinase C do decrease aldosterone
secretion in varying degrees (Ganguly et al., 1992a; Gan-
guly and Waldron, 1994). Whether such inhibition of
aldosterone secretion is related definitively to protein
kinase C inhibition is uncertain. Aldosterone secretion
seems to be much more sensitive to the inhibition of
calmodulin or manipulation of calcium than it is to the
inhibition of protein kinase C (Ganguly et al., 1992;
Ganguly and Waldron, 1994), although again the speci-
ficity of the various pharmacological inhibitors remains
uncertain. If protein kinase C is indeed important for
the maintenance of aldosterone secretion during angio-
tensin II stimulation, both the presence of extracellular
calcium and continual calcium influx seem to be critical.
In the absence of calcium influx, the sustained phases of
the increase of cytosolic free calcium concentration and
aldosterone secretion in response to angiotensin II de-
cline to low levels, as shown by several investigators
including ourselves (Braley et al., 1986; Capponi et al.,
1987; Kramer, 1988b; Pratt et al., 1989; Ganguly et al.,
1992).

If translocation of protein kinase C is a necessary
concomitant of its activation, then potassium does not
seem to activate protein kinase C in the bovine adrenal
glomerulosa cells (Lang and Vallotton, 1987), nor does it
increase diacylglycerol (Hunyady et al., 1990) or inositol
phosphates (Ganguly et al., 1990; Kojima et al., 1985d).
Its action on aldosterone secretion then must be me-

ey -
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diated by calcium/calmodulin (Ganguly et al., 1990) and
by activation of a specific protein kinase (Kennedy and
Greengard, 1981), although a concomitant increase of
cAMP in one study (Kojima et al., 1985a) and a reduction
of pyridine nucleotides associated with potassium-in-
duced aldosterone secretion in another study (Pralong et
al,, 1992) have been observed. Precise significance of
each of those findings remains unclear.

Diacylglycerol could very well be involved in cellular
signaling, i.e., through the activation of protein kinase
C. But it is not easy to extrapolate the results of the
effects of phorbol esters or diacylglycerol analogues to a
physiological role for diacylglycerol. These protein kinase
C agonists are metabolized slowly, unlike naturally pro-
duced diacylglycerol in the tissues, and therefore may
not mimick the biological effect of diacylglycerol pro-
duced in the cell.

Prolonged stimulation by the synthetic protein kinase
C agonists may produce confounding effects, such as
depletion of specific protein kinase C isoforms or inhi-
bition of phosphoinositide hydrolysis or calcium influx.
These effects certainly would modify the signaling se-
quences and interactions between the mediators. But
even with the natural events related to the hydrolysis of
the phosphoinositides, the continual production of di-
acylglycerol, now known to proceed during angiotensin
II-mediated cell stimulation (Hunyady et al., 1990; Bollag
et al, 1991), may not be conducive to the purported
sustained stimulation of protein kinase C, because the
enzyme is expected to be down-regulated in a manner
similar to that proposed during stimulation with a phor-
bol ester (Inagaki et al., 1986). Such desensitization can
occur with diacylglycerol as well (Inagaki et al., 1986).
Whether this effect does occur in vivo is by no means
certain, because diacyglycerol is metabolized rapidly.
However, it has been shown (Hunyady et al., 1990) that
in adrenal glomerulosa cells stimulated by angiotensin
II, formation of inositol phosphates and diacylglycerol
are not affected initially by alteration of extracellular
calcium concentration, but aldosterone secretion as well
as inositol phosphate formation cannot be sustained if
the extracellular calcium concentration is reduced. Al-
dosterone secretion declines despite the fact that two-
thirds of the diacylglycerol production continues una-
bated under these conditions. This argues against an
independent role of protein kinase C in the sustained
phase of aldosterone secretion, as proposed by Kojima
and colleagues (Kojima et al., 1983, 1984a). However, we
do not know the composition of the diacylglycerol that
is formed under low calcium conditions, presumably from
sources other than phosphoinositide hydrolysis (Under-
wood et al., 1993). Whether diacylglycerol formed from
phospholipids other than phosphoinositides such as
phosphatidylcholine can also activate protein kinase C
is uncertain (Leach et al., 1991). Depending on the nature
of fatty acids, various diacylglycerols might have varying

potencies in stimulating protein kinase C (Underwood et
al., 1993). Thus, the attractive conceptual model of ad-
renal cell signaling proposed by Rasmussen’s group (Ko-
jima et al.,, 1983, 1984a) remains ambiguous at best.
There is a strong possibility that protein kinase C might
support other cellular functions such steroidogenic en-
Zyme expression, cell growth and renewal. The inhibition
or stmulation of steroid secretion could be secondarily
related to those effects of protein kinase C.

Phosphorylation of proteins, which reflects the effects
of activated protein kinases, has been reported (Barrett
et al, 1986) in the bovine adrenal glomerulosa cells.
Several different proteins were noted to be phosphoryl-
ated in response to stimulation of the cells by angioten-
sin. It was observed that several proteins were phos-
phorylated early (at 1 minute) and others were phos-
phorylated later (at 30 minutes). The concerted effects
of phorbol ester and A23187 produced phosphorylation
of the same proteins in a similar fashion as induced by
angiotensin II. These findings were interpreted to mean
that the early phosphorylation was probably mediated
by a calcium-calmodulin-dependent protein kinase, and
the proteins phosphorylated later were the products of
the effects of protein kinase C. These observations seem-
ingly support the original thesis of these investigators of
a sequential participation of the calcium-calmodulin sys-
tem and protein kinase C in angiotensin II-mediated
steroidogenesis, but these observations provide only cir-
cumstantial evidence for the involvement of the two
types of protein kinases during stimulation of aldoster-
one secretion. It is also not known whether those phos-
phorylated proteins, affected by the various agents, are
actually involved in the glomerulosa cell steroidogenesis.

Recently, angiotensin II-induced activation of both
tyrosine kinase and phosphatase has been reported in
some cells (Huckle et al., 1992; Molloy et al., 1993; Duff
et al.,, 1993). Serine-threonine related phosphtase(s)
could also be involved in angiotensin II-mediated action
(Ganguly et al., 1994). A myosin light chain kinase
inhibitor has been reported to attenuate angiotensin II-
mediated phosphoinositide hydrolysis in bovine adrenal
glomerulosa cells (Nakanishi et al., 1994). The roles of
all of these systems and their significance in the action
of angiotensin II in the adrenal glomerulosa cells require
further investigations.

C. Interactive Effects of Secretagogues and/or Cellular
Mediators

Limited studies have examined interactive effects of
angiotensin II and potassium, of ACTH and potassium,
or of ACTH and angiotensin II on the intracellular
messengers or interactions between the messengers in
the adrenal cells and steroid secretion. When two cal-
cium-mobilizing secretagogues, angiotensin II and potas-
sium, were used to stimulate rat adrenal glomerulosa
cells, Balla et al. (1991) observed that angiotensin II, in

2102 ‘8 Jaqwiadag uo Ausianiun pesewwey | ye Bio sjeuinofiadse asswieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

438 GANGULY AND DAVIS

a dose-dependent manner, inhibited the increase of cy-
tosolic free calcium as well as the initial phase of calcium
influx induced by potassium without affecting aldoster-
one secretion. It is of interest that inhibition of calcium
influx in bovine glomerulosa cells in response to angio-
tensin II has been reported previously (Elliott et al.,
1985). In contrast, ACTH had no effect on the potas-
sium-induced increment in cytosolic calcium concentra-
tion (Balla et al., 1991). The locus of the effect of angio-
tensin II was thought to be the voltage-dependent cal-
cium channels but was mediated through protein kinase
C.
Interactions between the second messengers formed
by ACTH and angiotensin II administration have also
been reported. Simultaneous stimulation of bovine ad-
renal fasciculata cells with angiotensin II and ACTH
resulted in a greater cAMP response than that occuring
with ACTH alone (Brami et al., 1987; Langlois et al.,
1992). This effect of angiotensin II was transient and
seemed to involve protein kinase C, inasmuch as phorbol
ester and dioctanoylglycerol also produced the amplifi-
cation of cAMP response. Forskolin and cholera toxin
also stimulated more cAMP production when the adrenal
cells were treated with phorbol ester. ACTH induced a
greater CAMP response when pretreated with pertussis
toxin (Brami et al., 1987). Thus, the amplifying effect of
angiotensin II was thought to be mediated through the
inhibition of G; protein.

On the other hand, angiotensin II-induced increases
in inositol phosphate formation in the adrenal glomeru-
losa cells have been reported to be attenuated by concur-
rent stimulation with ACTH or with both ACTH and
cAMP (Woodcock, 1989). However, Baukal et al. (1990)
observed that in bovine adrenal glomerulosa cells, 8-
bromo-cAMP had a stimulatory effect on the production
of inositol 1,4,5-InsP; in response to angiotensin II;
longer incubations with the cAMP analogue resulted in
complex effects, including increased production
of 1,3,4,5-tetrakisphosphates and 1,4,5,6-tetrakisphos-
phates as well as reduced metabolism of inositol poly-
phosphates by 5-phosphatase. In a different study (Yosh-
ida et al., 1991), ACTH as well as an analogue of cAMP
and forskolin, a stimulator of cAMP, were shown to
reduce angiotensin II receptors as well as the angiotensin
II-induced increase of cytosolic calcium and increased
steroidogenesis in bovine glomerulosa cells. The effect of
ACTH was attributed to cAMP generation, since as low
doses of ACTH that did not increase cAMP also did not
affect either angiotensin II receptors or angiotensin II-
mediated aldosterone secretion. An earlier study (An-
doka et al., 1984) had also suggested a decrease of angio-
tensin II receptors in adrenal cells in response to ACTH.
Therefore, it seems that interactions among signaling
systems occur, but the overall consequences of these
interactions on steroidogenesis remain to be fully eluci-
dated.

D. Inhibitors of Aldosterone Secretion

1. Atrial natriuretic peptide. The effect of ANP on
aldosterone secretion has been investigated extensively.
ANP inhibits aldosterone secretion in vivo and in vitro.
Such inhibition applies to aldosterone secretion evoked
by all of the physiological secretagogues, indicating that
ANP in all likelihood has a physiological role in aldos-
terone secretion. The mechanism by which ANP inhibits
aldosterone secretion is far from clear, but many inves-
tigations have been carried out; these have been reviewed
recently (Ganguly, 1992). The results point to a possible
interference by ANP in the generation of appropriate
cell signaling in the adrenal glomerulosa, although this
is by no means certain at this time.

Binding of ANP to adrenal cells of various zones has
also been demonstrated using autoradiography (Choi et
al., 1986; Lynch et al., 1986). It is clear that glomerulosa
cells have the highest density of the binding sites among
the various adrenal cells. Specific receptors for ANP
have been characterized in the adrenal. There are at least
two types of high-affinity ANP receptors; they have
apparent molecular weights of 135,00 and 62,000 Da
(Takayanangi et al., 1987). The larger receptors are
associated with guanylate cyclase activation (Takayan-
angi et al., 1987), whereas the smaller receptors might
be linked with the adenylate cyclase (Anand-Srivastava
et al., 1990). It appears that there might be a third type
of ANP receptor characterized in other tissues, which
has been referred to as a clearance receptor (Maack et
al., 1985). ANP has been shown to increase cGMP in
adrenal glomerulosa cells (Matsuoaka et al., 1985) and
to activate guanylate cyclase in adrenocortical cell par-
ticulate fractions (Tremblay et al., 1986).

ANP has generally been shown to shift the dose-
response curve of ACTH-mediated aldosterone secretion
to the right (Ganguly, 1992), indicating that it alters the
sensitivity of the glomerulosa cells to ACTH; this occurs
without alterations in the binding of ACTH to its recep-
tors. Dibutyrl cAMP-stimulated aldosterone secretion is
also inhibited by ANP. ANP has been shown to inhibit
adenylate cyclase in the adrenal and other tissues (An-
and-Srivastava et al., 1984). This is probably mediated
through the smaller of the ANP receptors in the adrenal
cells (Anand-Srivastava et al., 1990) and presumably
involves a pertussis-sensitive G-protein (Anand-Srivas-
tava et al., 1987).

Both an increase of cytosolic calcium concentrations
and activation of calcium channels have been reported
in response to ACTH. Because calcium influx has been
shown to be a concomitant of ACTH-induced aldoster-
one secretion, ANP could also affect this calcium-related
signal (Chartier and Schiffrin, 1987).

Other mechanisms for ANP in the ACTH-induced
aldosterone secretion are possible. These might include
an increased degradation of cAMP resulting from a
c¢GMP-dependent cAMP phosphodiesterase and relating
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to an increase of cGMP levels in the adrenal glomerulosa
cells in response to ANP (MacFarland et al., 1991).
However, various cGMP analogues have failed to produce
inhibition of aldosterone secretion in most studies (Gan-
guly, 1992), raising doubts about a role of cGMP in the
aldosterone-inhibiting effect of ANP. If anything, cGMP
tends to increase aldosterone secretion slightly. Other
potential targets of ANP in the adrenal glomerulosa cells
could be (a) the potassium channels, as reported regard-
ing the anterior pituitary cells (Antoni and Dayanithi,
1990) and (b) protein kinase C. Both of these have been
implicated in the modulation of ACTH-evoked aldoster-
one secretion.

ANP also produces an inhibitory effect on angiotensin
II- and potassium-evoked aldosterone secretion (Gan-
guly, 1992). Again, a number of investigators have probed
the possible mechanism of this ANP effect. As discussed
earlier, angiotensin II is believed to increase cytosolic
free calcium concentrations by a receptor-activated cal-
cium influx and a 1,4,5-InsPs-induced mobilization of
intracellular calcium activation of calmodulin-dependent
protein kinase and protein kinase C. The target of ANP
could be any of these components of cellular signaling.
ANP has been shown not to influence either phosphoi-
nositide hydrolysis or initial cytosolic calcium transients
in the adrenal glomerulosa cells (Appeldorf et al., 1988;
Capponi et al., 1986; Ganguly, 1992).

In some studies (Chartier and Schiffrin, 1987) but not
in others (Takagi et al., 1988), inhibition of either cal-
cium influx or of modulation of a specific type of calcium
channel by ANP (Barrett et al., 1991; McCarthy et al.,
1990) associated with reduced aldosterone production
has been reported. How ANP interrupts calcium influx
or specific calcium channels, with the concomitant in-
hibition of aldosterone secretion, remains elusive. How-
ever, interference with a cellular calcium signal by ANP
has also been reported for other tissues (Ganguly, 1992).
The action of ANP may conceivably involve (a) cGMP
or its kinase, as reported in vascular tissue, or involve
(b) a G-protein. Because permeable cGMP analogues do
not directly inhibit aldosterone secretion in response to
angiotensin II, the role of cGMP remains doubtful. But,
a cation channel could be a direct target of ANP through
receptor-activated coupling through a G-protein.
Whether ANP affects protein kinase C activity or cal-
cium-calmodulin-dependent protein kinase activity has
not to our knowledge been directly examined in the
adrenal glomerulosa cells. However, phorbol esters or
permeable diacylglycerol analogues have not been able
to reverse the effect of ANP on aldosterone secretion
(Ganguly et al., 1989a). In some studies, the effects of
ANP on protein kinases have been investigated indi-
rectly by examining the effects of ANP on the phos-
phorylation of proteins (Elliott and Goodfriend, 1986;
Pandey et al., 1987; Takagi et al., 1988a; Ganguly et al.,

1989a), but the results and the significance of these
studies remain unclear.

Inasmuch as potassium-induced aldosterone secretion
is associated with calcium efflux through a voltage-de-
pendent calcium channel, the reported inhibitory effect
of ANP on calcium influx in the glomerulosa cells could
explain the ANP-mediated inhibition of potassium-
evoked aldosterone secretion. Measurement of either
cytosolic free calcium (Barrett et al., 1991) or calcium
influx (Chartier and Schiffrin, 1987) in response to po-
tassium in the presence of ANP seems to support such a
tenet. However, the final curtain might not yet have
come down on the modality by which ANP affects angio-
tensin II- and potassium-stimulated aldosterone secre-
tion.

2. Dopamine and somatostatin. A dopaminergic mech-
anism of inhibition of aldosterone secretion has been
proposed by Carey and colleagues (Carey et al., 1979;
Ganguly, 1984). A dopamine antagonist, metoclopram-
ide, stimulates aldosterone secretion, and this can be
blocked by dopamine. Dopamine has also been reported
to inhibit angiotensin II- and potassium-mediated aldoe-
terone secretion from bovine glomerulosa cells (Mc-
Kenna et al.,, 1979; Fitzpatrick and McKenna, 1989) in
vitro in a concentration-dependent manner—but usually
at a relatively high concentrations of dopamine. This
seems to occur through a D-2 receptor (Missale et al.,
1989), and glomerulosa cells have both D-1 an D-2 recep-
tors (Dunn and Bosmann, 1981; Bevilacqua et al., 1982).
The D-1 receptor seems to be linked with the adenylate
cyclase system. The presence of two types of dopamine
receptors may explain the variable direct effects of do-
pamine or related compounds on aldosterone secretion
observed by different investigators. The mechanism by
which dopamine inhibits aldosterone secretion induced
by angiotensin II and potassium is not clear. In the
pituitary, dopamine may or may not influence the turn-
over of PtdIns (Canonico et al., 1983, 1986). Dopamine
is also reported to inhibit prolactin secretion by interfer-
ing with changes in intracellular calcium concentration,
either through the inhibition of PLC-mediated hydroly-
sis of phosphoinositides (Malgaraoli et al., 1987) or cal-
cium influx (Login et al., 1988), perhaps via a G-protein-
mediated mechanism.

Dopamine has also been reported to inhibit both L and
T calcium channels in the pituitary cell (Lledo et al.,
1990). Similar mechanism(s) potentially can be operative
in the adrenal glomerulosa cells. Indeed, in one study
involving the frog interrenal gland, dopamine inhibited
inositol phosphate formation and corticosteroid secre-
tion through a pertussis-toxin sensitive G-protein
(Morra et al., 1991). In a very recent study, dopamine
has been reported to inhbit T calcium channels in rat
adrenal glomerulosa cells and this inhibition seems to be
mediated by the D-2 receptors (Ospenko et al., 1994).
Dopamine has also been reported to activate potassium
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channels in pituitary growth hormone-producing cells
(Takano et al., 1994). This may also be of interest.

Somatostatin has also been inhibitory to aldosterone
secretion evoked by its secretagogues (Aguilera et al,,
1981). Somatostatin receptors have been identified in
the adrenal cells using labeled somatostatin (Aguilera et
al., 1982) or its analogue (Maurier and Reubi, 1986).
Somatostatin immunoreactivity has been detected in the
adrenal glomerulosa zone (Aguilera et al.,, 1981). So-
matostatin might cause inhibition of aldosterone secre-
tion through a G; protein inhibiting adenylate cyclase
(Hausdorff et al., 1987) or through some other mecha-
nisms, such as decreased calcium entry (Hsu et al., 1991),
that could be mediated by a G; protein. In various tissues,
somatostatin has been reported to inhibit cAMP forma-
tion (Litvin et al., 1986), increase of cytosolic calcium
concentration (Hall et al., 1988), or calcium flux (Luini
et al., 1986). It has also been demonstrated to inhibit
voltage-dependent calcium currents (Nussinovitch,
1989). In the adrenal glomerulosa cells, the precise mech-
anism of action of somatostatin remains undefined but
could very well involve one or more of the above mech-
anisms.

IV. Conclusions

Our current understanding of the adrenal cellular me-
diators has been facilitated by crucial discoveries in
cellular and molecular biology, by technical advances in
the measurements of cytosolic calcium concentration
using various probes, by digital imaging methods allow-
ing direct visualization of such changes, by elegant patch-
clamp techniques for studying electrophysiology of cells,
and by the development of a variety of pharmacological
and biochemical tools (as well as by creative methods to
manipulate cells or introduce impermeable molecules
inside the cells).

In this review, we have examined a large body of
evidence relating to the cellular messengers involved in
stimulus-secretion coupling leading to aldosterone secre-
tion from the glomerulosa cells of the adrenal in response
to its physiological secretagogues. The role of calcium
and its interactions with other mediators were the major
focus of this review. Whereas cCAMP has been acknowl-
edged to be the major second messenger for ACTH-
induced steroidogenesis in the adrenal gland, cAMP was
found not to serve a similar role in angiotensin II- or
potassium-mediated aldosterone secretion. In contrast,
calcium not only seems to serve as the chief mediator of
angiotensin II- and potassium-induced aldosterone se-
cretion, it also seems to participate as a comediator of
ACTH-mediated aldosterone secretion. Like cAMP,
which requires a class of protein kinases to fulfill its
function as the cellular mediator of ACTH, calcium
seems to exert its full effect in concert with specific
protein kinases. Even though calcium is believed to act
as the second messenger for both angiotensin II and

potassium in provoking steroid secretion, there are sig-
nificant mechanistic differences between the actions of
the two secretagogues. Angiotensin II, unlike potassium,
provokes hydrolysis of phosphoinositides, mobilizes in-
tracellular calcium, and may utilize two different classes
of protein kinases.

As part of the phosphorylation-dephosphorylation
cycles in cell signaling, phosphatases must play an
equally important role with the protein kinases to com-
plete the sequence of events leading to the secretion of
aldosterone from the glomerulosa cells. The sequence of
events culminating in stimulus-secretion coupling in the
glomerulosa cells might be more complex than originally
thought; one must additionally consider the interplay of
a variety of cation fluxes or exchange systems as well as
shifts or movements of cations between subcellular or-
ganelles and the generation of additional mediators. The
relative importance of each of the processes in the hier-
archy of the various mechanisms remains to be defined.
When the adrenal cells are stimulated by more than one
secretagogue, there are complex interactions between the
cellular mediators. The inhibitors of aldosterone secre-
tion are likely to exert their effects by perturbing the
normal cell signaling processes, but the precise mecha-
nisms of their actions remain ill-defined.
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