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Dopamine and estradiol interact in the regulation of lactotroph cell proliferation and prolactin
secretion. Ablation of the dopamine D2 receptor gene (Drd2�/�) in mice leads to a sexually di-
morphic phenotype of hyperprolactinemia and pituitary hyperplasia, which is stronger in females.
TGF-�1 is a known inhibitor of lactotroph proliferation. TGF-�1 is regulated by dopamine and
estradiol, and it is usually down-regulated in prolactinoma experimental models. To understand
the role of TGF-�1 in the gender-specific development of prolactinomas in Drd2�/� mice, we
compared the expression of different components of the pituitary TGF-�1 system, including active
cytokine content, latent TGF-�–binding protein isoforms, and possible local TGF-�1 activators, in
males and females in this model. Furthermore, we evaluated the effects of dopamine and estradiol
administration to elucidate their role in TGF-�1 system regulation. The expression of active TGF-�1,
latent TGF-�–binding protein isoforms, and several putative TGF-�1 activators evaluated was
higher in male than in female mouse pituitary glands. However, Drd2�/� female mice were more
sensitive to the decrease in active TGF-�1 content, as reflected by the down-regulation of TGF-�1
target genes. Estrogen and dopamine caused differential regulation of several components of the
TGF-�1 system. In particular, we found sex- and genotype- dependent regulation of active TGF-�1
content and a similar expression pattern for 2 of the putative TGF-�1 activators, thrombospondin-1
and kallikrein-1, suggesting that these proteins could mediate TGF-�1 activation elicited by do-
pamine and estradiol. Our results indicate that (1) the loss of dopaminergic tone affects the pi-
tuitary TGF-�1 system more strongly in females than in males, (2) males express higher levels of
pituitary TGF-�1 system components including active cytokine, and (3) estradiol negatively controls
most of the components of the system. Because TGF-�1 inhibits lactotroph proliferation, we pro-
pose that the higher levels of the TGF-�1 system in males could protect or delay the development
of prolactinomas in Drd2�/� male mice. (Endocrinology 154: 4192–4205, 2013)

A growing number of studies demonstrate that the
prevalence, incidence, and severity of diseases depend

on physiological, hormonal, and genetic differences be-
tween sexes and that these differences might affect the
responses to therapies (1). Currently, consideration of
these sex differences in the pharmacokinetics and phar-
macodynamics of drugs is thought to be essential for im-

proving therapeutic efficacy while minimizing adverse
events (2). It is well known that gonadal hormones are the
earliest and direct cause of sex differences.

The prolactin (PRL)–secreting adenomas (ie, prolacti-
nomas) usually present sexual differences in their inci-
dence, tumor size, and behavior. Microprolactinomas oc-
cur more frequently in women than in men, particularly
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between the second and third decades of life (fertile pe-
riod), when the tumor ratio between the sexes is estimated
to be 10:1. Interestingly this sexual difference disappears
after the fifth decade of life, when serum estradiol de-
creases inwomen, and fromthat ageonward the frequency
of prolactinomas is similar in both sexes (3).

Dopamine and estradiol are the main physiological reg-
ulators of lactotroph function, exerting opposing actions,
inhibitory and stimulatory, respectively, on prolactin se-
cretion and cell proliferation (4). Dopamine, through the
dopamine D2 receptor (Drd2), expressed in lactotrophs,
inhibits PRL synthesis and release as well as lactotroph
proliferation (5, 6). On the other hand, estradiol induces
PRL secretion, not only by stimulating PRL gene expres-
sion in lactotrophs but also by modifying lactotrophic
responses to other inhibitory and stimulatory factors
(7). In addition, estradiol stimulates lactotroph func-
tion indirectly by decreasing hypothalamic dopamine
production (7).

Deregulation in the control of lactotroph proliferation
can lead to the development of prolactinomas. Prolacti-
nomas are the most prevalent type of pituitary tumor in
humans and usually remain responsive to dopamine inhi-
bition, with dopaminergic agonists being the first choice of
therapy. However, about 10% to 15% of patients exhibit
resistance to dopaminergic drugs, and, currently, there are
no alternative therapies. Finding alternative mechanisms
to inhibit lactotroph function might provide new therapies
for these resistant tumors.

An excellent model to study Drd2-resistant prolactino-
mas is the transgenic mouse lacking functional Drd2 re-
ceptors (Drd2�/�; knockout [KO]). Drd2�/� mice display
chronic hyperprolactinemia and pituitary lactotroph hy-
perplasia (8, 9). Interestingly, the loss of Drd2 causes a
more pronounced effect in females than in males (8, 10).
At 8 months of life, the lack of dopaminergic control in-
creases serum PRL levels by 15-fold in females and only
7-fold in males. Moreover, females develop lactotroph hy-
perplasia from 6 month onward, whereas age-matched
Drd2-deficient males have no morphological adenohy-
pophysial lesions (11). However, both males and females
develop pituitary lactotroph adenomas at 17 to 20 months
of age.

Besides dopamine and estradiol, many other growth
factors, hypothalamic releasing factors, and neurotrans-
mitters regulate lactotroph function (for a review, see Ref.
7). Among them, TGF-�1 represents a key candidate for
mediating the effects of dopamine and estradiol on lac-
totroph physiology. TGF-�1 and its receptor, TGF-� type
II receptor (T�RII), are expressed in lactotrophs, and this
cytokine inhibits lactotroph cell proliferation and PRL se-
cretion by an autocrine/paracrine mechanism (12–14).

Estradiol has been shown to decrease TGF-�1 synthesis
and release and lactotroph T�RII expression (12, 15). On
the other hand, dopamine, acting on Drd2s, up-regulates
TGF-�1 expression (16). Interestingly, it was suggested
that TGF-�1 partly mediates dopamine inhibitory action
on lactotrophs (12, 17). Therefore, because dopamine and
estradiol are the most important regulators of lactotroph
function, and they both regulate pituitary TGF-�1 avail-
ability, we postulate that the TGF-�1 system is a target of
the estradiol-dopamine interaction in the regulation of
PRL secretion and lactotroph proliferation. Moreover,
sex differences in the pituitary TGF-�1 system could ex-
plain sex differences in the control of lactotroph function.

TGF-�s are synthesized as larger precursor molecules
that contain a propeptide called latency-associated pep-
tide (LAP). LAP is processed by furin-like enzymes within
the trans-Golgi but remains associated with the mature
cytokine by noncovalent interactions (18). In addition,
while still in the endoplasmic reticulum, the LAP-TGF-�
complex is linked by covalent association to the latent
TGF-�–binding protein (LTBP). The large latent TGF-�
complex is secreted and incorporated through LTBP in-
teraction as a component of the extracellular matrix,
which acts as a cytokine reservoir. Within the large latent
TGF-� complex, TGF-� remains latent and must undergo
a highly regulated activation process by which TGF-� is
released from LAP to bind to its receptor (18, 19). There-
fore, latent TGF-� activation is a crucial event in govern-
ing cytokine biological activity.

Several latent TGF-�1 activators have been described,
including proteases, thrombospondin-1 (TSP1), integrins
�v�6 and �v�8, and reactive oxygen species, among oth-
ers. However, their individual biological importance in
releasing TGF-�1 from its latent complex and their local
regulation in different tissues are still not fully understood
(18, 20, 21).

Neither the regulation of the components of the pitu-
itary TGF-�1 system nor the local TGF-�1 activation has
been studied previously, and, therefore, the pituitary
TGF-�1 activators are still not known. Because TGF-�1
inhibits lactotroph function and TGF-�1 was found to be
down-regulated in 2 different experimental models of
prolactinomas (14, 15, 22), studying the regulation of
the pituitary TGF-�1system might be useful to identify
novel targets for alternative treatments in resistant
prolactinomas.

The aim of the present study was to characterize the
components of the pituitary TGF-�1 system, the sex dif-
ferences, and their modulation by dopamine and estrogen.
We also evaluated the impact of the loss of dopaminergic
control in these components, comparing wild-type (WT)
and Drd2�/� mice.
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Materials and Methods

Female and male Drd2�/� mice (official strain designation
B6.129S2-Drd2tm1Low/J by the Induced Mutant Resource at The
Jackson Laboratory), generated by targeted mutagenesis of the
Drd2 gene in embryonic stem cells, were used (9, 11). The orig-
inal F2 hybrid strain (129S2/Sv � C57BL/6J), containing the
mutated Drd2 allele, was backcrossed for 8 generations to WT
C57BL/6J mice. Both isoforms of Drd2 (D2L and D2S) are non-
functional in mutant mice. Mutant and WT mice were generally
the product of heterozygous crossings, and, in all cases, sibling
controls were used. Mice were housed in groups of 4 or 5 with
mixed genotypes in an air-conditioned room with lights on at
7:00 AM and off at 7:00 PM. Animals had free access to laboratory
chow and tap water. Drd2�/� (WT), heterozygous, and
Drd2�/� mice were identified by PCR of genomic DNA as de-
scribed previously (8). Animals were used at 8 months of age, at
which time the pituitary glands from Drd2�/� females were hy-
perplastic (pituitary weight, 2.43 � 0.08 vs 4.56 � 0.22 g, WT
vs Drd2�/�, respectively; P � .001). Female mice were randomly
cycling during the experiments. All experimental procedures
were reviewed and approved by the institutional animal care and

use committee of the Instituto de Biología y Medicina Experi-
mental, Buenos Aires (Division of Animal Welfare, Office for
Protection from Research Risks, National Institutes of Health,
A#5072–01).

In vivo experiments
WT female and male mice were injected IP with saline solu-

tion (control group), the Drd2 antagonist sulpiride (10 mg/kg;
IVAX Laboratories), or the Drd2 agonist cabergoline (2 mg/kg;
Beta Laboratories). Animals were killed by decapitation after 30
minutes (short-term) or 24 hours (long-term) of treatment.

Another set of Drd2�/� and Drd2�/� mice were injected with
estradiol valerate (0.2 mg/kg SC, Progynon Depot; Schering) or
castor oil (control group) and killed 24 hours later. After every
treatment, trunk blood was collected, and anterior pituitaries
were removed. Sera were kept at �20°C until RIAs were per-
formed. Pituitaries were excised as described below for Western
blot, quantitative real-time PCR (qPCR), or ELISA assays.

qPCR
Pituitaries from different experimental groups were col-

lected in RNAlater (Ambion). Total RNA was extracted from

0.0

0.4

0.8

1.2

wt ko wt ko

Females Males

PA
I-

1/
β-

ac
tin

 m
R

N
A

 (a
.u

.)

*
a a

0.0

0.5

1.0

1.5

wt ko wt ko

Females Males

TG
F-
β1

 /β
-a

ct
in

 m
R

N
A

 (a
.u

.) a a

0

1000

2000

3000

wt ko wt ko

Females Males

To
ta

l T
G

F-
β1

(p
g/

m
g 

pr
ot

ei
n)

 

0

100

200

300

wt ko wt ko

Females Males

A
ct

iv
e 

TG
F-
β1

 (p
g/

m
g 

pr
ot

ei
n)

 a
a
*

*

A CB

0.0

0.4

0.8

1.2

wt ko wt ko

Females Males

TM
EP

A
I/β

-a
ct

in
 m

R
N

A
 (a

.u
.)

*

0

15

30

45

60

wt ko wt ko

Females Males

Tβ
R

II
/ β

-a
ct

in
 p

ro
te

in
 (

a.
u.

)

*

D E F

TβRII
β-actin

wt wtko ko
F M

Figure 1. Sex differences in active and total TGF-�1 content in pituitaries of WT and Drd2�/� (KO) mice. A, Active TGF-�1 was measured by
ELISA in pituitary samples (n � 10–15/group). Significant differences among genotypes (*, P � .0001) and sexes (a, P � .004) were found. B, Total
TGF-�1 content was measured by ELISA after sample acidification with 1 N HCl (n � 8–13/group). C�E, mRNA transcripts indicated were
amplified with specific primers by qPCR and normalized to �-actin. Results are expressed relative to those for WT females (n � 4–9/group). C,
TGF-�1 mRNA levels. a, P � .007 vs genotype-matched females. D, TMEPAI mRNA expression. Genotype � sex interaction, P � .035. a, P � .037
vs WT females. E, PAI-1 mRNA levels. Genotype � sex interaction, P � .038. a, P � .001 vs genotype-matched females. Differences among
genotypes were observed only in females (*, P � .042 vs WT females). F, T�RII protein expression relative to that of �-actin was evaluated by
Western blot in pituitary samples and quantified by densitometry (n � 5–7/group). Representative immunoreactive bands are shown. Genotype �
sex interaction, P � .005. *, P � .014 vs WT females. a, P � .029 vs KO female. Statistical analysis: 2-way ANOVA followed by a Tukey post hoc
test when the interaction between effects was significant. a.u., arbitrary units; F, female; M, male.
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the tissue using an RNeasy Protect Mini Kit (Qiagen). RT was
performed using 750 ng of total RNA, and the resulting cDNA
was used for qPCR analysis. qPCRs were performed using
specific primers and the QuantiFast SYBR Green PCR kit

(Qiagen) on an iCycler Thermal Cycler (Bio-Rad). Target gene
expression was quantified by comparing the threshold cycle
(CT) with that of �-actin by using the comparative CT method
(��CT). The primer sequences used for qPCR can be found in

Supplemental Table 1.

Detection of total and active
TGF-�1

ELISAs were performed to quantify
active or total TGF-�1 content in pitu-
itary homogenates of WT and Drd2�/�

female and male mice with a TGF-
�1 Emax ImmunoAssay System
(Promega).

Pituitaries were excised and homog-
enized, as described for Western blot-
ting, and the homogenates were centri-
fuged at 10,000 � g for 10 minutes at
4°C. The supernatant protein contents
were measured with a Qubit fluorometer
and a Quant-iT Protein Assay Kit
(Invitrogen).

TGF-�1 is expressed as picograms per
milligram of 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 minutes at room temperature, fol-
lowed by neutralization with 1 N NaOH
to pH 7.6.

The details of the procedures for
Western blotting, RIA, and gelatin zy-
mography are described in the Supple-
mental Materials and Methods.

Statistical analyses
Results are expressed as means �

SEM. Comparisons among sexes and
genotypes were evaluated by a 2-way
ANOVA followed by a Tukey honestly
significant difference (HSD) test when
the interaction between effects was sig-
nificant. Dopaminergic drug treat-
ments were compared by 1-way
ANOVA followed by a Tukey HSD
test. Active TGF-�1 content and serum
PRL values (see Figure 2, C and D) were
analyzed by 3-way ANOVA to test the
interaction between sex, genotype, and
treatment effects. Further analysis was
performed separately in each sex by
2-way ANOVA. The effect of estradiol
treatment on mRNA expression was
compared by 2-way ANOVA followed
by a Tukey HSD test separately for each
sex.
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Figure 2. Sex differences in active TGF-�1 regulation by dopamine and estradiol in vivo. A,
Active TGF-�1 content (picograms per milligram of protein) measured by ELISA in pituitary
extracts of WT male and female mice after a 30-minute in vivo treatment with the Drd2 agonist,
cabergoline (caberg, 2 mg/kg IP), the Drd2 antagonist, sulpiride (sulp, 10 mg/kg IP), or saline
(control) (n � 5–10/group). *, P � .03 vs sex-matched control; a, P � .03 vs treatment-matched
females. B, Serum PRL concentration in the experimental animals shown in A, measured by RIA.
#, P � .042; *, P � .0001 vs sex-matched controls; a, P � .008 vs treatment-matched females.
C, active TGF-�1 content measured by ELISA in pituitary extracts of male and female mice after
24 hours of treatment with estradiol valerate (E2 24hs, 0.2 mg/kg SC) or castor oil (control, SC).
Males and females showed a differential response to E2 treatment (factorial ANOVA, interaction
of genotype � treatment � sex, P � .005). Posterior analysis by 2-way ANOVA in each sex
showed the following: in females, interaction of genotype � treatment, P � .0001; **, P � .001
vs WT control; &, P � .0001 vs KO control (n � 7–11); and in males, interaction of genotype �
treatment, P � .03; #, P � .0002 vs genotype matched control; *, P � .003 vs WT control (n �
7–11). D, Serum PRL values of experimental animals used in panel C, measured by RIA. The triple
interaction was not significant. a, P � .0001 vs genotype and treatment-matched females.
Interaction of genotype � treatment, P � .0006. In females, #, P � .006 vs WT control; **, P �
.0001 vs WT control; &, P � .0001 vs KO control. In males, *, P � .003 vs WT control. Statistical
analysis: factorial ANOVA to evaluate the effects of sex, genotype, and treatment. To simplify the
analysis, we next evaluated the effect of estradiol valerate treatment and genotype separately in
males and females by 2-way ANOVA followed by a Tukey post hoc test. Gray circles highlight the
inverse correlation among active cytokine and serum PRL, found only in KO females.
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Results

Sex differences in active and total TGF-�1 content
in pituitaries from Drd2�/� and Drd2�/� mice

Because the dopaminergic tone at the pituitary level is
lower in males than in females (23) and dopamine controls
TGF-�1 activity (14), we first sought to evaluate sex dif-
ferences in local active and total TGF-�1 and the impact
of the absence of functional Drd2s in both sexes. We found
that male pituitaries contained higher levels of active cy-
tokine (P � .004) (Figure 1A ) and mRNA levels (P � .007)
(Figure 1C) than female pituitaries, despite the fact that
there are equal amounts of total TGF-�1 in both sexes
(Figure 1B). The loss of dopaminergic control in Drd2�/�

mice caused a decrease in active pituitary TGF-�1 levels in
both sexes (P � .0001) (Figure 1A). To evaluate whether
the lower basal levels of active TGF-�1 in Drd2 KO pitu-
itaries affect the biological activity of the cytokine, we
measured the expression of 2 TGF-�1-inducible genes: the
androgen-induced transmembrane protein (transmem-
brane prostate androgen-induced protein [TMEPAI]) (24,
25) and the plasminogen-activator inhibitor 1 (PAI-1)
(26). TMEPAI and PAI-1 mRNA expression were down-

regulated only in female Drd2�/�

compared with WT pituitaries (Fig-
ure 1, D and E, respectively), al-
though decreased levels of active
TGF-�1 were found in Drd2�/�

mice of both sexes.
The lower levels of TMEPAI and

PAI-1 mRNA expression in female
KO pituitaries were consistent with
the lower T�RII expression that we
described earlier (14). On the other
hand, no genotype differences were
found in T�RII expression in males
(Figure 1F), in accordance with the
unaltered expression of TGF-�1 tar-
get genes, suggesting that intact cy-
tokine activity is maintained despite
the lower TGF-�1 active levels in KO
males.

Sex differences in dopaminergic
and estrogenic regulation of
pituitary active TGF-�1

We next explored the effect of a
dopaminergic Drd2 agonist (caber-
goline) and an antagonist (sulpiride)
on pituitary active TGF-�1 content
in WT mice. We found that a 30-
minute treatment with sulpiride (10
mg/kg body weight IP) decreased ac-

tive TGF-�1 in pituitaries in both sexes (Figure 2A),
whereas no effect of cabergoline (2 mg/kg body weight IP)
was observed. Serum PRL was measured by RIA as a control
of the dopaminergic drug effect (Figure 2B). As expected,
serum PRL levels were stimulated by sulpiride (P � .0001)
and decreased by cabergoline (P � .042) in both sexes.

We have previously reported that the estradiol effect on
pituitary active TGF-�1 depends on the presence of an
intact dopaminergic control in female mice (14). Interest-
ingly, a 24-h treatment with estradiol valerate (0.1 mg/kg)
elicited a differential response on active TGF-�1 content,
which was dependent on sex and genotype (interaction of
genotype � treatment � sex effect, P � .005) (Figure 2C).
Estradiol treatment caused a decrease in pituitary active
TGF-�1 content in WT males, whereas WT females
showed no response to the steroid. On the other hand,
when dopaminergic control is lost (KO pituitaries), no
effect of estradiol was found in KO males, whereas a
strong increase in active TGF-�1 was observed in pitu-
itaries from Drd2 KO females (P � .0001).

A differential estradiol effect on serum PRL between
the sexes was also observed: no differences were found in

0.0

0.4

0.8

1.2

wt ko

#
#

0.0

0.4

0.8

1.2

wt ko

#
#

A

B C

Females Males

0.0

0.4

0.8

1.2

1.6

wt ko wt ko

Females Males

Control

E2 24hs

wt ko

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 

Figure 3. Furin expression and regulation in the pituitary glands of WT and Drd2�/� mice. Furin
mRNA expression was detected by qPCR and normalized to that of �-actin. A, Comparative
mRNA levels among sexes and genotypes, relative to those of WT females (n � 6–7). B and C,
Effect of an in vivo treatment with estradiol valerate (E2 24hs, 0.2 mg/kg SC) or castor oil
(control SC) after 24 hours in females (n � 4–7, B) and males (n � 5, C). Results are expressed
relative to the WT control group of each sex. #, P � .0006 vs genotype-matched control in
females (B); #, P � .0027 vs genotype-matched control in males (C). Statistical analysis: 2-way
ANOVA.
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males, regardless of the genotype, whereas WT and KO
females responded in opposite ways, showing a strong
interaction between dopamine and estradiol on PRL reg-
ulation. Inverse correlation between pituitary active
TGF-�1 content and PRL serum was observed only in KO
females, as we described previously (14).

Characterization of other components of the
pituitary TGF-�1 system

Furin expression
The LAP-TGF-� precursor molecule is processed by

furin-like enzymes within the trans-Golgi. Because other
protein convertases, such as PC1 and PC2, have been
shown to be regulated by dopamine through Drd2 (27),
we next studied the expression of furin in pituitary ho-

mogenates to evaluate whether alterations in this first step
in TGF-� processing could explain sex and genotype dif-
ferences found in synthesis, storage, and activity of the
cytokine. Furin mRNA expression was similar in pituitar-
ies form both sexes and genotypes (Figure 3A). Accord-
ingly, we did not find any effect of a 24-h treatment with
cabergoline or sulpiride in WT mice (data not shown).
However, a 24-hour estradiol treatment caused a down-
regulation of furin mRNA expression regardless of geno-
type in both females (Figure 3B) (P � .0006) and males
(Figure 3C) (P � .0027).

Pituitary LTBP isoform characterization
Among the 4 LTBP isoforms described (1, 2, 3, and 4),

only LTBPs 1, 3, and 4 complex to the TGF-�1 propeptide

0.0

0.5

1.0

1.5

2.0

control caberg sulp
0.0

0.5

1.0

1.5

2.0

control caberg sulp

0.0

0.4

0.8

1.2

1.6

control caberg sulp

0.0

0.4

0.8

1.2

1.6

wt ko wt ko

Females Males

a
a

Females Males

0.0

0.4

0.8

1.2

1.6

control caberg sulp

LTBP3 D

0.0

0.5

1.0

1.5

2.0

wt ko wt ko

Females Males

*

a
a

*

LTBP1

0.0

0.5

1.0

1.5

2.0

wt ko wt ko

Females Males

a a

A

G

F

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n

LTBP4 

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n
R

el
at

iv
e 

m
R

N
A

 e
xp

re
ss

io
n

E

H I

0.0

0.5

1.0

1.5

2.0

control caberg sulp

B

#

0.0

0.5

1.0

1.5

2.0

control caberg sulp

C

Figure 4. LTBP expression in the pituitary glands of WT and Drd2�/� mice. LTBP1, LTBP3, and LTBP4 mRNA expression levels were evaluated by
qPCR and normalized to that of �-actin. Each isoform expression was compared among genders and genotypes (A, D, and G). Dopaminergic
regulation of LTBPs expression was evaluated by in vivo treatment with cabergoline (caberg, 2 mg/kg IP), sulpiride (sulp, 10 mg/kg IP) or saline
(control, IP) for 24 hours in WT female (B, E, and H) and male mice (C, F, and I). Statistical analysis: 2-way ANOVA for sex and genotype
comparison and 1-way ANOVA for dopaminergic drug effect. The interaction between effects was not significant. *, sex-matched differences
among genotypes; a, genotype-matched differences among sexes; #, treatment vs control differences. A, *, P � .0001; a, P � .0036. B, #, P �
.024. D, a, P � .007. G, a, P � .032. n � 5–8 animals/group.
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(19). We recently described the expression of LTBP iso-
forms in normal and tumoral pituitaries in rats (22). How-
ever, at that time, there were no data reflecting LTBP syn-
thesis and regulation in the pituitary. Therefore, we
extended our observations to quantify LTBP levels in WT
and Drd2�/� mice of both sexes and their regulation by
dopamine and estradiol.

We found that pituitary expression of LTBP1, LTBP3,
and LTBP4 mRNA was higher in males than in females
(Figure 4). Only LTBP1 was reduced in Drd2�/� pituitar-
ies of both sexes (P � .0001), suggesting a dopaminergic
regulation of its synthesis. However, an in vivo treatment
with the Drd2 antagonist sulpiride in WT mice decreased
LTBP1 mRNA expression only in females (Figure 4B).
LTBP3 and LTBP4 isoform expression was not regulated
by sulpiride or cabergoline in either sex. After 24 hours,

estradiol treatment significantly de-
creased mRNA levels of LTBP1 and
LTBP3 in both sexes and genotypes
(Figure 5 A–D).

Local TGF-�1 activators
TGF-�1 activators in the pituitary

have not yet been described. The fact
that we found decreased content of
active TGF-�1 in male and female
Drd2�/� pituitaries, with no differ-
ences in total cytokine levels, led us
to hypothesize that one or more of
the local activators could be altered
in KO pituitaries. Furthermore, the
regulation we found of active
TGF-�1 levels by estradiol and do-
pamine suggests that these hormones
must be modulating the action of lo-
cal activators. To identify putative
TGF-�1 activators in the pituitary,
we studied the expression and regu-
lation of several molecules with the
ability to release mature TGF-�1
from its latent complexes, which
were previously described in the lit-
erature (18).

Matrix metalloproteases (MMPs).
MMP2 and MMP9 activity was
evaluated by gelatin zymography.
We could only detect the inactive zy-
mogens, pro-MMP2 and pro-
MMP9, suggesting very low or ab-
sent basal activity of pituitary
gelatinases (see Supplemental Figure

1 published on The Endocrine Society’s Journals Online
web site at http://end.endojournals.org). We found that
both pro-MMP2 and pro-MMP9 were decreased in fe-
male and male Drd2�/� pituitaries with respect to those in
the WT (Supplemental Figure 1). Males showed lower
pro-MMP2 levels than females, whereas no differences
were observed in pro-MMP9 levels between sexes. MMP2
mRNA expression, measured by qPCR was decreased in
the pituitaries of both female and male KO mice (Figure
6A). Contrary to what we observed by zymography, males
showed higher expression of MMP2 mRNA than females.

Pro-MMP2 activation occurs at the cell surface and is
mediated primarily by MT-MMPs, a subfamily of trans-
membrane domain MMPs, including MT1-MMP. MT1-
MMP not only is necessary for MMP2 activation but also
participates in the activation of TGF-�1 (28–30). We
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Figure 5. Estrogenic regulation of LTBP mRNA expression. WT and Drd2�/� female and male
mice were in vivo treated with estradiol valerate (E2 24hs, 0.2 mg/kg SC) or castor oil (control
SC) for 24 hours, and each LTBP mRNA expression was detected by qPCR as indicated. Statistical
analysis: 2-way ANOVA. The interaction between effects was not significant. *, treatment-
matched differences among genotypes; #, genotype-matched differences among treatment with
estrogen valerate. A, #, P � .0001. B, *, P � .038; #, P � .002. C, #, P � .001. D, *, P � .047;
#, P � .0006. E, *, P � .01. n � 4–8 animals/group.
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found higher levels of MT1-MMP mRNA in males than in
females (Figure 6B). Differences between genotypes or in-
teractions between effects were not found by 2-way
ANOVA.

Integrins. The activation of TGF-�1 mediated by integrins
occurs by their interaction with the amino acid sequence
RGD present in LAP. Among the large number of integrins
that recognize this RGD sequence, the integrins �v�6 and
�v�8 efficiently bind and activate the latent TGF-�1 (30–
32). We found different expression patterns of integrins
�v�6 and �v�8 in male and female pituitaries (Figure 6, C

and D). Integrin �6 and �8 mRNA
expression was higher in the pituitar-
ies of WT males than in those of WT
females. Both integrins displayed dif-
ferential regulation by dopamine. In
the case of integrin �6, although
male KO pituitaries presented lower
mRNA levels, dopaminergic regula-
tion was not observed after 24 hours
of treatment with cabergoline or
sulpiride in either sex (Figure 7, A
and B). On the contrary, integrin �8
expression was strongly dependent
on negative dopaminergic control in
females (Figure 7C). Integrin �6 and
�8 mRNA expression was inhibited
by estrogen, regardless of the geno-
type and sex (Figure 8, A–C). Integ-
rin �8 was the only potential
TGF-�1 activator evaluated that was
overexpressed in female hyperplastic
Drd2�/� pituitaries.

TSP1andkallikrein-1(KLK1).TSP1
is one of the major TGF-�1 activa-
tors described in multiple tissues. We
found that males expressed higher
TSP1 mRNA levels than females
(Figure 6E), and Drd2�/� mice of
both sexes showed lower TSP1 pitu-
itary expression than their WT coun-
terparts (P � .025). Interestingly,
only females showed a positive do-
paminergic regulation evidenced by
the inhibitory effect of in vivo
sulpiride treatment on TSP1 expres-
sion (Figure 7E). Contrary to what
was found with the previous activa-
tors evaluated, treatment with estra-
diol (24 hours) caused an increase in
TSP1 levels in both male and female

pituitaries in both genotypes (Figure 8E).
Kallikreins comprise a family of serine proteases of sim-

ilar structure and are found in various tissues and biolog-
ical fluids involved in the specific processing of propeptide
bioactive precursors into their products. Among them,
KLK1 was described in rat pituitary more than 10 years
ago (33). KLK1 showed a marked sexual difference, with
higher expression in females than in males, and it was
detected by immunohistochemistry in PRL-secreting cells
(34). Previous studies showed dopaminergic and estro-
genic regulation of KLK1 in the pituitaries of female rats
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Figure 6. Expression of possible TGF-�1 activators in the pituitary gland of WT and
Drd2�/�mice. mRNA expression of each of the transcripts indicated was evaluated by qPCR. The
comparison between sexes and genotypes was analyzed by 2-way ANOVA. A, *, P � .025 vs
sex-matched WT; a, P � .0008 vs genotype-matched females. B, a, P � .01 vs genotype-
matched females. C, Sex � genotype interaction, P � .014. *, P � .0002 vs the rest of the
groups; a, P � .0005 vs WT females. D, Sex � genotype interaction, P � .06. *, P � .047 vs WT
females. a, P � .0005 vs WT females. E. *, P � .025 vs gender-matched WT; a, P � .0001 vs
genotype-matched females. F, Sex � genotype interaction, P � .025. *, P � .013 vs WT female.
n � 4–9/group.
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(33, 35, 36), but the local function of this protease is still
not known.

We observed KLK1 expression in mouse pituitaries,
and no sex differences were observed (Figure 6F). KLK1
expression was regulated by dopamine in female but not
male pituitaries. We found lower KLK1 expression in fe-
male KO pituitaries, and, accordingly, the Drd2 agonist
cabergoline caused a marked increase in KLK1 expression
in WT females (Figure 7G). In vivo treatment with es-
trogen caused a remarkable induction of pituitary

KLK1 in males in both genotypes
(P � .0001) (Figure 8H). However,
in females this marked effect was
observed only in the absence of the
dopaminergic control (P � .0001)
(Figure 8G).

Discussion

In the present results, we describe sex
differences in the pituitary TGF-�1
system and its local regulation by do-
pamine and estradiol. We have ex-
haustively characterized several
components involved in each of the
steps of TGF-�1 regulation, includ-
ing its synthesis, processing, assem-
bly and storage, activation, and bio-
logical function. We found that the
pituitary TGF-�1 system is pro-
foundly affected by estradiol and do-
pamine stimulation, and this may
have an impact on the regulation of
PRL secretion by lactotroph cells.

We demonstrated that male mice
have higher levels of pituitary active
cytokine than females, without alter-
ations in the total TGF-�1 levels. In
accordance with the higher active
TGF-�1 content in males, we also
found increased expression of sev-
eral other components of the system,
including LTBPs and possible local
activators, compared with those in
females. Because we found that es-
trogen treatment negatively regu-
lates most of these components, we
hypothesize that higher levels of ac-
tive TGF-�1 in males could be re-
lated to their lower circulating estro-
gen levels.

On the other hand, the impact of
the chronic loss of dopaminergic tone on the pituitary
TGF-�1 system was stronger in females. Even though both
Drd2�/� males and females present lower pituitary active
TGF-�1 content than WT mice, only females showed ev-
idence of decreased TGF-�1 activity, evaluated by the
down-regulation of TGF-�1 target genes and T�RII
expression.

Sex differences in dopaminergic tone and the estradiol
effect at the pituitary level were described decades ago. In

Figure 7. Dopaminergic regulation of possible TGF-�1 activators. mRNA expression of each of
the indicated activators was evaluated after in vivo treatment with cabergoline (caberg, 2 mg/kg
IP), sulpiride (sulp, 10 mg/kg IP), or saline (control, IP) for 24 hours in WT female (left column)
and male mice (right column). Statistical analysis: 1-way ANOVA followed by a Tukey post hoc
test. C, #, P � .039 vs control. E, #, P � .041 vs control. G, #, P � .008 vs control. n �
4–9/group.
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1981, Gudelsky and Porter (23) found that the concen-
tration of dopamine in the median eminence of cycling
female rats during diestrus is approximately 7 times higher
than stalk plasma dopamine in intact male rats. Dopami-
nergic neurons of the tuberoinfundibular dopaminergic
system (TIDA) are considered to be the major physiolog-
ical regulators of PRL secretion. Basal TIDA activity and

responsiveness to PRL is 5 times
higher in females than in males (7). In
agreement with these data, our
group and others noted that the loss
of dopamine action through Drd2
disruption has a more profound ef-
fect on pituitary function in female
than in male mice (8, 10). Therefore,
the stronger dopaminergic tone on
female pituitaries could explain the
more marked impact of the loss of
Drd2 on the pituitary TGF-�1 sys-
tem in females than in males. In ac-
cordance with the dopaminergic
control of active cytokine activity,
we found that a short-term treat-
ment with sulpiride decreased active
TGF-�1 levels in WT mice, whereas
cabergoline treatment was not able
to further increase TGF-�1 levels.
The continuous dopaminergic tone
on the pituitary could be exerting its
maximum stimulatory effect on cy-
tokine activation, impeding further
action by cabergoline. However,
cabergoline inhibited PRL secretion
suggesting that part of its action on
Drd2 inhibition of PRL release is in-
dependent of TGF-�1.

Interestingly, serum PRL values
were inversely correlated with active
TGF-�1 levels only in females, sug-
gesting a relation between local ac-
tive cytokine, Drd2 impairment, and
PRL levels in female mice.

Estradiol effect on active TGF-
�1 and PRL secretion appears to
be sex-specific and depends on
the presence of dopaminergic tone

The most surprising effect on ac-
tive cytokine was that elicited by es-
tradiol treatment. We found that es-
tradiol treatment caused a strong

increment in active TGF-�1 levels in Drd2�/� females,
whereas no effect was found in the pituitaries of WT fe-
male mice.

We previously demonstrated that both estradiol and
dopamine increase pituitary TGF-�1 activity. Acute treat-
ment with estradiol, which potentially increases active
TGF-�1 in the pituitary, has a concomitant central action
on TIDA neurons, decreasing the dopaminergic tone (7,

Figure 8. Estrogenic regulation of possible TGF-�1 activators in the pituitary gland. mRNA
expression was analyzed after 24 hours in vivo treatment with estradiol valerate (E2 24hs, 0.2
mg/kg SC) or castor oil (control, SC) in WT and Drd2�/� female mice (left column) and in WT and
Drd2�/� male mice (right column). Statistical analysis: 2-way ANOVA, *, treatment-matched
differences among genotypes; #, genotype-matched differences among estradiol valerate
treatment. A, #, P � .006. B, #, P � .0001. C, *, P � .05; #, P � .0002. D, #, P � .0001. E, *,
P � .046; #, P � .0001. F, #, P � .0001. G, Interaction between genotype and sex effects was
significant, P � .0001. *, P � .0087 vs WT control; #. P� vs control KO. J, #, P � .0001 vs
genotype-matched control.
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37), and this event could potentially counteract the releas-
ing effect of estradiol on cytokine activity in WT females.
On the other hand, in KO female mice, the decrease in the
dopaminergic tone induced by estradiol is not detected by
the Drd2�/� pituitaries. The final action is a strong in-
crease in TGF-�1 activity due to the direct action of es-
tradiol in the pituitary. We postulate that this increase in
local active cytokine induces a concomitant decrease in se-
rumPRLlevels inDrd2�/� females,outstripping thepositive
effect of estradiol.

It is important to consider the possibility that pituitaries
from KO females present hyperstimulated lactotrophs
with rapid turnover of PRL but limited storage capacity
(9). In this situation, it is easier to recognize an inhibitory
effect (TGF-�1) than a stimulatory effect (estradiol). In
contrast, WT lactotrophs contain large numbers of secre-
tory granules because of the continuous inhibitory action
of dopamine. Then the stimulatory effect of estradiol on
PRL release (direct on lactotrophs or mediated by inhibi-
tion of dopaminergic tone) is rapidly recognized, even
without changes in active cytokine expression.

Finally, different responses on the impact of estradiol
found in males could be related to sexual differences de-
scribed previously in lactotroph sensitivity to estradiol
and different sensitivity of the TIDA to estradiol (38).

All of the present data support the hypothesis that there
is a crucial relationship between sex steroids and dopa-
mine tone in regulating lactotroph function. Their effects
are interdependent, further indicating that the balance be-
tween estradiol and dopamine is an important factor in the
regulation of pituitary TGF-�1 function.

It is worth noting that, because neither dopamine nor
estradiol is capable of activating TGF-�1 directly, their
regulatory role on active cytokine levels might occur by the
modulation of local activators or components of the latent
TGF-� complex assembly. Supporting this possibility, we
also found sex differences and regulation by dopamine
and estradiol of the different LTBP isoforms and many of
the local activators studied.

Pituitary LTBP characterization
LTBPs are important mediators of TGF-� extracellular

availability and participate in proper latent TGF-� acti-
vation (19). Data from LTPB-null mice indicate that each
LTBP isoform may have unique functions that are not
redundant (for review, see Ref. 19). Our results show for
the first time that LTBP1, LTBP3, and LTBP4 are ex-
pressed in mouse pituitaries of both sexes and that LTBP
isoforms are differentially regulated by dopamine and es-
tradiol. Only LTBP1 showed decreased levels in Drd2�/�

pituitaries in both sexes, suggesting dopaminergic control
of this protein. However, 24 hours of sulpiride treatment

inhibited LTBP1 mRNA levels only in females. Lower lev-
els of LTBP1 in both sexes in Drd2�/� pituitaries could be
related to the lower levels of active TGF-�1 found in this
genotype. Accordingly, TGF-�1 has been noted to en-
hance its own expression as well as LTBP1 levels in both
normal and transformed human lung fibroblasts (39).
Moreover, reduced TGF-�1 activation correlated with de-
creased production and secretion of LTBP has been de-
scribed in several transformed cells (40, 41).

On the other hand, estradiol inhibited pituitary LTBP1
and LTBP3 expression in both sexes and genotypes.
Therefore, the increased levels of these LTBPs in male pi-
tuitaries could be related to lower levels of estrogen in this
sex.

Characterization of possible pituitary TGF-�1
activators

The regulation of TGF-�1 activation in the pituitary
has not been studied previously, and, therefore, local ac-
tivators are not known. Some of the activators described
are present in the pituitary and are candidates for regula-
tion by estradiol: TSP-1, MMP9, and MMP2 among oth-
ers (42–45). As a first approach, we studied the mRNA
expression of some of the activators described previously
in other tissues and their regulation by estrogen and do-
pamine. The overall analysis of our results yields 2
patterns:

1. Male pituitaries presented higher levels of expres-
sion of most activators that female pituitaries. This
was the case for MMP2, MT1-MMP, integrins �v�6
and �v�8, and TSP1. The increased expression of
these pituitary TGF-�1 activators could be associ-
ated with the higher levels of active cytokine found
in males.

2. The impact of the absence of Drd2 on the expression
of the activators was more pronounced in female
pituitaries. The loss of dopaminergic control de-
creased the expression of most of the local TGF-�1
activators studied only in females (Drd2�/�) with
respect to that of their WT counterparts). This was
the case for MMP2, MMP9, MT1-MMP, TSP1, and
KLK1, and the decreases in these molecules were
consistent with the decreases in the content of active
TGF-�1 in female KO pituitaries. In contrast, males
showed no differences between genotypes for these
activators, except for TSP1. None of the activators
studied exhibited dopaminergic regulation by
sulpiride or cabergoline in males.

But which of all the putative activators studied could be
mediating the effect of estradiol and dopamine on active
TGF-�1? Among the molecules studied, only KLK1 and
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TSP1 presented patterns of regulation that were similar to
those described previously for active TGF-�1 in females
(Figure 2, A and C). KLK1 and TSP1 responded to positive
dopaminergic control and had increased expression after
estrogen stimulation, as observed in active TGF-�1 in fe-
male KO pituitaries. These findings identify these activa-
tors as the candidates for involvement in the activation of
TGF-�1 in the pituitary, mediating the action of dopamine
and estradiol on cytokine activity.

The role of TSP1 as a TGF-�1 activator is well docu-
mented and TSP1 represents one of the few molecules
whose action has been demonstrated both in vitro and in
vivo (46). The TSP1 decrease in the pituitary of rats treated
chronically with estrogen was described previously (42).
We have now demonstrated that TSP1 levels are also de-
creased in a second model of experimental prolactinomas,
the Drd2�/� female mice.

However, we found an unexpected up-regulation of
TSP1 after estradiol treatment that was contrary to pre-
vious data in rats chronically treated with estrogen. One
possible explanation for that difference is the different
times of treatment (24 hours in mice [acute effect] vs 4
weeks in rats [chronic effect]). Not only estrogen but also
dopamine appears to stimulate TSP1 expression. Accord-
ingly, Drd2�/� pituitaries of both sexes presented lower
TSP1 levels, and we found that treatment with sulpiride
inhibited the pituitary expression of TSP1.

There are studies in the recent literature showing direct
activation of TGF-�1 by kallikreins. It has been demon-
strated in vitro and ex vivo that KLK1, 2, and 5 interact
with LAP or with LTBP1, causing the release of active
cytokine (47, 48). In our female mouse model we found
clear positive dopaminergic control of KLK1, demon-
strated not only by the lower expression in female KO
pituitaries but also by the stimulation caused by the treat-
ment with the agonist cabergoline. We also demonstrated
a strong positive response of this protease to estrogen in
both sexes. Whereas in males the estrogen response was
similar in both genotypes, in females the increase in KLK1
mRNA levels was only manifested in the absence of do-
paminergic control (Drd2�/� pituitaries). This remark-
able increment of pituitary KLK1 in response to estradiol
(23-fold) in KO females was consistent with the marked
activation of TGF-�1 induced by estrogen, evidenced only
in this group (Figure 2C).

Our results suggest a possible role of pituitary KLK1 as a
local TGF-�1 activator, mediating the effects of dopamine
and estradiol on the activation of this potent cytokine. How-
ever, further studies are needed to effectively demonstrate
that KLK1 is activating TGF-�1 within the pituitary gland.

To summarize, we found sex differences in the regula-
tion of the TGF-�1 system. These alterations might ac-

count for sex differences found in lactotroph function and
regulation and could explain differences found in the sex
incidence of prolactinoma development in this model. In
males, the increased levels of most of the pituitary TGF-�1
system components, including active cytokine, probably
related to the lower circulating estrogen levels, could pro-
tect pituitaries from excessive lactotroph proliferation and
prolactinoma development. Interestingly, in humans, sex
differences found in the incidence of prolactinoma devel-
opment disappears after the fifth decade of life, when se-
rum estradiol decreases in women, and from that age on-
ward the frequency of prolactinomas is similar in both
sexes (3). On the other hand, the pituitary TGF-�1 system
was deeply affected in females by the loss of dopaminergic
regulation, and this could also account for the sex differ-
ences in prolactinoma development in Drd2�/� mice.

About 10% to 15% of patients harboring prolactino-
mas exhibit resistance to dopaminergic drugs, and to date,
there have been no alternative therapies. As an interme-
diate of dopamine inhibition on lactotroph function,
TGF-�1 could be a target in the treatment of resistant
prolactinomas. Increasing local active cytokine levels
could be an effective treatment for these tumors. More-
over, we recently demonstrated in rats with estradiol-in-
duced prolactinomas that treatment with synthetic TSP1
analogs increases local active TGF-�1, which could be
involved in the reduction of serum PRL levels and pro-
lactinoma growth parameters (23).

Therefore, advanced knowledge of the pituitary TGF-
�1system regulation is an important tool for future clinical
studies.

Acknowledgments

We thank the National Institute of Diabetes and Digestive and
Kidney Diseases National Hormone and Pituitary Program and
Dr A. F. Parlow for prolactin RIA kits.

Address all correspondence and requests for reprints to: Gra-
ciela Díaz-Torga, Instituto de Biología y Medicina Experimen-
tal-Consejo Nacional de Investigaciones Científicas y Técnicas,
Vuelta de Obligado 2490, Buenos Aires 1428, Argentina. E-mail:
gdiaz@ibyme.conicet.gov.ar.

This work was supported by the Consejo de Investigaciones
Científicas y Técnicas (grants PIP 243, 2009 to G.D.T. and PIP
640 to D.B.V.), the Agencia Nacional de Promoción Científica y
Técnica, Buenos Aires, Argentina (grants PICT N206 and 459,
2006–2010 to D.B.V.), and the National Institutes of Health
(grant R01 CA034282–25 to D.B.R.).

Disclosure Summary: The authors have nothing to disclose.

doi: 10.1210/en.2013-1433 endo.endojournals.org 4203

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/11/4192/2422906 by guest on 01 D

ecem
ber 2021

mailto:gdiaz@ibyme.conicet.gov.ar


References

1. Soldin OP, Chung SH, Mattison DR. Sex differences in drug dispo-
sition. J Biomed Biotechnol. 2011;2011:187103.

2. Soldin OP, Mattison DR. Sex differences in pharmacokinetics and
pharmacodynamics. Clin Pharmacokinet. 2009;48:143–157.

3. Arafah BM, Nasrallah MP. Pituitary tumors: pathophysiology, clin-
ical manifestations and management. Endocr Relat Cancer. 2001;
8:287–305.

4. Ben-Jonathan N, Hnasko R. Dopamine as a prolactin (PRL) inhib-
itor. Endocr Rev. 2001;22:724–763.

5. Ben-Jonathan N. Dopamine: a prolactin-inhibiting hormone. En-
docr Rev. 1985;6:564–589.

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

7. Freeman ME, Kanyicska B, Lerant A, Nagy G. Prolactin: structure,
function, and regulation of secretion. Physiol Rev. 2000;80:1523–
1631.

8. Díaz-Torga G, Feierstein C, Libertun C, et al. Disruption of the D2
dopamine receptor alters GH and IGF-I secretion and causes dwarf-
ism in male mice. Endocrinology. 2002;143:1270–1279.

9. Kelly MA, Rubinstein M, Asa SL, et al. Pituitary lactotroph hyper-
plasia and chronic hyperprolactinemia in dopamine D2 receptor-
deficient mice. Neuron. 1997;19:103–113.

10. Saiardi A, Bozzi Y, Baik JH, Borrelli E. Antiproliferative role of
dopamine: loss of D2 receptors causes hormonal dysfunction and
pituitary hyperplasia. Neuron. 1997;19:115–126.

11. Asa SL, Kelly MA, Grandy DK, Low MJ. Pituitary lactotroph ad-
enomas develop after prolonged lactotroph hyperplasia in dopa-
mine D2 receptor-deficient mice. Endocrinology. 1999;140:5348–
5355.

12. Sarkar DK, Kim KH, Minami S. Transforming growth factor-�1
messenger RNA and protein expression in the pituitary gland: its
action on prolactin secretion and lactotropic growth. Mol Endocri-
nol. 1992;6:1825–1833.

13. Sarkar DK, Pastorcic M, De A, Engel M, Moses H, Ghasemzadeh
MB. Role of transforming growth factor-� type I and TGF-� type II
receptors in the TGF-�1-regulated gene expression in pituitary pro-
lactin-secreting lactotropes. Endocrinology. 1998;139:3620–3628.

14. Recouvreux MV, Guida MC, Rifkin DB, Becu-Villalobos D, Díaz-
Torga G. Active and total transforming growth factor-�1 are dif-
ferentially regulated by dopamine and estradiol in the pituitary.
Endocrinology. 2011;152:2722–2730.

15. Pastorcic M, De A, Boyadjieva N, Vale W, Sarkar DK. Reduction in
the expression and action of transforming growth factor-�1 on lac-
totropes during estrogen-induced tumorigenesis. Cancer Res. 1995;
55:4892–4898.

16. Sarkar DK, Chaturvedi K, Oomizu S, Boyadjieva NI, Chen CP.
Dopamine, dopamine D2 receptor short isoform, transforming
growth factor (TGF)-�1, and TGF-� type II receptor interact to
inhibit the growth of pituitary lactotropes. Endocrinology. 2005;
146:4179–4188. ***

17. De A, Morgan TE, Speth RC, Boyadjieva N, Pastorcic M, Sarkar
DK. Pituitary lactotrope expresses transforming growth factor �

(TGF-�) type II receptor mRNA and protein and contains I-TGF-�1
binding sites. J Endocrinol. 1995;149:19–27.

18. Annes JP, Munger JS, Rifkin DB. Making sense of latent TGF�

activation. J Cell Sci. 2003;116:217–224.
19. Rifkin DB. Latent transforming growth factor-� (TGF-�) binding

proteins: orchestrators of TGF-� availability. J Biol Chem. 2005;
280:7409–7412.

20. Annes JP, Chen Y, Munger JS, Rifkin DB. Integrin �V�6-mediated
activation of latent TGF-� requires the latent TGF-� binding pro-
tein-1. J Cell Biol. 2004;165:723–734.

21. Yoshinaga K, Obata H, Jurukovski V, et al. Perturbation of trans-
forming growth factor (TGF)-�1 association with latent TGF-�

binding protein yields inflammation and tumors. Proc Natl Acad Sci
USA. 2008;105:18758–18763.

22. Recouvreux MV, Camilletti MA, Rifkin DB, Becu-Villalobos D,
Díaz-Torga G. Thrombospondin-1 (TSP-1) analogs ABT-510 and
ABT-898 inhibit prolactinoma growth and recover active pituitary
transforming growth factor-�1 (TGF-�1). Endocrinology. 2012;
153:3861–3871.

23. Gudelsky GA, Porter JC. Sex-related difference in the release of
dopamine into hypophysial portal blood. Endocrinology. 1981;
109:1394–1398.

24. Brunschwig EB, Wilson K, Mack D, et al. PMEPA1, a transforming
growth factor-�-induced marker of terminal colonocyte differenti-
ation whose expression is maintained in primary and metastatic
colon cancer. Cancer Res. 2003;63:1568–1575.

25. Levy L, Hill CS. Smad4 dependency defines 2 classes of transforming
growth factor � (TGF-�) target genes and distinguishes TGF-�-in-
duced epithelial-mesenchymal transition from its antiproliferative
and migratory responses. Mol Cell Biol. 2005;25:8108–8125.

26. Dennler S, Itoh S, Vivien D, Ten Dijke P, Huet S, Gauthier JM. Direct
binding of Smad3 and Smad4 to critical TGF �-inducible elements
in the promoter of human plasminogen activator inhibitor-type 1
gene. EMBO J. 1998;17:3091–3100.

27. Day R, Schafer MK, Watson SJ, Chrétien M, Seidah NG. Distribu-
tion and regulation of the prohormone convertases PC1 and PC2 in
the rat pituitary. Mol Endocrinol. 1992;6:485–497.

28. Strongin AY, Collier I, Bannikov G, Marmer BL, Grant GA, Gold-
berg GI. Mechanism of cell surface activation of 72-kDa type IV
collagenase. Isolation of the activated form of the membrane met-
alloprotease. J Biol Chem. 1995;270:5331–5338.

29. Butler GS, Butler MJ, Atkinson SJ, et al. The TIMP2 membrane type
1 metalloproteinase “receptor” regulates the concentration and ef-
ficient activation of progelatinase A. A kinetic study. J Biol Chem.
1998;273:871–880.

30. Mu D, Cambier S, Fjellbirkeland L, et al. The integrin �v�8 mediates
epithelial homeostasis through MT1-MMP-dependent activation of
TGF-�1. J Cell Biol. 2002;157:493–507.

31. Munger JS, Huang X, Kawakatsu H, et al. The integrin �v�6 binds
and activates latent TGF � 1: a mechanism for regulating pulmonary
inflammation and fibrosis. Cell. 1999;96:319–328.

32. Annes JP, Rifkin DB, Munger JS. The integrin �V�6 binds and
activates latent TGF�3. FEBS Lett. 2002;511:65–68.

33. Hatala MA, Powers CA. Development of the sex difference in glan-
dular kallikrein and prolactin levels in the anterior pituitary of the
rat. Biol Reprod. 1988;38:846–852.

34. Kizuki K, Kitagawa A, Takahashi M, Moriya H, Kudo M, Noguchi
T. Immunohistochemical localization of kallikrein within the pro-
lactin-producing cells of the rat anterior pituitary gland. J Endocri-
nol. 1990;127:317–323.

35. Kitagawa A, Kizuki K, Moriya H, Kudo M, Noguchi T. Kallikrein-
and prolactin-producing cells in the rat anterior pituitary are the
same. J Biochem. 1990;108:971–975.

36. Pritchett DB, Roberts JL. Dopamine regulates expression of the
glandular-type kallikrein gene at the transcriptional level in the pi-
tuitary. Proc Natl Acad Sci USA. 1987;84:5545–5549.

37. MohanKumar SM, Kasturi BS, Shin AC, et al. Chronic estradiol
exposure induces oxidative stress in the hypothalamus to decrease
hypothalamic dopamine and cause hyperprolactinemia. Am J
Physiol Regul Integr Comp Physiol. 2011;300:R693–R699.

38. Csakvari E, Kurunczi A, Hoyk Z, Gyenes A, Naftolin F, Parducz A.
Estradiol-induced synaptic remodeling of tyrosine hydroxylase im-
munopositive neurons in the rat arcuate nucleus. Endocrinology.
2008;149:4137–4141.

39. Weikkolainen K, Keski-Oja J, Koli K. Expression of latent TGF-�
binding protein LTBP-1 is hormonally regulated in normal and
transformed human lung fibroblasts. Growth Factors. 2003;21:51–
60.

40. Taipale J, Saharinen J, Hedman K, Keski-Oja J. Latent transforming

4204 Recouvreux et al Sex Differences in the Pituitary TGF-�1 System Endocrinology, November 2013, 154(11):4192–4205

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/11/4192/2422906 by guest on 01 D

ecem
ber 2021



growth factor-�1 and its binding protein are components of extra-
cellular matrix microfibrils. J Histochem Cytochem. 1996;44:875–
889.

41. Koski C, Saharinen J, Keski-Oja J. Independent promoters regulate
the expression of two amino terminally distinct forms of latent trans-
forming growth factor-beta binding protein-1 (LTBP-1) in a cell
type-specific manner. J Biol Chem. 1999;274:32619–32630.

42. Sarkar AJ, Chaturvedi K, Chen CP, Sarkar DK. Changes in throm-
bospondin-1 levels in the endothelial cells of the anterior pituitary
during estrogen-induced prolactin-secreting pituitary tumors. J En-
docrinol. 2007;192:395–403.

43. Turner HE, Nagy Z, Esiri MM, Harris AL, Wass JA. Role of matrix
metalloproteinase 9 in pituitary tumor behavior. J Clin Endocrinol
Metab. 2000;85:2931–2935.

44. Liu W, Matsumoto Y, Okada M, et al. Matrix metalloproteinase 2
and 9 expression correlated with cavernous sinus invasion of pitu-
itary adenomas. J Med Invest. 2005;52:151–158.

45. Gong J, Zhao Y, Abdel-Fattah R, et al. Matrix metalloproteinase-9,
a potential biological marker in invasive pituitary adenomas. Pitu-
itary. 2008;11:37–48.

46. Murphy-Ullrich JE, Poczatek M. Activation of latent TGF-� by
thrombospondin-1: mechanisms and physiology. Cytokine Growth
Factor Rev. 2000;11:59–69.

47. Emami N, Diamandis EP. Potential role of multiple members of the
kallikrein-related peptidase family of serine proteases in activating
latent TGF�1 in semen. Biol Chem. 2010;391:85–95.

48. Akita K, Okuno M, Enya M, et al. Impaired liver regeneration in
mice by lipopolysaccharide via TNF-�/kallikrein-mediated activa-
tion of latent TGF-�. Gastroenterology. 2002;123:352–364.

Stay current with our best-selling educational resource,  
Endocrine Self-Assessment Program 2013 (ESAP™ 2013).

www.endoselfasssessment.org

doi: 10.1210/en.2013-1433 endo.endojournals.org 4205

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/11/4192/2422906 by guest on 01 D

ecem
ber 2021


