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Dopamine, acting through the dopamine type 2 receptor (Drd2), is the main inhibitor of pituitary
prolactin (PRL) secretion and lactotroph proliferation. TGF-�1 is involved, at least in part, in mediating
these actions. It was described that TGF-�1 synthesis in rat pituitary lactotrophs is up-regulated by
dopamine and down-regulated by estradiol. TGF-�1 is secreted as a large latent complex. The local
regulation of cytokine activation in the pituitary has not yet been explored. In this work, we studied
pituitary active and total TGF-�1 content, as well as TGF-�1 mRNA, and the in vivo role of dopamine
and estradiol on pituitary TGF-�1 levels. Adult female mice (wild type), and female mice with a null
mutationintheDrd2(Drd2�/�),wereused.Thelossofdopaminergictoneinducedadecrease inTGF-�1
mRNA expression, in active and total cytokine content, and in TGF-� type II receptor expression. Do-
pamine regulation of pituitary TGF-�1 activation process was inferred by the inhibition of active cy-
tokine by in vivo sulpiride treatment. Interestingly, in the absence of dopaminergic tone, estradiol
induced a strong increase in active TGF-�1. PRL secretion correlated with active, but not total cytokine.
TGF-�1 inhibitory action on lactotroph proliferation and PRL secretion was decreased in Drd2�/� pi-
tuitary cells, in correlation with decreased TGF-� type II receptor. The study of the TGF-�1 activation
process and its regulation is essential to understand the cytokine activity. As an intermediary of do-
pamine inhibition of lactotroph function, TGF-�1 and local activators may be important targets in the
treatment of dopamine agonist-resistant prolactinomas. (Endocrinology 152: 2722–2730, 2011)

Dopamine plays a key role in maintaining the normal
function of lactotrophs by inhibiting cell prolifera-

tion and prolactin (PRL) secretion (1, 2). The dopamine
type 2 receptor (Drd2) is the predominant subtype in the
pituitary gland and mediates these effects (3). Accord-
ingly, our group and others have previously reported that
transgenic mice lacking functional Drd2 (Drd2�/�) have
chronic hyperprolactinemia and lactotroph hyperplasia
and that these traits are more evident in females (4–6).

Even though dopamine is the principal inhibitor of PRL
synthesis and secretion, a cohort of peptides and growth
factors participate in pituitary hyperplasia generation,
and many of these are regulated by dopamine. For exam-

ple, TGF-�1, which is a multifunctional cytokine with
powerful effects on cellular proliferation and differentia-
tion, angiogenesis, and extracellular matrix modification
(7), affects pituitary function by contributing, at least in
part, to the inhibitory action of dopamine on lactotrophs.
TGF-�1 and TGF� type II receptor (T�RII) are both ex-
pressed in rat lactotrophs, and the cytokine is described to
be a potent autocrine/paracrine inhibitor of cell prolifer-
ation and PRL secretion (8, 9). It has been described that
dopamine, acting through the Drd2, reduces the rate of
lactotroph proliferation (10) and concomitantly up-regu-
lates TGF-�1 expression and secretion, in vivo and in
vitro, and it has been proposed that the cytokine might
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contribute to the effect of dopamine on lactotrophs. On
the other hand, it is well known that estradiol inhibits
dopamine release from the hypothalamus and reduces the
inhibitory action of dopamine on lactotrophs (11). In fe-
male rats, it has been described that in vitro and in vivo
treatments with 17�-estradiol decrease the levels of pitu-
itary TGF-�1 and T�RII mRNA and proteins, concomi-
tantly with the increase in PRL levels (8, 12, 13). There-
fore, decreased TGF-�1 and T�RII might cooperate in the
PRL releasing effect of estradiol.

The folliculostellate (FS) pituitary cells have also been
identified as a source of TGF-�1 (14). It is unknown to
which extent the two cell types contribute to the total
intrapituitary TGF-�1 production, but because Drd2 re-
ceptors are found only in lactotrophs, there is no evidence
that TGF-�1 production by FS cells is under dopaminergic
control.

The biology of the TGF-� is complex. These cytokines
are synthesized as homodimeric proproteins (pro-TGF-�).
The TGF-� propeptide, also known as the latency-asso-
ciated protein (LAP), is cleaved from the mature TGF-�
24-kDa dimer in the trans-Golgi by furin-type enzymes.
However, both LAP and the mature C-terminal TGF-�
remain noncovalently associated. Before secretion, this
small latent complex is assembled in covalent association
with a molecule of latent TGF-� binding protein, an ex-
tracellular matrix component. This large latent TGF-�
complex is secreted and incorporated into the extracellu-
lar matrix, where it can undergo a highly regulated process
of activation, whereby TGF-� is released. Little is known
about the tissue-specific regulation of the final process that
enables the cytokine to be biologically active (7, 15, 16).

Alterations in dopamine or estradiol function lead to
PRL-secreting adenomas in different animal models, and
both, dopamine and estradiol, regulate TGF-�1 availabil-
ity at the pituitary level. In this context, Drd2�/� female
mice (5, 17) and the estrogen-treated rat (reviewed in Ref.
18) share the characteristics of increased pituitary weight,
hyperprolactinemia, lactotroph hyperplasia, and reduced
or absent dopaminergic action at the pituitary level.

In humans, prolactinomas are the most frequent
among pituitary tumors. They are usually benign and
can be treated with dopaminergic agents. Nevertheless,
15% of these tumors may be resistant to classical phar-
macological therapy, become invasive and aggressive,
and require extirpation. Alternative therapies would be
desired for these tumors. In this context, mice lacking
pituitary dopaminergic control represent an interesting
model to study dopamine agonist-resistant prolactino-
mas and could help to unravel the impact of dopamine
and estrogens on pituitary TGF-�1 synthesis and acti-
vation. The study of pituitary TGF-�1 regulation could

provide novel tools as alternative therapies in dopamine
agonist-resistant prolactinomas.

In the present study, we sought to investigate the in vivo
role of dopamine and estradiol on pituitary TGF-�1. To
this end, we studied active and total TGF-�1 content, as
well as TGF-�1 secretory and proliferative actions in vitro,
in pituitaries of female mice lacking Drd2 in comparison
with their wild-type siblings (Drd2�/�). Furthermore, se-
lective pharmacological tools were used in vivo to evaluate
effects of Drd2 stimulation and blockade or estradiol ad-
ministration on active and total pituitary TGF-�1, as well
as its mRNA expression in both Drd2�/� and Drd2�/�

female mice.

Materials and Methods

Animals
Female Drd2�/� mice (official strain designation B6; 129S2-

Drd2tm1Low/J by the Induced Mutant Resource at The Jackson
Laboratory, Bar Harbor, ME), generated by targeted mutagen-
esis of the Drd2 gene in embryonic stem cells, were used (5, 17).
The original F2 hybrid strain (129S2/Sv X C57BL/6J), contain-
ing the mutated Drd2 allele, was backcrossed for eight genera-
tions to wild-type C57BL/6J mice. Mutant and wild-type mice
were generally the product of heterozygote crossings, and in all
cases, sibling controls were used. Mice were housed in groups of
four or five with mixed genotypes in an air-conditioned room
with lights on at 0700 h and off at 1900 h. Animals had free
access to laboratory chow and tap water. Drd2�/�, heterozy-
gous, and Drd2�/� mice were identified by PCR of genomic
DNA, as described (4). Animals were used at 8 months of age, at
which time the pituitaries from Drd2�/� females were hyper-
plastic. All experimental procedures were reviewed and ap-
proved by the institutional animal care and use committee of the
Instituto de Biología y Medicina Experimental (Division of An-
imal Welfare, Office for Protection of Research Risks, National
Institutes of Health, A#5072-01).

In vivo experiments
Wild-type female mice were injected ip with saline solution

(control group), the Drd2 antagonist sulpiride (10 mg/kg; IVAX
Laboratories, Buenos Aires, Argentina), or the Drd2 agonist cab-
ergoline (2 mg/kg; Beta Laboratories, Buenos Aires, Argentina).
Animals were killed by decapitation after 30 min (short term) or
24 h (long term) of treatment.

Another set of Drd2�/� and Drd2�/� mice were injected with
estradiol-valerate (0.2 mg/kg sc, Progynon Depot; Schering, Bue-
nos Aires, Argentina) or castor oil (control group) and killed 24 h
later. After every treatment, trunk blood was collected, and an-
terior pituitaries were removed. Sera were kept at �20 C until
RIAwereperformed.Pituitarieswereexcisedasdescribedbelowfor
Western blotting, quantitative real-time RT-PCR (Q-RT-PCR), or
ELISA assays. At 8 months, pituitary weights were significantly
higher in Drd2�/� mice (2.43 � 0.08 vs. 4.56 � 0.22 g, wild type
vs. Drd2�/�, respectively; P � 0.001).
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Western blotting
Anterior pituitaries were homogenized in 80 �l ice-cold buf-

fer containing 50 mM Tris, 10 mM CaCl2, 1 mM MgCl2, 1%
Triton X-100 (pH 7.6), and a mix of proteases inhibitors (phe-
nylmethylsulfonylfluoride, tosylphenylalanine chloromethylke-
tone, tert-Amyl methyl ether, N-carbobenzoxy-L-phenylalanine
chloromethyl ketone, and tosylamidelysyl chloromethylketone)
in a hand-held microtissue homogenizer. The homogenate was
centrifuged at 1500 � g for 5 min at 4 C. The supernatant was
collected, and protein concentration was determined by the
Quant-iT Protein Assay kit and Qubit fluorometer (Invitrogen,
Buenos Aires, Argentina); 50 �g protein from each sample were
mixed with 5� sample buffer [150 mM Tris-HCl, 10% sodium
dodecyl sulfate, 50% glycerol, 0.05% bromophenol blue, and 50
mM dithiotreitol (pH 6.8)] and heated 5 min at 95 C. Samples
were loaded on 12% SDS-PAGE and transferred to Hybond-P

polyvinylidene difluoride transfer membranes
(GE Healthcare, Princeton, NJ). Membranes
were incubated over night at 4 C with mouse
anti-T�RII antibody (1:500, sc 17791; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) or
mouse anti-�-actin antibody (1:5000, ab 6276;
Abcam, Cambridge, MA). After washing in PBS
0.05% Tween 20, membranes were incubated
1 h at room temperature with secondary donkey
antimouse horseradish peroxidase (1:5000, sc
2314; Santa Cruz Biotechnology, Inc.). Chemi-
luminescence was detected in a G:box chemi
HR16 (Syngene, Frederick, MD). Band intensi-
ties were quantified using ImageJ software (Na-
tional Institutes of Health, Bethesda, MD).

Quantitative real-time RT-PCR
Pituitaries from different experimental groups

werecollectedinRNA-later (Ambion,Austin,TX).
Total RNA was extracted from the tissue using the
RNeasyProtectminikit (QIAGEN,Valencia,CA).
RT was performed using 750 ng of total RNA, and
the resulting cDNA was used for Q-RT-PCR anal-
ysis. Q-RT-PCR were performed using specific
primers and the QuantiFast SYBR green PCR kit
(QIAGEN) on an iCycler Thermal Cycler (Bio-
Rad, Hercules, CA). TGF-�1 transcript expression
was quantified by comparing the threshold cycle
with that of �-actin by using the comparative
threshold cycle method. Primers used: TGF-�1
forward, 5�-CAACAATTCCTGGCGTTACC-3�
and reverse, 5�-AGCCCTGTATTCCGTCTCCT-
3�; �-actin forward, 5�-AGCCTTCCTTCT-
TGGGTATGG-3� and reverse, 5�-GCCACC-
GATCCACACAGAGTA-3�.

Detection of total and active TGF-�1
ELISA were performed to quantify active or

total TGF-�1 content in pituitary homogenates
of wild-type and Drd2�/� female mice with a
TGF-�1 Emax ImmunoAssay-System (Promega,
Madison, WI).

Before pituitaries were excised and homoge-
nized, as described for Western blotting, the ho-
mogenates were centrifuged at 5000 � g for 5
min at 4 C. The supernatant protein contents

were measured with the QUBIT Fluorometer and the Quant-iT
Protein Assay kit (Invitrogen).

TGF-�1 was expressed as pg/mg protein. The minimum de-
tectable dose of biologically active TGF-�1 was 32 pg/ml with
less than 3% cross-reactivity with TGF-�2 and TGF-�3 at 10
ng/ml.

To assay total TGF-�1, samples were acidified to pH 2.6 by
adding 1 N HCl for 20 min at room temperature, followed by
neutralization with 1 N NaOH to pH 7.6.

Cell dispersion and culture
Anterior pituitary cells from 8-month-old wild-type and

Drd2�/� female mice were placed in chambers containing
freshly prepared Krebs-Ringer bicarbonate buffer without Ca2�

or Mg2�. Buffer contained 14 mM glucose, 1% BSA, 2% MEM
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FIG. 1. Pituitary TGF-�1 alterations in Drd2�/� female mice. A, Total TGF-�1 content
measured by ELISA after sample acidification of pituitary homogenates from female
Drd2�/� and Drd2�/� mice. *, P � 0.023, Student’s t test, n � 15 and 9, respectively.
B, TGF-�1 mRNA levels measured by Q-RT-PCR and normalized to �-actin mRNA levels
were decreased in Drd2�/� pituitaries. *, P � 0.027, Student’s t test, n � 8 and 6. C,
Active TGF-�1, measured by ELISA, was also decreased in pituitaries from Drd2�/� mice.
*, P � 0.0002, Student’s t test, n � 15 and 12. D, Serum PRL levels were significantly
increased in Drd2�/� mice. *, P � 0.0001, Student’s t test, n � 15 and 12. E, A
significant inverse correlation was found between active TGF-�1 and serum PRL values.
Spearman R � �0.686; P � 0.0001. No correlation was found between total TGF-�1
and PRL (data not shown).
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amino acids, 1% MEM vitamins (Life Technologies, Inc., Bue-
nos Aires, Argentina), and 2 mM glutamine and was previously
gassed during 15 min with 95% O2-5% CO2 and adjusted to pH
7.35–7.40. Buffer was filtered through a 0.45-�m pore diameter
membrane (Nalgene, Rochester, NY). Pituitaries were washed
three times with Krebs-Ringer bicarbonate buffer and cut into
1-mm pieces. Fragments were washed and incubated in the same
buffer containing 0.5% trypsin for 30 min at 37 C in 95%
O2-5% CO2, followed by two additional minutes with 50 �l
deoxyribonuclease I (1 mg/ml; Worthington Biochemical Corp.,
Lakewood, NJ). Digestion was ended by adding 1 mg/ml lima
bean trypsin inhibitor. Fragments were disassociated to single
cells by gentle trituration through Pasteur pipettes. The resulting
suspension was filtered through a nylon gauze (160-�m pore
size) and centrifuged 10 min at 1000 � g. Before centrifugation,
an aliquot of the cellular suspension was taken to quantify pi-
tuitary cell yield using a Neubauer chamber. Cell viability, de-
termined by Trypan Blue exclusion, was always greater than
90%. Cells were cultured for 5 d in DMEM, 10% horse serum,
and 2.5% fetal bovine serum. Cells were washed and stimulated
with 1 ng/ml TGF-�1 for 24 h in DMEM 0.5% BSA medium,
without serum. Cell culture was performed as described (19).
Media samples were collected after 24 h, and PRL content was
analyzed by RIA.

As we previously described in cell culture experiments, we
used three wild-type pituitaries and two Drd2�/� pituitaries in
each experiment, and 35,000 cells/well were cultured in 96-well
plates. After the trypsinization process, we usually recover
1,800,000 cells per pituitary in Drd2�/� mice and 785,000 cells
per pituitary in wild types (4). On the other hand, we observed,
by immunohistochemistry, that in 8-month-old females, the

number of lactotrophs increases 3-fold in Drd2�/� pituitaries
compared with those of wild-type pituitaries.

DNA synthesis in pituitary cells in culture
Culture procedure was the same as described above. [3H]thy-

midine (0.2 �Ci/well, 87.7 Ci/mmol; NEN Life Science Products,
Waltham, MA) was added to cultures. After 24 h of incubation,
medium was discarded, and the cells removed and lysed by treat-
ment with 0.05% trypsin and 0.02% EDTA in deionized water.
The reaction was stopped 20 min later by filtering under vacuum
through GF/C filters (Whatman, Middlesex, UK) using the Cell
Harvester 8 (Nunc, Glastrup, Denmark). After five washes with
deionized water, the filters were placed in plastic vials with 3 ml
scintillation solution and radioactivity counted in a Beckman
counter. Each experiment was repeated five times.

Radioimmunoassay
PRL was measured by RIA using mouse-specific reagents pro-

vided by the National Institute of Diabetes and Digestive and
Kidney Diseases National Hormone and Pituitary Program (A. F.
Parlow; National Hormone and Pituitary Program, Torrance,
CA). Assays were performed using 10 �l serum in duplicate or
the adequate quantity of diluted medium from cultured cells.
Results are expressed in terms of mouse PRL RP3. Intra- and
interassay coefficients of variation were 7.2 and 12.8%,
respectively.

Statistical analyses
Results are expressed as means � SEM. Student’s t test was

used to compare data between genotypes in Fig. 1. Dopaminergic
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FIG. 2. Dopaminergic regulation of pituitary TGF-�1. A, The effect of dopaminergic drugs at short time (30 min) on pituitary active TGF-�1
content was measured in Drd2�/� mice. Cabergoline (2 mg/kg BW, ip) or sulpiride (5 mg/kg BW, ip) was injected, and 30 min later, animals were
killed. Cabergoline did not modify active TGF-�1 content, whereas sulpiride induced a decrease in pituitary active TGF-�1. *, P � 0.0031 control
vs. sulpiride, (n � 12, 7, and 5). B, Serum PRL levels were assayed by RIA as a control of dopaminergic drug effects. Cabergoline inhibition and
sulpiride stimulation of PRL levels were observed. *, P � 0.0007; #, P � 0.0001 vs. control. (n � 13, 15, and 18). C, A 24-h treatment with
dopaminergic drugs did not affect total pituitary TGF-�1 (n � 10, 6, and 6). D, TGF-�1 mRNA levels were not modified by dopaminergic drugs
after a 24-h treatment (n � 8, 5, and 5). E, Dopaminergic drug effects on serum PRL levels after a 24-h treatment. Cabergoline inhibitory effect on
serum PRL was observed. *, P � 0.017 cabergoline vs. control. No effect of sulpiride was found at this time (n � 20, 16, and 22). All data were
analyzed by one-way ANOVA and Fisher’s protected least significant difference post hoc test.
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drug treatments (Fig. 2) were compared by one-way ANOVA
followed by Fisher’s protected least significant difference post
hoc tests. Estradiol effect on different genotypes was compared
by two-way ANOVA followed by Fisher’s protected least sig-
nificant difference post hoc tests. Correlation between TGF-�1
and serum PRL was analyzed with the Spearman’s rank corre-
lation test. P � 0.05 was considered significant.

Results

In vivo experiments

Active and total TGF-�1 content in pitu-
itaries from Drd2�/� and Drd2�/� mice

As discussed, TGF-�1 is thought to con-
tribute to the inhibitory effect of dopamine
on rat lactotrophs, and TGF-�1 mRNA ex-
pression and secretion are up-regulated by
dopamine (8, 9). However, little is known
about active TGF-�1 content and its regu-
lation in the pituitary. We therefore evaluated
active and total TGF-�1 in Drd2�/� and
Drd2�/� female mice. We used a sensitive
ELISAkitdesignedtomeasurebiologicallyac-
tive TGF-�1, as well as total TGF-�1, content
after acidification of the samples to dissoci-
ate the cytokine from its latent complexes.
Disruption of the Drd2 caused a decrease in
total TGF-�1 content (Fig. 1A) and mRNA
levels (Fig. 1B) in pituitaries from female
mice. Active TGF-�1 was also decreased in
pituitary homogenates from Drd2�/� fe-
male mice (Fig. 1C). Less than 8% of total
pituitary TGF-�1 was found in the active
form (Fig. 1, A and C). As expected, serum
PRL was elevated in Drd2�/� mice (Fig.
1D), and serum PRL levels correlated in-
versely with active, but not total, TGF-�1
values (Fig. 1E).

Dopaminergic regulation of active but
not total pituitary TGF-�1

To investigate whether the Drd2 was in-
volved in the TGF-�1 activation process, we
assayed in vivo the short-term effect of dopa-
minergic drugs on active TGF-�1 content in
pituitaries from wild-type female mice. After
30 min of in vivo cabergoline stimulation [do-
pamine agonist, 2 mg/kg body weight (BW),
ip], no change in active TGF-�1 levels was
found in pituitaries from Drd2�/� mice, but
sulpiride treatment (dopamine antagonist, 5
mg/kg BW, ip) decreased active TGF-�1 (Fig.
2A) . Despite the lack of effect of cabergoline
on active TGF-�1 content, serum PRL levels
were inhibited. Likewise, the stimulatory ef-

fectof sulpirideonserumPRLlevelswassignificant (Fig.2B).
An inverse correlation was found between serum PRL and
active TGF-�1 values (P � 0.0001).

We next studied the effect of 24 h of treatment with
dopaminergic drugs, an exposure that might affect
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TGF-�1 synthesis. After 24 h of treatment, neither cab-
ergoline nor sulpiride altered total TGF-�1 content or
mRNA levels in Drd2�/� pituitaries (Fig. 2, C and D).
Serum PRL levels remained inhibited after 24 h of caber-
goline treatment, whereas the PRL releasing effect of
sulpiride was not significant at this time (Fig. 2E).

Effect of estradiol administration on active and total
pituitary TGF-�1

We studied whether estradiol regulates pituitary
TGF-�1 in our experimental model. After 24 h of estra-
diol-valerate treatment (0.2 mg/kg BW, sc), we found no
significant effect on total TGF-�1 protein or mRNA levels
in either genotype (Fig. 3, A and B). Interestingly, despite
no differences in total TGF-�1 content, estradiol induced
a marked increase of active TGF-�1 in pituitaries from
Drd2�/� mice (Fig. 3C) and no effect in Drd2�/� mice.
Estradiol-valerate increased serum PRL levels in female
Drd2�/� mice, whereas it caused a decrease in PRL levels

in Drd2�/� mice (Fig. 3D). We found an inverse correla-
tion between active TGF-�1 and serum PRL values in
Drd2�/� mice (Fig. 3E) but not in Drd2�/� groups where
active TGF-�1 was not altered by estradiol treatment.

In vitro experiments

TGF-�1 effects on pituitary cells in culture
Because TGF-�1 inhibits PRL secretion and cell pro-

liferation, we next explored whether the effect of TGF-�1
on pituitary cells in vitro was altered by disruption of
Drd2. TGF-�1 decreased PRL secretion in cells from
Drd2�/� pituitaries (Fig. 4A), whereas TGF-�1 had no
effect on pituitary cells from Drd2�/� mice. Furthermore,
TGF-�1 decreased 3[H]thymidine uptake in pituitary cells
from Drd2�/� mice (Fig. 4B), whereas no effect was ob-
served in cells from Drd2�/� mice. We observed higher
PRL secretion and lower 3[H]thymidine uptake in cells
from Drd2�/� mice, as previously described (20).

T�RII expression in pituitary homogenates
Finally, to evaluate whether the lack of TGF-�1 effect

on pituitary cells from Drd2�/� mice could be due to al-
terations in T�RII concentration, we analyzed T�RII ex-
pression by Western blotting. We found decreased T�RII
protein expression in Drd2�/� pituitaries compared with
those of Drd2�/� mice (Fig. 5).

Discussion

In this study, we examined the balance of active and total
pituitary TGF-�1 in wild-type and Drd2�/� female mice
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and demonstrated that dopamine and estradiol regulate
the levels not only of total but also of active TGF-�1.
Moreover, the effect of estradiol depended on the presence
of a dopaminergic tone. We found that pituitaries from
Drd2�/� mice had lower active and total TGF-�1 com-
pared with controls, highlighting the stimulatory role of
dopamine on pituitary TGF-�1. This could be suggesting
a lower contribution of TGF-�1 by individual Drd2�/�

lactotrophs if we consider that the source of pituitary
TGF-�1 is limited to lactotrophs and FS cells, the amount
of FS cells is not different between genotypes, and lac-
totroph population is three times higher in pituitaries from
Drd2�/� mice (4).

There was a concomitant reduction in pituitary T�RII
expression in Drd2�/� mice, which is consistent with data
that indicate that dopamine up-regulates T�RII (8, 9). Ac-
cordingly, the inhibitory action of TGF-�1 on lactotrophs
in vitro was abolished in Drd2�/� pituitary cells. Our re-
sults, illustrated in Fig. 6, provide new mechanisms in-
volved in the regulation of pituitary TGF-�1.

TGF-�1 has been postulated to mediate, in part, the
inhibitory actions of dopamine on lactotroph cell prolif-

eration. To analyze the dopaminergic
regulation of pituitary TGF-�1, we as-
sayed in vivo treatments with the Drd2-
specific agonist, cabergoline, and the
antagonist, sulpiride, in Drd2�/� mice.
We found that a short-term treatment
with sulpiride decreased active TGF-
�1, suggesting that dopamine modu-
lates TGF-�1 activation, because de
novo protein synthesis was probably
not altered in a 30-min treatment. The
lack of effect of cabergoline on active
TGF-�1 may be explained by the fact
that, in wild-type mice, the Drd2 re-
ceives a constant dopaminergic input
from the hypothalamus, and additional
Drd2 stimulation may not modify
TGF-�1 levels. Neither sulpiride nor
cabergoline modified TGF-�1 mRNA
expression after 24 h. This may be re-
lated to the different time course of ac-
tion described for dopamine on secre-
tion, synthesis, and cell proliferation in
the pituitary (21). Dopamine may mod-
ify TGF-�1 activation within minutes
to hours, but the effect on synthesis
might need more time or involve differ-
ent intracellular signals. However, the
chronic loss of dopaminergic tone
caused a decrease in active and total pi-
tuitary cytokine content, as well as

TGF-�1 mRNA, suggesting that the Drd2 is involved in
the regulation of TGF-�1 synthesis and storage, as well as
activation. On the other hand, chronic estrogen treatment
may counteract the effect of dopamine in rats and may
inhibit pituitary TGF-�1 and T�RII expression and in-
crease PRL levels (13), but the estrogenic effect on active
cytokine had not been studied. Our results showed that,
after 24 h of estradiol-valerate injection, active and total
cytokine content, as well as TGF-�1 mRNA levels, re-
mained unaltered in pituitaries from wild-type mice, even
though serum PRL levels were increased. This finding sug-
gests that a long-term treatment is necessary to modify
TGF-�1 synthesis and storage, but the action of estradiol
on serum PRL levels requires a shorter time probably af-
fecting the secretory process. However, the most impor-
tant finding was that the effect of estradiol on active
TGF-�1 levels depended on the dopaminergic tone, be-
cause only in the absence of dopamine regulation, in
Drd2�/� pituitaries, did estradiol induce a strong increase
of the active cytokine (Fig. 6). This unexpected response
could reveal a dopaminergic inhibition of a permissive

FIG. 6. Diagram summarizing dopamine regulation of TGF-�1 inferred from results in mice
lactotrophs from Drd2�/� mice. Dopamine, acting through Drd2, regulates normal function
of lactotrophs by inhibiting PRL secretion and cell proliferation. TGF-�1 was suggested to
partly mediate the inhibitory actions of dopamine. The cytokine is secreted in a latent form
(LAP � TGF-�1) in covalent association with the latent TGF-� binding protein (LTBP) and
remains sequestered in the extracellular matrix (TGF-�1 storage) until activation occurs. In this
work, we found that the loss of dopaminergic regulation (Drd2�/� mice) caused a decrease in
total (1) and active (2) TGF-�1 protein levels and mRNA synthesis (3), as well as T�RII
expression (4). PRL secretion was highly increased in this model (5) and correlated with the
down-regulation of active TGF-�1 (A). A 24-h in vivo estradiol (E2) treatment caused a strong
increase in active TGF-�1 only in Drd2�/� mice. We therefore postulate that dopamine might
inhibit a positive effect of E2 on TGF-�1 activation (B). Mechanisms underlying regulation of
TGF-�1 activation by estradiol and dopamine are not yet elucidated (?).
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effect of estradiol in the activation of the cytokine. It is
known that several mechanisms participate in TGF-�1
activation in different tissues (15, 16, 22), but they have
not been explored in the pituitary. As estradiol does not
directly activate TGF-�1, the stimulatory effect of es-
tradiol in pituitaries from Drd2�/� female mice may be
mediated by the modulation of latent TGF-� activators, for
example matrix metalloproteinases (MMP) or thrombos-
pondin-1 among others.

Interestingly the effect of estradiol-valerate in increas-
ing TGF-�1 in Drd2�/� pituitaries correlated with a de-
crease in serum PRL levels. This result is reminiscent of the
estradiol effect sometimes applied to terminate lactation
and decrease PRL level in lactating women, in which do-
paminergic tone is low and PRL levels are high (23, 24).
On the other hand, it is important to note the differences
in estradiol sensitivity that exist among experimental
models of lactotroph hyperplasia. In the estrogen-treated
rat, the sensitivity to estrogen varies in different rat strains
and may be caused by differences in the number of FS cells
(25). Likewise, in mice, estradiol exerts strain-specific ef-
fects (and opposing responses) on PRL release in 129S6
and C57BL/6 mice, whereas comparable increase in pitu-
itary weight is observed (26). We previously reported es-
tradiol inhibition on PRL secretion in C57BL/6 mice (20).
On the other hand, differences in doses and experimental
procedure (acute or chronic administration) could be also
involved in determining estrogen effects. Mechanisms un-
derlying strain-specific responses to estradiol remain
largely unknown, but it is important to highlight that the
strong increase in active TGF-�1 induced by estradiol that
we found could be involved in the concomitant decrease
found in serum PRL levels.

It is important to note that less than 8% of total TGF-�
was found in the active form. This is similar to what has
been described in other tissues (7) and underlines the im-
portance of evaluating biologically active TGF-�1 rather
cytokine expression, synthesis, or secretion, when study-
ing TGF-�1. After synthesis, TGF-� are secreted as large
latent complexes, and they must undergo a highly regu-
lated activation process to release the mature TGF-� and
allow the cytokine to bind to its receptor. Therefore, cy-
tokine activation is a crucial event regulating its biological
activity. Several latent TGF-�1 activators have been de-
scribed, including proteases, thrombospondin-1, the in-
tegrin �v�6, and reactive oxygen species among others.
However, their biological importance in releasing TGF-�1
from its latent complex and their local regulation in dif-
ferent tissues are still not fully understood (15, 16). Some
of the known activators are present in the pituitary and are
candidates for regulation by estradiol: thrombospondin-1
and MMP9 and MMP2 among others (27–29). On the

other hand, the effect of dopamine action on different
modulators of TGF-�1 activation at the pituitary level has
not been described, and less is known about the control
mechanism governing TGF-�1 production by FS cells.

These results highlight the importance of TGF-�1 ac-
tivation and the regulation of this process, particularly in
the pituitary, where TGF-�1 may contribute in modulat-
ing PRL secretion and lactotroph growth. Increasing
knowledge of TGF-�1 control on lactotroph function may
be an important tool for future clinical studies. Prolacti-
nomas are the most prevalent type of pituitary tumors in
humans and generally respond well to a medical therapy
with dopamine agonists. However, for patients exhibiting
resistance to dopaminergic drugs, alternative therapies are
desired, and TGF-�1 and its local activators may provide
important targets in the treatment of dopamine agonist
resistant prolactinomas.
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