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Dopamine is known to play a role in the modulation of aldo-
sterone and catecholamine secretion from the adrenal gland,
where dopamine receptors (DR), in particular the DR type 2
(D2), have been found to be expressed. DR expression has also
been demonstrated in some types of benign adrenal tumors.

The aims of the current study were to evaluate DR expres-
sion and D2 localization in the normal adrenal gland and in
different types of benign and malignant adrenal tumors, as
well as to evaluate the in vitro effects of the dopamine agonists
bromocriptine and cabergoline on hormone secretion in non-
tumoral adrenal cells.

Adrenal tissues from 25 patients, subjected to adrenal sur-
gery for different diseases, were studied. These included three
normal adrenals; five adrenal hyperplasias; four aldosterone-
secreting, two cortisol-secreting, and two clinically nonfunc-
tioning adrenal adenomas; two aldosterone-secreting, two
cortisol-secreting, and two androgen-secreting adrenal car-
cinomas; and three pheochromocytomas. In all tissues, DR
and D2 isoform (D2long and D2short) expression was evaluated
by RT-PCR. D2 localization was also evaluated by immuno-
histochemistry using a specific polyclonal antibody, whereas
D2-like receptor expression was evaluated by receptor-ligand
binding study, using the radiolabeled D2 analog 125I-epide-
pride. The effects of bromocriptine and cabergoline on base-
line and ACTH and/or angiotensin II-stimulated aldosterone,
cortisol, and androstenedione secretion were evaluated in cell
cultures derived from five different adrenal hyperplasia.

At RT-PCR, both D1-like and D2-like receptors were ex-
pressed in all normal and hyperplastic adrenals. D2 and D4

were expressed in aldosterone- and cortisol-secreting adeno-
mas, cortisol-secreting carcinomas, and clinically nonfunc-
tioning adenomas, whereas no DR was expressed in aldoste-
rone- and androgen-secreting carcinomas. D2, D4, and D5 were
expressed in pheochromocytomas. In all D2-positive tissues,
both D2 isoforms were expressed, with the exception of one
case of aldosterone-secreting adenoma and the cortisol-
secreting carcinomas, in which only the D2long isoform was
expressed. D2-like receptor expression was confirmed at
receptor-ligand binding study. At immunohistochemistry, D2
was mainly localized in the zona glomerulosa and reticularis of
the adrenal cortex and, to a lesser extent, in the zona fasciculata
and medulla of normal and hyperplastic adrenal tissue. In the
positive tumors, D2 was localized in the tumoral cells. At the in
vitro study, a significant inhibition of both baseline and ACTH-
stimulated aldosterone secretion was found after high-dose
cabergoline, but not bromocriptine, administration; and a sig-
nificant inhibition of angiotensin-II-stimulated aldosterone
secretion was found after both bromocriptine and cabergoline
administration in the adrenal hyperplasias.

In conclusion, the current study demonstrated that both
D1-like and D2-like receptors are expressed in the normal ad-
renal gland and in a percentage of adrenal adenomas or car-
cinomas. Bromocriptine and cabergoline induce only a minor
inhibition of the secretion of adrenal hormones in the nontu-
moral adrenal gland in vitro, not excluding, however, the pos-
sible effective use of dopamine agonists in vivo in the treat-
ment of adrenal tumors. (J Clin Endocrinol Metab 89:
4493–4502, 2004)

DOPAMINE IS THE predominant catecholamine neu-
rotransmitter in the human central nervous system,

but plays multiple roles in the periphery, as a modulator of
cardiovascular and renal function and endocrine regulation
(1). The various actions of dopamine are mediated by five
specific receptors (D1–D5), which can be subdivided in two
different receptor families on the basis of their biochemical

and pharmacological characteristics: D1-like (including the
D1 and D5) and D2-like (including the D2, D3, and D4 receptor)
(1). D2 receptor exists in two different isoforms, the long
(D2long) and short (D2short) isoforms (1). The different dopa-
mine receptor (DR) subtypes have a differential distribution
and play different roles in various organs and tissues (1).

The dopaminergic system is known to regulate the renin-
angiotensin-aldosterone system (2). D1-like receptors are ex-
pressed in the renal juxtaglomerular apparatus, where D1-
selective dopamine agonists stimulate renin secretion (3, 4).
Both D1- and D2-like receptors have been reported to be
expressed in the adrenal medulla, where they modulate
catecholamine release (5–7). Conversely, DR expression and
function in the normal adrenal cortex are still a matter of
debate. Indeed, the administration of the D2 antagonist
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metoclopramide was shown to directly increase plasma al-
dosterone levels (8), without the mediation of any modulator
of aldosterone secretion (9, 10). However, dopamine or do-
pamine agonists, such as bromocriptine, did not modify
basal plasma aldosterone levels (11), suggesting that aldo-
sterone production is under maximal tonic dopaminergic
inhibition. The presence of D2-like receptors in the adrenal
cortex has been evaluated by binding studies, which dem-
onstrated their localization mainly in the zona glomerulosa
of the adrenal cortex (12). Moreover, they were demonstrated
to mediate the inhibition of angiotensin-stimulated, but
not basal and ACTH-stimulated, aldosterone secretion by
dopamine agonists (13). Recently, both D2 and D4 receptors
have been demonstrated, by molecular studies, to be hetero-
geneously expressed in all three zones of the adrenal
cortex (14).

DR expression has not been extensively evaluated in ad-
renal tumors. D2 and D4 receptors have been recently dem-
onstrated, by RT-PCR and in situ hybridization (ISH), in
pheochromocytomas, the tumors deriving from adrenal me-
dulla, and in benign aldosterone-producing tumors (6, 14).
However, no study has ever evaluated DR expression in
benign cortisol- or sex hormone-producing or clinically non-
functioning tumors as well as in malignant cortical adrenal
tumors.

The aim of the current study was 3-fold: 1) to evaluate DR
and D2 isoform expression by RT-PCR, and D2-like receptor
expression by receptor-ligand binding study (RLBS) as well,
in normal adrenal and adrenal hyperplasia and tumors; 2) to
evaluate the localization of D2 receptor expression by im-
munohistochemistry (IHC) in normal adrenal and adrenal
hyperplasia and tumors; and 3) to evaluate the in vitro effect
of the dopamine agonists bromocriptine and cabergoline on
baseline and ACTH and/or angiotensin II-stimulated aldo-
sterone, cortisol, and androstenedione concentration on cul-
tured adrenal cells deriving from five different hyperplastic
adrenals.

Subjects and Methods
Subjects

The adrenal samples were surgically removed from 25 patients (14
males, 11 females; age range, 34–66 yr; mean, 48.5 � 0.7; median, 48.0),
operated for renal or adrenal diseases, after their informed consent had
been obtained. Three of the 25 patients were subjected to monolateral
nephrectomy for renal carcinomas, eight to adrenal tumorectomy, nine
to monolateral adrenalectomy, and the remaining five to bilateral ad-
renalectomy for adrenal diseases. The adrenal case load included three
normal adrenals (deriving from the patients subjected to nephrectomy),
five adrenal hyperplasias (deriving from patients with ACTH-depen-
dent Cushing’s syndrome), four aldosterone-secreting adrenal adeno-
mas and two aldosterone-secreting adrenal carcinomas (deriving from
patients with Conn’s syndrome), two cortisol-secreting adrenal adeno-
mas and two cortisol-secreting adrenal carcinomas (deriving from pa-
tients with ACTH-independent Cushing’s syndrome), two androgen-
secreting carcinoma (deriving from two female patients with virilizing
syndrome), two clinically nonfunctioning adrenal adenoma (incidenta-
lomas), and three pheochromocytomas. The diagnosis were performed
on the basis of clinical, biochemical, hormonal, radiological, and patho-
logical features of the respective cases.

Samples

Adrenal specimens were obtained, at the time of surgery, from the 25
patients. Samples of these specimens were taken fresh directly at the

operation. A sample was fixed in 10% paraformaldehyde overnight and
then embedded in paraffin for the IHC study. An additional sample was
quickly frozen on dry ice and stored in a freezer at �80 C for RT-PCR
and/or RLBS. In selected cases, a fresh sample was also used for the
establishment of adrenal primary culture.

Study design

In all 25 cases, DR expression was evaluated by RT-PCR, whereas
D2-like receptor expression was evaluated by RLBS on adrenal cell
membrane preparations in one case of normal adrenal, one case of
adrenal hyperplasia, one case of cortisol-producing adenoma, and one
case of cortisol-producing carcinoma. D2 receptor expression was eval-
uated also by IHC in all 25 cases. In the three cases of adrenal
hyperplasia, the in vitro effect of dopamine agonists bromocriptine and
cabergoline was also evaluated. In two additional cases of adrenal hy-
perplasias, the effect of bromocriptine and cabergoline on angiotensin
II-stimulated and ACTH-stimulated aldosterone secretion was also eval-
uated. The protocol was in accordance with the Helsinki Doctrine on
Human Experimentation, and it was approved by the local ethical
committee.

RLBS

The frozen tissue samples were used for the membrane RLBS. The
methodology of membrane isolation has been previously described (15).
Briefly, the tissue samples were homogenized in a Polytron tissue ho-
mogenizer in ice-cold homogenization buffer [50 mm Tris-HCl (pH 7.7),
0.32 m sucrose, 1 mm phenylmethylsulfonylfluoride, 0.25 mm CaCl2] and
centrifuged at 600 � g for 5 min at 4 C to remove nuclei and unbroken
cells. The supernatant was then collected and centrifuged at 14,000 � g
for 30 min at 4 C in an Eppendorf microcentrifuge. The pellet was
washed once and resuspended in the same buffer. The protein content
of membrane samples was determined by a spectrophotometric method.
Membrane preparations (corresponding to 30–60 �g protein) of tissue
sample were resuspended in binding buffer [50 mm Tris-HCl (pH 7.7),
120 mm NaCl, 5 mm KCl, 2 mm CaCl2 2H2O, 1 mm MgCl2 6H2O, 0.1%
ascorbic acid] and incubated in a total vol of 100 �l at room temperature
for 60 min with increasing concentrations of the D2 analog (D2 antag-
onist) 125I-epidepride (Radiopharmaka, Seibersdorf, Austria) with and
without excess (1 �m) of an unlabeled D2 agonist cabergoline. After the
incubation, 1 ml ice-cold Tris buffer was added to the reaction mixture,
and membrane-bound radioactivity was separated from unbound by
centrifugation during 2 min at 14,000 � g in Eppendorf microcentrifuges.
The remaining pellet was washed twice in ice-cold Tris buffer, and the
final pellet was counted in a �-counter. Specific binding was taken to be
total binding minus binding in the presence of 1 �m unlabeled caber-
goline. Scatchard analysis was performed to measure the maximal bind-
ing (Bmax) and the dissociation coefficient (Kd) of the binding. Rat brain
basal ganglia were used as controls in all the experiments. The exper-
iment was performed three times for each case.

IHC

The formalin-fixed and paraffin-embedded tissue samples were used
for the IHC. The methodology of immunohistochemistry has been pre-
viously described (16). The tissue samples were cut into 5-�m-thick
sections. The sections were deparaffinized, dehydrated, exposed to mi-
crowave heating (in citric acid buffer) at 100 C for 15 min, rinsed in tap
water followed by PBS, and subsequently incubated for 15 min in normal
goat serum (1:10 dilution in PBS � 5% BSA). The sections were then
incubated overnight at 4 C with a rabbit antihuman D2 receptor poly-
clonal antibody (Chemicon International, Temecula, CA) at a dilution of
1:500. A standard streptavidin-biotinylated-alkaline phosphatase or
-peroxidase complex (ABC kit, Biogenix, San Ramon, CA) was used
according to the manufacturer’s recommendation to visualize the bound
antibodies. Negative controls for the immunohistochemistry included:
1) omission of the primary antibody; and 2) preabsorbtion of the anti-
bodies with the respective immunizing receptor peptides (at a concen-
tration of 100 nm). The immunostaining for the D2 receptor and the
negative controls were performed on sequential sections. Histological
evaluation was performed on hematoxylin-eosin-stained sequential
sections. Positive and negative controls were represented by dopa-
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mine agonist-sensitive and dopamine agonist-resistant PRL-secreting
pituitary tumors, respectively; their immunostaining for D2 receptor
was carried out in the same experiments of the adrenals. The sensitivity
of the D2 receptor antibody had been previously tested, performing an
immunostaining with different dilutions of the antibodies (1:100, 1:250,
1:500, 1:1000) on sections from a PRL-secreting pituitary tumor, choosing
the dilution with the maximum of specific and the minimum of aspecific
staining. The specificity of the D2 receptor antibody was tested by
immunoblotting.

Immunoblotting

A frozen sample of a pheocromocytoma was used for the immuno-
blotting. Particularly, tumor tissue was suspended in a 10-vol ice-cold
Tris-buffer (10 mm Tris-HCl, pH 7.6; 5 mm EDTA; 3 mm EGTA; 250 mm
sucrose; 1 mm phenylmethylsulfonylfluoride; 10 �g/ml leupeptin; 10
�g/ml soybean-trypsin-inhibitor; 50 �g/ml bacitracin), homogenized
with a Polytron homogenizer at 900 rpm for 10 strokes and then ultra-
centrifuged for 1 h at 4 C at 100,000 � g. Membrane pellet was solubilized
in a lysis buffer (20 mm HEPES, 5 mm EDTA, 3 mm EGTA, 150 mm NaCl,
4 mg/ml dodecyl-�-d-maltoside) for 1 h at 4 C and then ultracentrifuged
for 1 h at 4 C at 100,000 � g. Glycosylated proteins were purified from
membrane pellet obtained after high-speed centrifugation, by wheat
germ agglutinin (WGA) affinity chromatography: the pellet was resus-
pended in lysis buffer and cycled twice over a 0.5-ml WGA (Vector
Laboratories, Burlingame, CA) column equilibrated with lysis buffer.
The column was washed with lysis buffer and eluted with lysis buffer
containing 3 mm N,N�,N�triacetyl-chitotriose (Sigma Chemical Co., St.
Louis, MO). The protein-containing fractions was determined with the
Bradford assay standardized with BSA, pooled, and stored at �80 C.
Starting material and WGA-purified membrane proteins were dena-
tured and fractionated under reducing conditions on 12.5% SDS-PAGE,
then transferred electrophoretically to Hybond C-extra nitrocellulose
membranes (Amersham Life Science, Oakville, Ontario, Canada). After
transfer, nonspecific binding sites were blocked by treating membranes
with Tris-buffered saline-Tween (TBS-T) containing 5% nonfat dried
milk. After five washes with TBS-T, membranes were incubated for 16 h
at 4 C with a 1:500 dilution of rabbit D2 receptor polyclonal antibody
(Chemicon International) in TBS-T containing 1% BSA. Membranes were
washed five times with TBS-T and then incubated for 1 h at 22 C with
1:1000 dilution of horseradish peroxidase-linked antirabbit IgG (Amer-
sham Life Science) and washed as before. The specificity of the antibody
was confirmed preincubating the antibody with the respective immu-
nizing receptor peptides (at a concentration of 100 nm). Immunoreactive
bands were detected by a chemiluminescence detection system (ECL
Western blot analysis system, Amersham Pharmacia Biotech, Little
Chalfont, Buckinghamshire, UK) according to manufacture’s protocol.
The immunoreactive bands were visualized by autoradiography after
0.5 min of exposure to Kodak Biomax film (Eastman Kodak Company,
Rochester, NY). Because the antibody recognizes both the native and the
denatured forms of D2 receptor, bands of 110, 68, and 47 KDa may be
visualized by Western blot. The expected band with the procedure used
in our lab was the 68-kDa denatured form.

RT-PCR

The frozen tissue samples were used for the RT-PCR. The meth-
odology for the isolation of mRNA and the synthesis and amplifi-
cation of cDNA has been previously described (15). Messenger RNA
was isolated using Dynabeads Oligo (dT)25 (Dynal AS, Oslo, Norway)
from a frozen tissue sample. The cells were lysed during 2 min on ice
in a buffer containing 100 mm Tris-HCl (pH 8.0), 500 mm LiCl, 10 mm
EDTA (pH 8.0), 1% LiDS, 5 mm dithiothreitol, and 5 U/100 �l ribo-
nuclease inhibitor (HT Biotechnology Ltd., Cambridge, UK). The
mixture was centrifugated at 14,000 rpm for 1 min to remove cell
debris. To the supernatant, 100 �l prewashed Dynabeads Oligo (dT)25
was added, and the mixture was incubated for 5 min on ice. There-
after, the beads were collected with a magnet, washed three times
with 10 mm Tris HCl (pH 8.0), 0.15 m LiCl, 1 mm EDTA, 0.1% LiDS,
and once with a similar buffer from which LiDS was omitted. Mes-
senger RNA was eluted from the beads in 50 �l of a 2-mm EDTA
solution (pH 8.0) during 2 min at 65 C. To avoid contamination by
genomic DNA, the isolated poly A� mRNA was subjected to a second
purification by capturing the RNA on a fresh aliquot of prewashed
Dynabeads Oligo (dT)25 and washing the captured RNA as above
described. cDNA was synthesized using the poly A� mRNA captured
on the Dynabeads Oligo (dT)25 in a buffer containing 50 mm Tris-HCl
(pH 8.3), 100 mm KCl, 4 mm dithiothreitol, 10 mm MgCl2, 1 mm of each
deoxynucleotide triphosphate, 10 U ribonuclease inhibitor, and 2 U
AMV Super Reverse Transcriptase (HT Biotechnology Ltd.) in a final
vol of 20 �l. This mixture was incubated for 1 h at 42 C. One tenth
from each cDNA library immobilized on the paramagnetic beads was
used for each amplification. The amplification reaction mixture con-
tained cDNA template, 0.5 U SuperTaq (HT Biotechnology Ltd.), 50
�m of each deoxynucleotide triphosphate (HT Biotechnology Ltd.), 5
pmol of each of a pair of oligonucleotide primers specific for human
D1–D5 receptor subtypes or the hypoxantine ribosyl transferase
(HPRT) in a buffer of 10 mm Tris-HCl (pH 9), 50 mm KCl, 2 mm MgCl2,
0.01% (wt/vol) gelatin, 0.1% Triton X-100 in a final vol of 50 �l. The
sequences of the primers for D1–D5 and HPRT are listed in Table 1.
The PCR was carried out in a DNA thermal cycler with heated lid
(Perkin-Elmer Cetus Instruments, Gouda, The Netherlands). After an
initial denaturation at 94 C for 5 min, the samples were subjected to
40 cycles of denaturation at 94 C for 1 min, annealing for 2 min at 60
C, and extension for 1 min at 72 C. After a final extension for 10 min
at 72 C, 10-�l aliquots of resulting PCR products were analyzed by
electrophoresis on 1.5% agarose gels stained with ethidium bromide.
Several controls were included in the RT-PCR experiments. To as-
certain that no detectable genomic DNA was present in the poly A�

mRNA preparation for two DR subtypes, D1 and D5, whose genes are
intronless, the cDNA reactions were also performed without reverse
transcriptase and amplified with each primer pair. Amplification of
the cDNA samples with the HPRT specific primers served as positive
control for the quality of cDNA. To exclude contamination of the PCR
mixtures, the reactions were also performed in the absence of DNA
template in parallel with cDNA samples. As a positive controls for the
PCR of the DR subtypes and HPRT, 0.01 �g human brain cDNA was

TABLE 1. Specific oligonucleotide primers for dopamine receptor subtypes (D1–D5) and controls used in the RT-PCR study

Gene Sequence (5�–3�) Size of PCR product (bp)

Dopamine receptors
D1 Forward AACACCTCTGCCATGGACG 616

Reverse TGATGGCCACAGGGATGTAA
D2 Forward GCGGACAGACCCCACTACAA 521

Reverse AAGGGCACGTAGAAGGAGAC
D2 short/long isoforms Forward CCATGCTGTACAATACGCGCT D2 long, 599; D2 short, 512

Reverse GGCAATCTTGGGGTGGTCTTT
D3 Forward CCCGCCCACATGCCTACTAT 1106

Reverse GAAGGCTTTCCGGAACTCGAT
D4 Forward CCCACCCCAGACTCCACC 259

Reverse GAACTCGGCGTTGAAGACAG
D5 Forward ACCTGTGCGTCATCAGCGT 921

Reverse TGCGATCGAAAGGACCCTC
HPRT Forward CAGGACTGAACGTCTTGCTC 417

Reverse CAAATCCAACAAAGTCTGGC
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amplified in parallel with the cDNA samples of each examined
adrenal.

Cell culture and in vitro study

The fresh tissue samples were used for the establishment of cell
cultures. The methodology of adrenal culture has been previously de-
scribed (17). Adrenal tissue specimens were placed in Hanks’ balanced
salt solution (Invitrogen., Paisley, Scotland, UK), supplemented with
human serum albumin 5% (Cealb; CLB, Amsterdam, The Netherlands),
penicillin (105 U/liter), fungizone (0.5 mg/liter). After careful removal
of blood clots, the specimens were minced and washed several times
with the Hanks’ balanced salt solution � human serum albumin. The
minced tissue were enzymatically dissociated with collagenase. After
removal of erythrocytes by centrifugation on a Ficoll density gradient,
the adrenal cells were plated in 24-well plates (Corning, Cambridge,
MA) in DMEM supplemented with 0.2% BSA. Viability of the cells was
determined by trypan blue exclusion and was greater than 80% in every
experiment. Cells were incubated at 37 C in a humid CO2 incubator for
24 h with or without test substances in quadruplicate using 300,000
cells/ml. At the end of the incubation, 0.5 ml distilled water was added
to each well, and the resulting suspension was collected and stored at
�20 C for the measurement of aldosterone, cortisol, and androstenedi-
one secretion. Baseline and ACTH-stimulated and/or angiotensin II-
stimulated hormone secretion was evaluated without and with bro-
mocriptine and cabergoline administration. ACTH (ACTH 1–24,
Synachten, Ciba-Geigy, Basel, Switzerland) was added to the cell culture
at the final concentration of 10�10 m. Angiotensin II (Clinalfa, Laufelfin-
gen, Germany) was added to the cell culture at the concentration of 10�6

m. Bromocriptine (Novartis, Basel, Switzerland) and cabergoline (Phar-
macia, Milan, Italy) were used as test substances and added to the cell
cultures at the concentration of 10�12, 10�10, 10�9, 10�8, and 10�6 m for
the experiment testing the baseline and ACTH-stimulated hormone
secretion and at the concentration of 10�8 m for the experiments testing
the angiotensin II-stimulated hormone secretion. Baseline aldosterone,
cortisol, and androstenedione concentrations (measured in the medium
from untreated cells or from cells with ACTH or angiotensin II alone)
were compared with the respective hormone concentrations measured
in the medium containing the different concentrations of bromocriptine
and cabergoline.

Hormone assays

Aldosterone concentrations were measured by RIA using a commer-
cially available kit from Biochem Immunosystem (Bologna, Italy); cor-
tisol concentrations were measured by RIA using a commercially avail-
able kit from Diagnostic System Laboratories (Webster, TX);
androstenedione concentrations were measured by a solid-phase, two-
site chemiluminescent enzyme immunoradiometric assay from Diag-
nostic Products Corporation (Los Angeles, CA).

Statistical analysis

Data are expressed in mean � se The comparison between pre- and
posttreatment values was performed by ANOVA followed by Bonferroni
test for correction for multiple comparisons. Significance was set at 5%.

Results
RT-PCR study

Both D1-like (D1 and D5) and D2-like (D2 and D4) receptors
were found to be expressed in all cases of normal and hy-
perplastic adrenals. D2 and D4 were consistently expressed
in both aldosterone- and cortisol-secreting adenomas, which
also expressed, though not in all cases, D1 or D5. However,
among the aldosterone-secreting adenomas, D2 was not ex-
pressed in one of the 4 (25%) cases. In addition, D2 and D4
were expressed in the 2 cases of cortisol-secreting carcinomas
and in all the clinically nonfunctioning adrenal adenomas,
whereas no DR was expressed in the aldosterone and

androgen-secreting adrenal carcinomas. D2, D4 and D5 were
consistently expressed in the pheochromocytomas. In all
cases positive for D2, both D2 isoforms were expressed, with
the exception of the two cases of cortisol-secreting carcino-
mas and one of the three (33.3%) D2-positive cases of
aldosterone-secreting adenomas, in which only D2long iso-
form was expressed. No D3 receptor was found in any
adrenal sample. The results of RT-PCR study are shown in
Table 2.

RLBS study

Specific binding of 125I-epidepride was found in all cases,
including a normal adrenal, an adrenal hyperplasia, and a
cortisol-secreting adrenal adenoma and carcinoma, with
variable mean Bmax ranging from 22–40 fmol/mg protein
and Kd ranging from 0.19–0.24 nm. The results of the RLBS
are shown in Table 3. Two examples of a 125I-epidepride
binding in a normal adrenal and a cortisol-producing adrenal
adenoma are shown in Fig. 1.

Immunoblotting

A specific band of the expected molecular weight of D2
receptor was found at the immunoblot of glycoproteins de-
rived from the pheochromocytoma (Fig. 2).

IHC study

Specific immunoreactivity for D2 receptor was found in all
cases of normal adrenal and adrenal hyperplasias. In these
tissues, the immunostaining was localized in all three areas
of the adrenal cortex and in the adrenal medulla. However,
it was strongly positive in the zona glomerulosa and reticu-
laris of the adrenal cortex, moderately positive in the adrenal
medulla, and faintly positive in the zona fasciculata. Specific
immunoreactivity for D2 receptor was also found in three of
the four (75%) aldosterone- (no. 9–11), the cortisol-produc-
ing, and the clinically nonfunctioning adrenal adenomas, as
well as in the cortisol-producing carcinoma and in the pheo-
chromocytomas, but not in one case of aldosterone-secreting
adenoma (no. 12), the aldosterone-secreting, and the andro-
gen-secreting adrenal carcinomas. A complete correspon-
dence was found between the results of immunohisto-
chemistry and RT-PCR study. Examples of D2 receptor
immunostaining in a normal adrenal, an adrenal hyper-
plasia, a cortisol-producing adrenal adenoma, and a cortisol-
producing adrenal carcinoma are shown in Fig. 3.

In vitro study

A slight, but not significant, increase, at low dose (10�10 m),
and decrease, at high dose (10�6 m), of both baseline and
ACTH-stimulated cortisol and androstenedione secretion
was found either after bromocriptine or cabergoline admin-
istration in the cell cultures deriving from the adrenal hy-
perplasias. Conversely, a significant stimulation at low dose
and a significant inhibition at high dose of both baseline and
ACTH-stimulated aldosterone secretion was found after
cabergoline, but not bromocriptine, administration (Fig. 4). A
significant decrease of angiotensin-II-stimulated aldosterone
secretion at the dose of 10�8 m was found either after bro-
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mocriptine or cabergoline administration, the cabergoline-
induced however being significantly higher than the
bromocriptine-induced inhibition (Fig. 5).

Discussion

The results of the current study demonstrated that: 1)
D1-like and D2-like receptors are both expressed in the nor-
mal adrenal gland; 2) D2 receptors are expressed in cells of
all areas of the normal adrenal gland, although they are
mainly localized in the zona glomerulosa and zona reticu-
laris of the adrenal cortex and in the adrenal medulla and
scantly in the zona fasciculata of the adrenal cortex; 3) D2-like
receptors are expressed in different categories of adrenal
benign tumors, such as aldosterone- and cortisol-secreting
and clinically nonfunctioning adenomas and in malignant
tumors, such as cortisol-secreting carcinomas, as well as in
pheochromocytomas; 4) a high concentration of the dopa-
mine agonist cabergoline, but not bromocriptine, signifi-
cantly inhibits both baseline and ACTH-stimulated aldoste-
rone, but not cortisol and androstenedione secretion; and 5)
cabergoline is more effective than bromocriptine in inhibit-
ing angiotensin-II stimulated aldosterone secretion.

DR expression in the adrenal gland has been first hypoth-
esized after the evidence for a role of dopamine in the control
of aldosterone secretion derived from in vivo studies in
experimental animals as well as in humans. Indeed, the
administration of the D2 antagonist metoclopramide to both
rats and humans was demonstrated to increase plasma al-
dosterone levels without influencing any stimulator of al-
dosterone release, an effect blocked by the iv injection of
dopamine (8–10). However, the administration of dopamine
or the dopamine agonist bromocriptine did not modify
plasma aldosterone levels (11). These observations suggested

that aldosterone production is under maximum tonic dopa-
minergic inhibition. Subsequent studies demonstrated that
the sodium balance state is crucial for the effect of dopamine
or dopamine agonists on aldosterone secretion. Indeed, do-
pamine and D2 receptor agonists were shown to inhibit
angiotensin II-stimulated and upright posture-induced in-
creased aldosterone secretion in sodium-depleted, and not in
sodium-repleted, normal subjects (18, 19). On the other hand,
in vitro studies with isolated adrenal glomerulosa cells dem-
onstrated that the activation of D2 receptors resulted in a
remarkable inhibition of angiotensin II-induced aldosterone
secretion, whereas it did not influence basal and ACTH-
induced aldosterone secretion (13). These studies suggested
D2- or D2-like receptor expression in cells of the zona glo-
merulosa of the adrenal cortex and a selective functional
interaction between dopamine and angiotensin II in the reg-
ulation of aldosterone secretion. No study has definitely

TABLE 2. Dopamine receptor expression in normal adrenal and adrenal tumors

Case Diagnosis
RT-PCR study

D1 D2 D2s/1 D3 D4 D5 HPRT

1 Normal adrenal � � Long/Short � � � �
2 Normal adrenal � � Long/Short � � � �
3 Normal adrenal � � Long/Short � � � �
4 Adrenal hyperplasia � � Long/Short � � � �
5 Adrenal hyperplasia � � Long/Short � � � �
6 Adrenal hyperplasia � � Long/Short � � � �
7 Adrenal hyperplasia � � Long/Short � � � �
8 Adrenal hyperplasia � � Long/Short � � � �
9 Aldosterone-secreting adenoma � � Long/Short � � � �

10 Aldosterone-secreting adenoma � � Long/Short � � � �
11 Aldosterone secreting adenoma � � Long � � � �
12 Aldosterone secreting adenoma � � � � � � �
13 Cortisol-secreting adenoma � � Long/Short � � � �
14 Cortisol-secreting adenoma � � Long/Short � � � �
15 Nonfunctioning adenoma � � Long/Short � � � �
16 Nonfunctioning adenoma � � Long/Short � � � �
17 Aldosterone-secreting carcinoma � � � � � � �
18 Aldosterone-secreting carcinoma � � � � � � �
19 Cortisol-secreting carcinoma � � Long � � � �
20 Cortisol-secreting carcinoma � � Long � � � �
21 Androgen-secreting carcinoma � � � � � � �
22 Androgen-secreting carcinoma � � � � � � �
23 Pheochromocytoma � � Long/Short � � � �
24 Pheochromocytoma � � Long/Short � � � �
25 Pheochromocytoma � � Long/Short � � � �

Control Human brain � � Long/Short � � � �

TABLE 3. DR expression in normal adrenal, adrenal hyperplasia,
and cortisol-secreting adrenal adenoma and carcinoma determined
by Scatchard analysis of 125I-epidepride binding on membrane
homogenates

Cases

125I-epidepride binding

Bmax
(fmol/mg protein)

Kd (nM)

Normal adrenal (no. 1) 25 � 0.9 0.21 � 0.03
Adrenal hyperplasia (no. 4) 36 � 0.7 0.19 � 0.02
Cortisol-secreting adrenal

adenoma (no. 9)
40 � 0.8 0.22 � 0.05

Cortisol-secreting adrenal
carcinoma (no. 14)

22 � 0.5 0.24 � 0.07

Rat brain basal ganglia 80 � 12.5 0.18 � 0.01

The data represent the mean � SE of three different experiments for
each case.
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evaluated the possible effect of dopamine or dopamine ago-
nists on cortisol or androgen secretion by the adrenal gland.

DR expression in the adrenal gland has been subsequently
confirmed by RLBS, demonstrating the presence of specific
and saturable binding sites for radiolabeled dopamine an-
tagonists such as spiperone, which binds both D1-like and
D2-like receptors, and sulpiride, which selectively binds D2-
like receptors in the adrenal cortex of experimental animals
as well as humans (2, 12). These studies demonstrated that
both D1-like and D2-like receptors are expressed in the hu-
man adrenal cortex. On the other hand, the expression of
D1-like and D2-like receptors in the adrenal medulla has been
clearly demonstrated to mediate the dopamine regulation of
catecholamine secretion (5–7). However, no study has eval-
uated the DR subtypes and D2 isoforms expressed in the
various areas of adrenal cortex.

The presence of D1 receptor has been demonstrated in the
zona glomerulosa of the rat adrenal gland by IHC and ISH
studies, suggesting a possible role of this receptor in regu-
lating the dopamine effects on aldosterone secretion (20).
Moreover, a recent study evaluated the expression of D2-like
receptor subtypes in normal adrenals by RT-PCR and ISH
studies, demonstrating that D2 and D4 receptors are both
expressed in the adrenal medulla and in all three areas of the

adrenal cortex (14). The same study demonstrated that D4 is
the predominant D2-like receptor expressed in the adrenal
cortex and that the zona glomerulosa is the area with higher
density of D2-like receptors (14). The results of the current
study are in line with these latter ones, as demonstrated by
the expression of both D2 and D4 receptors in the normal
adrenal gland. In addition, the current study reported, for the
first time, that both D1 and D5 receptors are expressed in the
adrenal gland. Therefore, four of the five different DR are
expressed in the human normal adrenal gland, suggesting
the existence of a complex regulation of adrenal function by
dopamine in physiological conditions. As far as the local-
ization is concerned, the heterogeneous D2 expression in the
different areas, as was demonstrated by the level of D2 gene
product expression by ISH in a previous study (14), is con-
firmed in the present study at level of D2 protein expression
by IHC. Indeed, the expression of this DR subtype in all
adrenal areas, but mainly in the zona glomerulosa and re-
ticularis and, to a lesser extent, in the zona fasciculata and
adrenal medulla, is clearly demonstrated. These findings
suggested a possible role for dopamine in the regulation of
the secretion of all different adrenal hormones. However,
neither bromocriptine nor cabergoline, two different dopa-
mine agonists, is able to induce a significant in vitro effect on
both basal and ACTH-stimulated cortisol and androstenedi-
one secretion. As far as aldosterone is concerned, as previ-
ously described (13), bromocriptine did not induce an effect
on the secretion of this hormone, except a slight nonsignif-
icant increase at low dose and a slight nonsignificant de-
crease of hormone secretion at high dose of the drugs, a
secretion pattern which was also observed for cortisol and
androstenedione secretion. However, cabergoline induced a
significant stimulation at low dose and a significant inhibi-
tion at high dose of baseline and ACTH-stimulated aldoste-
rone secretion. On the other hand, both bromocriptine and
cabergoline induced a significant inhibition of the angioten-
sin II-induced aldosterone secretion, cabergoline being sig-
nificantly more effective than bromocriptine. These differ-
ential effects of the two dopamine agonists may be explained
by the different pharmacological characteristics of bro-

FIG. 1. Representation of the binding of 125I-epidepride binding to
membrane homogenate preparation of a normal adrenal (top) and a
cortisol-producing adrenal adenoma (bottom). f, Total binding; ● ,
nonspecific binding in presence of 1 �M cabergoline; �, specific bind-
ing (total minus nonspecific binding).

FIG. 2. Immunoblot of glycoproteins derived from a human pheo-
chromocytoma with D2 receptor antibody. The figure shows the re-
sults without (A) and with (B) the preincubation of the antibody with
the antigen. The specificity of the immunoblot is demonstrated by the
complete disappearance of the signal after the preincubation of the
antibody with the antigen (D2 receptor peptide).
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mocriptine and cabergoline, which displays a higher affinity
for D2-like receptors (21, 22). Moreover, because D4 seems to
play a role in the aldosterone secretion, a different effect of
bromocriptine and cabergoline via D4 receptors cannot be

ruled out. The lack of a clear-cut in vitro effect of dopamine
agonists on hormone secretion in normal adrenal may be
related also to opposite dopamine agonist effects mediated
by two different DR expressed in the same cells. Indeed,

FIG. 3. Expression of D2 receptor by IHC in
one case of normal adrenal (A), one case of
adrenal hyperplasia (B), one case of cortisol-
producing adrenal adenoma (C), and one
case of adrenal carcinoma (D). The IHC
study has been performed on formalin-fixed
and paraffin-embedded sections of the tu-
mors. a, Hematoxylin-eosin stained section;
b, D2 receptor immunostaining performed
with a specific polyclonal D2 receptor anti-
body; c, D2 receptor immunostaining after
the preincubation of the antibody with the
specific antigen. A strong specific D2 immu-
nostaining is evident in the zona glomeru-
losa and reticularis of normal and hyper-
plastic adrenal as well as in the tumoral
cells of cortisol-producing adenoma and car-
cinomas, whereas a faint, but specific, im-
munostaining is evident in the zona fascicu-
lata of normal and hyperplastic adrenals.
The specificity of the immunostaining is
demonstrated by the disappearance of im-
munostaining after the preabsorption of the
antibody with the specific antigen (D2 re-
ceptor peptide). Magnification, �100.
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opposite effects of dopamine antagonists on aldosterone se-
cretion have been postulated to be mediated by D2 and D4 in
a previous study (14). However, on the basis of the results of
the present study, opposite effects of dopamine agonists
mediated by a D1-like and a D2-like receptor may be also
hypothesized to explain the minor effects exerted by bro-
mocriptine and cabergoline on hormone secretion in normal
adrenal. It must, however, be outlined that the results of the
present study seem to confirm the concept that aldosterone
production is under maximum tonic dopaminergic inhibi-
tion in normal conditions.

DR receptor expression in adrenal tumors has been poorly
investigated. Indeed, D2-like receptors have been found to
be expressed in pheochromocytomas and in aldosterone-
secreting adrenal adenomas (6, 14). The current study is the
first one evaluating DR expression in a wide series of various
benign and malignant adrenal tumors. The expression of
different DR expression has been found in some categories

of both benign and malignant adrenal tumors. In particular,
aldosterone-secreting adrenal adenomas and pheochromo-
cytomas express both D2 and D4 receptors and may also
express D5 receptors, suggesting that this latter receptor may
be constitutively expressed in the zona glomerulosa as well
as in the medulla of the normal adrenal gland and therefore
play a physiological role in aldosterone and catecholamine
secretion together with the D2-like receptors. Moreover, both
cortisol-secreting adrenal adenomas and carcinomas express
both D2 and D4 receptors, whereas D1 receptors are also
expressed in part of the adenomas. This suggests that D1 may
be constitutively expressed in the zona fasciculata of the
normal adrenal gland, where it may play a physiological role
in cortisol secretion together with the D2-like receptors. In
addition, clinically nonfunctioning adrenal adenomas ex-
press D2 and D4 receptors. However, neither aldosterone-
secreting nor androgen-secreting adrenal carcinomas seem
to express any DR in the series evaluated in the present study.

FIG. 4. Effect of in vitro administration of bromocriptine (�) and cabergoline (f) on baseline (left) and ACTH-stimulated (right) aldosterone
(top), cortisol (middle), and androstenedione (bottom) secretion in cell cultures derived by three different adrenal hyperplasia. Values are
expressed as secretion percentage and are mean � SE (n � 3 treatment; n � 4 per treatment). *, P � 0.05 compared with control in baseline
studies and to ACTH challenge in stimulated studies; #, P � 0.05 compared with control in ACTH-stimulated studies).
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Anyhow, DR, in particular D2-like receptor expression,
which is usually associated with inhibitory effects, raises the
hypothesis of a possible effect of dopamine agonists in the
control of hormonal hypersecretion associated with some
adrenal tumors.

The last finding of the current study is represented by the
evidence of the expression of both D2 receptor isoforms
(D2short and D2long), in all D2-positive adrenal samples, with
the exception of one aldosterone-secreting adenoma and the
cortisol-secreting carcinomas, which express only D2long iso-
form. The D2 isoforms derive from an alternative splicing of
the D2 receptor gene product (23). The affinity of dopamine
and dopamine agonists for D2 receptor isoforms is nearly
identical, but the intracellular signaling pathways activated
by the binding of the receptor with the ligand seem to be
different for each isoform. Therefore, heterogeneous G pro-
tein coupling would allow a variable second-messenger ac-
tivation and, probably, different effects by the two D2 re-
ceptor isoforms (24, 25). In particular, the role of D2 receptor
isoforms has been recently studied in the different pituitary
tumors. Indeed, D2short isoform has been suggested to be
associated with a more potent dopaminergic effect, com-
pared with D2long isoform, both in clinically nonfunctioning
(26, 27) and ACTH-secreting pituitary tumors (28). A pos-
sible major role of D2short, rather than D2long, isoform in the
control of hormone secretion in normal adrenal and adrenal
tumors as well cannot be ruled out, although this likely has
some significance only or mainly in cortisol-secreting carci-
nomas, which is the only adrenal tumor expressing one iso-
form of the D2 receptors.

In conclusion, the current study demonstrated that both
D1-like (namely D1 and D5) and D2-like (namely D2 and D4)
receptors are expressed in the normal adrenal gland and may
be expressed in adrenal adenomas or carcinomas. Although
bromocriptine and cabergoline are able to induce only a
minor inhibition of adrenal hormones secretion in nontu-
moral adrenal gland in vitro, a potential use of dopamine
agonists in vivo in the treatment of adrenal tumors cannot be
excluded.

Acknowledgments

We are greatly indebted to Pharmacia-Pfizer for its technical support
of the study.

Received October 6, 2003. Accepted May 10, 2004.
Address all correspondence and requests for reprints to: Rosario

Pivonello, M.D., Department of Molecular and Clinical Endocrinology
and Oncology, “Federico II” University, Via Sergio Pansini, 5, 80131
Naples, Italy. E-mail: rpivone@tin.it.

This work was supported by Pharmacia-Pfizer and in part by a grant
from the Italian Ministry of University and Research (no. 2003-068735).

References

1. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG 1998 Dopamine
receptors: from structure to function. Physiol Rev 78:189–225

2. Missale C, Lombardi C, De Cotiis R, Memo M, Carruba MO, Spano PF 1989
Dopaminergic receptor mechanisms modulating the renin-angiotensin system
and aldosterone secretion: an overview. J Cardiovasc Pharmacol 14(Suppl
8):S29–S39

3. Kurtz A, Della Bruna R, Pratz J, Cavero I 1988 Rat juxtaglomerular cells are
endowed with DA-1 dopamine receptors mediating renin release. J Cardiovasc
Pharmacol 12:658–663

4. O’Connel DP, Botkin SJ, Ramos SI, Sibley DR, Ariano MA, Felder RA, Carey
RM 1995 Localization of dopamine D1A receptor protein in rat kidneys. Am J
Physiol 268:F1185–F1197

5. Artalejo CR, Mariano MA, Perlman RL, Fox AP 1990 Activation of facilitation
calcium channel in chromaffin cells by D1 dopamine receptor through a
cAMP/protein kinase A-dependent mechanism. Nature 348:259–267

6. Pupilli C, Lanzillotti R, Fiorelli G, Selli C, Gomez RA, Carey RM, Serio M,
Mannelli M 1994 Dopamine D2 receptor gene expression and binding sites in
adrenal medulla and pheochromocytomas. J Clin Endocrinol Metab 79:56–61

7. Mannelli M, Pupilli C, Fabbri G, Musante R, De Feo ML, Franchi F, Giusti
G 1988 Endogenous dopamine and DA2 receptors: a mechanism limiting
excessive sympathetic-adrenal discharge in humans. J Clin Endocrinol Metab
66:626–631

8. Carey RM, Thorner MO, Ortt EM 1979 Effects of metoclopramide and bro-
mocriptine on the renin-angiotensin-aldosterone system in man: dopaminergic
control of aldosterone. J Clin Invest 63:727–735

9. Sowers JR, Brickman AS, Sowers DK, Berg G 1981 Dopaminergic modulation
of aldosterone secretion in man is unaffected by glucocorticoids, and angio-
tensin blockade. J Clin Endocrinol Metab 52:1078–1084

10. Noth RH, McCullum RW, Contino C, Mavelik J 1980 Tonic dopaminergic
suppression of plasma aldosterone. J Clin Endocrinol Metab 51:64–69

11. Carey RM, Thorner MO, Ortt EM 1980 Dopaminergic inhibition of metoclo-
pramide-induced aldosterone secretion in man: dissociation of responses to
dopamine and bromocriptine. J Clin Invest 66:10–18

12. Amenta F, Chiandussi L, Mancini M, Ricci A, Schena M, Veglio F 1994
Pharmacological characterization and autoradiographic localization of dopa-
mine receptors in the human adrenal cortex. Eur J Endocrinol 131:91–96

13. Missale C, Memo M, Liberini P, Spano PF 1988 Dopamine selectively inhibits
angiotensin II-induced aldosterone secretion by interacting with D2 receptors.
J Pharmacol Exp Ther 246:1137–1143

14. Wu K-D, Chen Y-M, Chu T-S, Chueh S-C, Wu M-H, Bor-Shen H 2001
Expression and localization of human dopamine D2 and D4 receptor mRNA
in the adrenal gland, aldosterone-producing adenoma, and pheochromocy-
toma. J Clin Endocrinol Metab 86:4460–4467

15. Ferone D, van Hagen PM, van Koetsveld PM, Zuijderwijk J, Mooij DM,
Lichtenauer-Kaligis EGR, Colao A, Bogers AJJC, Lombardi G, Lamberts
SWJ, Hofland LJ 1999 In vitro characterization of somatostatin receptors in the
human thymus and effects of somatostatin and octreotide on cultured thymic
epithelial cells. Endocrinology 140:373–380

16. Hofland LJ, Liu Q, van Koetsveld PM, Zuiderwijk J, van der Harm F, de
Krijger RR, Schonbrunn A, Lamberts SWJ 1999 Immunohistochemical de-
tection of somatostatin receptor subtypes sst1 and sst2A in human somatosta-
tin receptor positive tumors. J Clin Endocrinol Metab 84:775–780

17. Feelders RA, Lamberts SWJ, Hofland LJ, van Koetsveld PM, Verhoef-Post
M, Themmen APN, de Jong FH, Bomjer HJ, Clark AJ, van der Lely A-J, de
Herder WW 2003 Luteinizing hormone (LH)-responsive Cushing’s syndrome:
the demonstration of LH receptor messenger ribonucleic acid in hyperplastic
adrenal cells, which respond to chronic gonadotropin and serotonin agonists
in vitro. Endocrinology 126:666–668

18. Drake CR, Ragsdale NV, Kaiser DL, Carey RM 1984 Dopaminergic suppres-
sion of angiotensin II-induced aldosterone secretion in man: differential re-
sponses during sodium loading and depletion. Metabolism 33:696–702

19. Malchoff CD, Hughes J, Sen S, Jackson S, Carey RM 1986 Dopamine inhibits the
aldosterone response to upright posture. J Clin Endocrinol Metab 63:197–201

FIG. 5. Effect of in vitro administration of bromocriptine (Brom) and
cabergoline (Cab) on baseline and angiotensin (Ang)-II-stimulated
aldosterone secretion in cell cultures derived by two different adrenal
hyperplasia. Values are expressed as secretion percentage and are
mean � SE (n � 2 treatment; n � 4 per treatment). *, P � 0.05
compared with angiotensin-II stimulated aldosterone secretion.

Pivonello et al. • Dopamine Receptors in the Adrenal Gland J Clin Endocrinol Metab, September 2004, 89(9):4493–4502 4501

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/89/9/4493/2844604 by guest on 21 August 2022



20. Aherne AM, Vaughan CJ, Carey RM, O’Connel DP 1997 Localization of
dopamine D1a receptor protein and messenger ribonucleic acid in rat adrenal
cortex. Endocrinology 138:1282–1288

21. Colao A, Di Sarno A, Pivonello R, Di Somma C, Lombardi G 2002 Dopamine
receptor agonists for treating prolactinomas. Expert Opin Investig Drugs 11:
787–800

22. Colao A, Lombardi G, Annunziato G 2000 Cabergoline. Expert Opin Phar-
macother 1:555–574

23. Giros B, Solokoff P, Martres MP, Riou JF, Emorine LJ, Schwartz JC 1989
Alternative splicing directs the expression of two D2 dopamine receptor iso-
forms. Nature 342:923–926

24. Hayes G, Biden TJ, Selbie LA, Shine J 1992 Structural subtypes of the
dopamine D2 receptor are functionally distinct: expression of the cloned
D2A and D2B subtypes in a heterologous cell line. Mol Endocrinol 6:
920 –926

25. Montmayeur J-P, Guiramand J, Borrelli E 1993 Preferential coupling between
dopamine D2 receptors and G-proteins. Mol Endocrinol 7:161–170

26. Renner U, Arzberger T, Pagotto U, Leimgruber S, Uhl E, Muller A, Lange M,
Weindl A, Stalla GK 1998 Heterogeneous dopamine D2 receptor subtype
messenger ribonucleic acid expression in clinically nonfunctioning pituitary
adenomas. J Clin Endocrinol Metab 83:1368–1375

27. Pivonello R, Matrone C, Filippella M, Cavallo LM, Di Somma C, Cappa-
bianca P, Colao A, Annunziato L, Lombardi G 2004 Dopamine receptor
expression and function in clinically non functioning pituitary tumors: com-
parison with the effectiveness of cabergoline treatment. J Clin Endocrinol
Metab 89:1674–1683

28. Pivonello R, Ferone D, de Herder WW, Kros JM, De Caro ML, Arvigo M,
Annunziato L, Lombardi G, Colao A, Hofland LJ, Lamberts SWJ 2004 Do-
pamine receptor expression and function in corticotroph pituitary tumors.
J Clin Endocrinol Metab 89:2452–2462

JCEM is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

4502 J Clin Endocrinol Metab, September 2004, 89(9):4493–4502 Pivonello et al. • Dopamine Receptors in the Adrenal Gland

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/89/9/4493/2844604 by guest on 21 August 2022


