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1. ABSTRACT

          There is growing evidence that the adrenal cortex is
the source of cardiotonic steroid (CS) regulators of sodium,
potassium-ATPase (NKA). The control of adrenocortical
production CS may play a critical role in mediating renal
and vascular responses involved in arterial hypertension.
Dopamine (DA) controls renal NKA by direct regulatory
phosphorylation and indirectly by modification of
aldosterone release.  In the present studies, Y-1
adrenocortical cell cultures which have been shown to
produce a cardiotonic steroid indistinguishable from the
known vertebrate steroid, marinobufagenin (MBG), were
treated with various agents to stimulate or antagonize
dopamine signaling pathways. We demonstrate that Y-1
cells express both pharmacological types of dopamine
receptor (DA1 and DA2). Treatment of Y-1 cells with DA

stimulated MBG production in a dose range similar to that
shown to inhibit aldosterone production by the adrenal
cortex. Experiments with specific DA1 and DA2 receptor
agonists and antagonists were performed and allowed us to
attribute the DA stimulatory effect to a DA1 type receptor.
The DA stimulatory effect on MBG depended on protein
kinase A (PKA) and could be blocked by Rp-cAMPS.
Although both basal and forskolin-stimulated progesterone
production by Y-1 cells were profoundly inhibited in Y-1
cell lines expressing the dominant negative type I
regulatory subunit of PKA, both basal and forskolin-
stimulated MBG production were demonstrated in these
lines. This evidence suggests a possible role of DA1
signaling through cAMP-mediated activation of the type II
PKA holoenzyme in the adrenal cortex.
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Figure 1.  Hypothesis: Adrenal action of dopamine on
cardiotonic steroid secretion reinforces the nephronal
role of dopamine and angiotensin II to regulate sodium
excretion/reabsorption.

2. INTRODUCTION

          The primary driving force of renal sodium
reabsorption is sodium, potassium-ATPase (NKA), the
sodium pump. Evidence from Mendelian forms of
hypertension emphasize the critical role of excess renal
sodium reabsorption in the generation of elevated blood
pressure (1). Numerous systems converge to regulate renal
sodium excretion. Because most natriuretic systems either
are without direct effect on blood pressure, or are anti-
hypertensive, there has been interest in endogenous
cardiotonic steroid inhibitors of NKA because the
generalized actions of such inhibitors can include both
reduction of renal sodium reabsorption and increased
vascular tone and elevated blood pressure  (2-5).
Cardiotonic steroids have also been demonstrated to
stimulate proliferation of renal epithelial cells (6) and
myocytes (7-11) at concentrations too low to cause
shifts in transmembrane ion gradients. Recent evidence
indicates that coupling of NKA to Src by cardiotonic
steroids transactivates the epidermal growth factor
receptor and activates MAP kinase signaling pathways
implicated in these proliferative responses (6, 12). Thus,
such compounds may play an important role to link
excess renal sodium retention to blood pressure
elevation in which inhibition of renal NKA facilitates
electrolyte balance, vasoactive effects contribute to the
induction of pressure-natriuresis, and signaling by MAP
kinase pathways supports adaptation of the mechanical
properties of the cardiovascular system to the attendant
increased mechanical stress.

          Growing evidence reveals that the adrenal cortex
is the site of biosynthesis of one or more cardiotonic
steroids that may function to restore sodium balance and
elevate blood pressure by inhibiting NKA (13). We have
shown that endogenously produced cardiotonic steroids
are the product of an adrenocortical steroidogenesis
pathway that is independent of cholesterol side-chain
cleavage (14, 15). We have also shown that the chemical
identity of one of these steroids is indistinguishable
from the known vertebrate cardiotonic steroid
marinobufagenin (MBG) (15-18).

           Dopamine plays a key role in the regulation of
sodium excretion. This role occurs at multiple levels and is
integrated with control by other regulatory agents. The
adrenal cortex takes up L-dopa from plasma and converts it
into DA (19). Dopamine receptor gene expression and
receptor protein are present in mammalian adrenal cortex
(20). Ligand binding studies further support the presence of
dopaminergic receptor sub-types in the adrenal cortex (20-
23). Adrenocortical DA receptors localize to the zona
glomerulosa, the site of production of mineralocorticoids.
The DA- and cAMP-regulated phosphoprotein, DARPP, a
critical mediator of dopaminergic signaling in other tissues,
is also present in the adrenal cortex (24). The DA receptor
pharmacological subtype 2 has been implicated directly in
the control of aldosterone (ALDO) production and DA
interaction with this receptor also antagonizes AII-
stimulated ALDO production (21-23). Dopamine also
inhibits ALDO production during volume expansion (25).
Intra-renal actions of dopamine include lowered sodium
reabsorption in proximal tubule by inhibition of NKA
activity (26). Dopamine regulation of renal sodium
excretion is integrated with control by other systems. Renal
dopamine opposes both the short- and long-term anti-
natriuretic effects of angiotensin (27, 28). Angiotensin II
stimulates the activity of proximal tubule NKA and this
effect is completely abolished in the presence of DA or its
second messenger cAMP (29). Together, this evidence
places dopamine at the apex of a cascade of regulatory
events, some occurring in the kidney and others through
alterations in adrenocortical function, that converge on
renal mechanisms of sodium balance.

           The purpose of the present work was to investigate
the role of DA in regulation of MBG production in
adrenocortical cells. We hypothesized that DA increases
MBG production by adrenal cortex by a protein kinase A-
mediated signaling pathway. Such an adrenal action to
increase NKA inhibitor production may reinforce other
direct and indirect actions of DA to produce net renal
sodium loss.  Our hypothesis is presented schematically in
figure 1.

3.MATERIALS AND METHODS

3.1. Cell culture
            Mouse adrenocortical tumor cells (Y-1) were
purchased from American Type Culture Collection. Cells
were grown to near confluence in 12-well plates in
DMEM/F12 (1:1) supplemented with 15% horse serum and
2% fetal bovine serum at 37°C in the presence of 5% CO2.
In each experiment, cells were pre-incubated for 16 hr in
serum-free medium followed by 2hr stimulation with
agents including DA, DA1 and DA2 receptor agonists and
antagonists and ACTH. Conditioned medium was collected
and stored at -20°C prior to extraction and analysis. Some
studies employed Y-1 cell lines stably transfected to
express a dominant negative regulatory subunit (type I) of
protein kinase A (Y-1/RIAB). Empty selection vector
transfected cells were used as controls (Y-1/neo). The
steroidogenic phenotypes of the transfected cell lines have
been fully characterized and previously reported (30).
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Table 1. PCR Primer sequences and products sizes
Gene
name

Specific primers Nested primers Product size
bp1

D1 F 5’-CTA CAG GAT TGC CCA GAA GC-3’
R 5’-TAC CCC CAT GAT CAC AGA CA-3’

F 5’-GCA TCT CAG CTT TGG AGA GG-3’
R 5’-CCT CTT AAA GGA CAT CTT AAA GGA A-3’

190/145

D2 F 5’-CTG TAC CTT CGG GGG AAA AT-3’
R 5’-ACC TCC AAC TTC AGC TCC AA-3’

  N/A 200

D3 F 5’-CTT TGG CAA CGG TCT GGT AT-3’
R 5’-TGA CAT CCA GGG TGA CAA AA-3’

  N/A 203

D4 F 5’- GTG TGT TGG ACG CCT TTC TT-3’
R 5’-GTT CTT TCA GCA GCG GSG AC-3’

F 5’-CTG TGT CCG GCT TGC TTC-3’
R 5’-GCG GAA  GAC ACT TCG AAA CT-3’

198/160

D5 F 5’-TCC AAC TCA ATT GGC ACA GA-3’
R 5’-GCG CGT GTA GGT CAC TAT CA-3’

F 5’-AGA GGG CCT GCT GTC CAA T-3’
R 5’-AGA AGC TGA TGA GCG ACG AG-3’

203/164

F: forward primer, R-: everse primer 1 Specific/nested

3.2. RNA extraction and reverse-transcriptase-
polymerase chain reaction (RT-PCR)
          Extraction of total RNA from Y-1 cells was done
with RNAqueous-4PCR RNA isolation Kit (Ambion,
Austin, TX). RNA concentration was estimated from
absorption at 260 nm.  Samples were stored at -80°C.
Primer and PCR product sizes are shown in the table 1:
PCR primer sequences and product sizes . For the RT step,
3µg of total RNA was dissolved in 20 µl of reaction
mixture (GeneAmp RNA PCR Kit, Applied Biosystems,
Foster City CA.) and kept at 37°C for 15 minutes.  For the
PCR step, the resulting RT mixture was transferred into
reaction buffer that contained specific primers. PCR
involved 35 cycles of 95°C, 60°C, 72°C for 1 minute each
in a PTC-200 Peltier Thermal Cycler (MJ Research,
Waltham, MA). PCR products were visualized by ethidium
bromide staining after electrophoresis on 3% agarose gels
and size of products estimated from adjacent size standards.
The specificity of PCR products obtained was confirmed by
performing a second round of PCR using the initial
products with nested primers.

3.3. Immunoassays
          MBG cross-reactive material in conditioned culture
medium was measured in C18 extracted samples using
ELISA as described (15).  Samples were tested in the
ELISA for their ability to inhibit the binding of rabbit MBG
antibody to solid phase-bound MBG (immobilized
conjugate of MBG-3-glycoside to RNAse; 0.02 µg of
conjugate in 0.1ml of bicarbonate-buffered saline per well).
The sensitivity of immunoassay was 0.05 ng/L. The cross-
immunoreactivity of marinobufagenin antibody was (%):
proscillaridin A, and progesterone and pregnenolone all
<0.1; marinobufagenin 100; digitoxin 3.0; bufalin 1.0;
digoxin and cinobufagin 1.0; ouabain 0.1; prednisone,
spironolactone, Progesterone content of conditioned
medium was measured by a specific radioimmunoassay
which has been previously described (15).

3.4. Statistical Analysis
          The results are expressed as mean±SEM. Statistical
significance was determined by t test assuming equal
variances.  A value of p<0.05 was considered to be
significant.

3.5. Materials
          MBG antibody was the kind gift of Dr. A. Bagrov,
National Institute on Aging, Baltimore, MD.
Bromocriptine, SKF-38393 and spiperone were generously

provided by Dr. M. Lokhandwala, the University of
Houston, TX. Dopamine, SCH-23390, AII and all other
reagents were obtained from Sigma Chemical Co. Fetal
Bovine serum, DMEM, F12 and horse serum were obtained
from GIBCO-BRL.

4. RESULTS

4.1. RT-PCR analysis of dopamine (D1-D5) receptor
gene expression in Y-1 adrenocortical cells
           To address the question of whether adrenocortical
MBG production may be regulated by DA and modified by
angiotensin II it was necessary to determine whether
expression of DA and angiotensin receptors is preserved in
Y-1 adrenocortical cells.  Figure 2 illustrates results of RT-
PCR analysis of DA (D1 through D5) receptor expression
in Y-1 cells. RT-PCR analysis showed that Y-1
adrenocortical cells express genes encoding both dopamine
pharmacological receptor subtype DA1 (D1 and D5 genes)
and subtype DA2 (D4 gene). The identity of RT-PCR
products was further verified by nested PCR (figure 2).

4.2. Role of dopaminergic system in regulation of MBG
production
          Effect of DA on MBG production in adrenocortical
cells is shown in figure 3. Basal level of MBG production
was 32.8±3.1 ng/L and increased up to 48.7±5.6 ng/L
(p<0.04) in the presence of 0.1µM of DA and up to
49.2±3.2 ng/L (p<0.005) in the presence of 1µM of DA. To
determine whether a specific DA receptor subtype mediates
the stimulatory effect of DA on MBG production,
experiments were performed with specific DA1 and DA2
receptor agonists and antagonists. The results are shown in
figure 4. In this set of experiments basal MBG production
was 14.5±0.8 ng/L (basal levels of MBG production
commonly vary over time and at different levels of culture
density in these fast growing adrenocortical tumor cells)
and increased in the presence of 100 nM of DA to 24.6±1.4
ng/L (p<0.001). The DA stimulatory effect was abolished
by DA1 receptor antagonists, SCH-23390 (100 nM), but
not by DA2 receptor antagonist, spiperone (100 nM). DA1
receptor agonist SKF-38393 (100 nM), but not DA2 agonist
bromocriptine (100 nM) stimulated MBG production
(22.7±3.3 ng/L; p<0.002). This indicates that DA effects on
MBG production are mediated by DA1 receptors.

4.3. Second messenger pathway
           The classical signaling pathway for D1-like
receptors leads to activation of adenylate cyclase, increased
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Figure 2. RT-PCR analysis showed the products of
expected size for D1A, D4A and D5A  specific primers
(A). The identity of PCR products obtained with specific
primers was confirmed by PCR with nested primers (B).
No products were detected for D2 and D3 (data not shown).

Figure 3.  Effect of dopamine on MBG production in Y-1
adrenocortical cultures.  Cells were incubated for 2 hr in
basal conditions and in medium containing 0.1 µM and
1µM of dopamine. MBG level was measured by ELISA in
C-18 extracted conditioned medium. Data are presented as
mean ± SEM; n=6 culture dishes; *p<0.05, **p<0.01 vs
control.

levels of cAMP, and PKA activation (31). PKA may either
directly phosphorylate a target protein or initiate a cascade
of phosphorylation events and activation of the DA and
cAMP-regulated phosphoprotein, DARPP32, an inhibitor
of protein phosphatase 1 (32). The objective of these
experiments was to investigate if the cAMP/PKA signaling
pathway is involved in MBG regulation.

                       We used the specific inhibitor of the
activation of PKA, Rp-cAMPS to determine whether PKA
signaling is involved in regulation of MBG production by
dopamine. DA-stimulated MBG production was completely
abolished by Rp-cAMPS (p<0.01) (figure 5). In order to
determine whether PKA signaling involves transduction
pathways involving the PKA-I holoenzyme or the PKA-II
pathway we studied two stably transfected Y-1 clones
expressing either the neomycin resistance gene (Y-1/neo)
or a cAMP-dependent protein kinase type I regulatory
subunit harboring mutations in both sites A and B of the

cAMP-binding domain (Y-1/RIAB). Expression of this
mutated RI has been previously shown to markedly impair
PKA-dependent control of Y-1 steroidogenesis resulting
from cholesterol side-chain cleavage (30). We measured
progesterone production in these two lines to demonstrate
impairment of cholesterol side-chain cleavage-mediated
steroidogenesis and its control by PKA in the Y-1/RIAB
line. As expected, the adenyl cyclase activator, forskolin,
stimulated progesterone production in the control (Y-1/neo)
cell line. Both basal and forskolin-stimulated progesterone
release were essentially undetectable in Y-1/RIAB (figure
6A, left panel). Forskolin stimulated MBG production in
the Y1/neo cell line, further supporting involvement of
PKA signaling in the control of MBG production. In
contrast with progesterone production, basal MBG
production was readily detected in Y1/RIAB cells and was
further stimulated by forskolin. This indicates that MBG
production is not controlled by PKA-I signaling, but may
be controlled by a PKA-II pathway (figure 6A, right panel).
ACTH is a master controller of adrenocortical
steroidogenesis and is also able to activate PKA signaling
(33). At present, there is no knowledge of whether such
activation drives PKA-I, PKA-II or both pathways.
Signaling by ACTH of increased side-chain cleavage
leading to progesterone accumulation was observed in Y-
1/neo, but was absent in Y-1/RIAB (figure 6B, left panel)
confirming the role of PKA-I in ACTH-mediated activation
of side-chain cleavage. ACTH stimulated MBG production
on both Y-1/neo and Y-1/RIAB cell lines in a manner
analogous to forskolin stimulation. This result may be
explained if, like forskolin, ACTH can activate pathways
leading to stimulation of both PKA-I And PKA-II.

5. DISCUSSION

            This work was done to probe the hypothesis that a
set of mechanisms known to regulate mineralocorticoid
secretion in adrenal cortex has opposing effects on the
production of adrenocortical cardiotonic steroid (MBG)
(figure 1). Body sodium balance is precisely regulated by
modulatory factors released from intra- and extrarenal
sources. The effects of anti-natriuretic and natriuretic
factors are coordinated and an intact DA system is
important for the maintenance of sodium homeostasis and
normal blood pressure (34).  We report here evidence that
regulation in the adrenal cortex of the endogenous sodium
pump inhibitor, MBG, is under dopaminergic control.

Evidence for a role of DA in the adrenal cortex
has come from in vivo studies of the control of secretion of
the sodium-retaining hormone aldosterone in both humans
and experimental animals. Administration of the DA2
antagonist, metoclopramide, in both rats and humans was
shown to increase plasma aldosterone levels without
modifying any of the known stimulators of the hormone
release, an effect that was blocked by intravenous infusion
of DA (35-37). In vitro studies with freshly isolated adrenal
glomerulosa cells demonstrated that activation of DA2
receptors resulted in inhibition of angiotensin II-induced
aldosterone secretion but did not modify hormone release
under basal conditions or after stimulation by
adrenocorticotropic hormone (38).  These data indicated
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Figure 4. Cells were incubated for 2 hr in basal conditions
or stimulated with dopamine alone (0.1µM); dopamine
(0.1µM) in presence of D1 or D2 receptors antagonists
(5µM); or with dopamine D1 and D2 receptors agonists
(0.1µM). MBG level was measured by ELISA in C-18
extracted conditioned medium. Data are presented as mean
± SEM; n≥5  culture dishes; ***p<0.001, **p<0.01 vs
control.

     
Figure 5. Effect of  protein kinase A inhibitor Rp-cAMPS
on dopamine-stimulated MBG production.  Cells were
incubated for 2 hr in basal conditions or stimulated with
dopamine alone (0.1µM) or with dopamine (0.1µM) in
presence of specific inhibitor of activation of protein kinase
A, Rp-cAMPS (10µM). MBG level was measured by
ELISA in C-18 extracted conditioned medium. Data are
presented as mean ± SEM; n=6 culture dishes; *** p<0.001
vs control, ### p<0.001 vs 0.1µM of dopamine.

that the effects of DA on aldosterone secretion are
mediated by DA2 receptors in adrenal glomerulosa cells
and pointed to selective, functional interaction between DA
and angiotensin II in the regulation of the production of
aldosterone. Y-1 cells lack the capacity to synthesize
mineralocorticoids, preventing us from monitoring the
effect of our dopamine treatments on aldosterone
production. Although the pharmacological characterization
and localization of both DA1 and DA2 receptors in the
adrenal cortex has been shown, the physiological role of
DA1 receptors in adrenal glomerulosa cells is previously
unknown (38). In the present study we have shown that DA
can stimulate synthesis of the NKA inhibitor MBG by Y-1
adrenocortical cells. Based on pharmacological analysis
with specific agonists and antagonists we have concluded
that this stimulatory effect is mediated via DA1 type
receptors.  We also show evidence that transcripts of both
genes encoding DA1-type pharmacological receptors (D1
and D5) are present in Y-1 cells.

            In vitro analysis of the transduction pathways
activated by DA receptors in adrenocortical glomerulosa
cells revealed that D1 receptors are associated with
stimulation of adenylyl cyclase (21). D2 receptors have
been shown to inhibit cAMP formation and Ca2+ influx
(39).  The effect of DA on MBG production was blocked
by specific PKA inhibitor Rp-cAMPS, which suggests that
this stimulation may be the result of activation of protein
kinase A through the adenylate cyclase signaling pathway.
Surprisingly, MBG production was stimulated by forskolin
and ACTH in Y-1 cells transfected with a vector expressing
the dominant negative form of the protein kinase A
regulatory I (RI) subunit. Over-expression of this mutated
RI markedly impairs both basal and stimulated side-chain
cleavage dependent-steroidogenesis in Y-1 cells (30) which
was confirmed in our experiments (Figure 6). However, we
observed that basal MBG production persists and can be
further stimulated by forskolin. In our previous work we
have developed evidence that adrenocortical cardiotonic
steroid production is independent of side-chain cleavage
(14, 15, 40). Thus, these observations suggest that
elimination of PKA type I signaling affects the capacity to
generate steroids by reducing expression of critical
components of the side-chain cleavage pathway (41), but
leaves cardiotonic steroid production and its regulation
unimpaired. The cAMP-stimulation of MBG production,
but not progesterone production, in Y-1/RIAB cells
expressing mutant RI subunit may be explained if MBG
biosynthesis pathway is sustained and stimulated by
activation of type II PKA holoenzyme (containing RII
subunit).

            Protein kinase A is a tetramer comprised of two
catalytic (C) subunits and two cAMP-binding regulatory
(R) subunits. Two families of R subunit isoforms, RI and
RII, have been identified that differ significantly with
respect to affinity for activators and inhibitors, regulation
by phosphorylation, intracellular localization and may
direct catalytic activity to different substrates (42). The
type I PKA holoenzyme is predominantly cytoplasmic,
whereas >75% of the type II holoenzyme is targeted to
certain intracellular sites through association of the RII
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Figure 6. Effect of forskolin (A) and ACTH (B) on MBG
production in Y-1 transfected cells. Cells were incubated
for 2 hr in basal conditions or stimulated with  forskolin (10
mg/ml) or with ACTH (10 nM). MBG level was measured
by ELISA in C-18 extracted conditioned medium.
Progesterone was measured in conditioned medium by a
specific RIA. Data are presented as mean ± SEM; n=6, * =
p<0.05, ** = P<0.01, *** = p<0.001, vs control.

subunits with cellular binding proteins known as anchoring
proteins (AKAPs) (43). Each anchoring protein contains
two classes of binding sites: a conserved “anchoring motif”
which binds the regulatory subunit of PKA and a “targeting
domain” that directs the sub-cellular localization of the
PKA-AKAP complex through association with structural
proteins, membranes, or cellular organelles. Sub-cellular
targeting, by association with anchoring proteins, has
emerged as an important mechanism allowing cells to
localize signaling enzymes to sites where they can be
accessed optimally by activators and, in turn, interact with
particular substrates. Further study will be necessary to
clarify the role of PKA subtypes in regulation of
adrenocortical sodium pump inhibitor production.

           Here we report evidence of how adrenocortical
production of the sodium pump inhibitor, MBG, is
regulated by dopamine. The dopaminergic signaling
pathway is driven by activation of PKA. However,
dopamine modulation of MBG production is more likely to
involve the type II PKA holoenzyme than the type I
holoenzyme. These observations provide insight into a
system for the regulation of adrenocortical biosynthesis of
the sodium pump inhibitor, MBG, that is fully compatible
with the important role of dopamine in the integration of
body sodium balance. This work lends further support to
the idea that adrenocortical cardiotonic steroid production
can play an important role in the integration of fluid and
electrolyte balance and cardiovascular function.
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