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SUMMARY

Aromatase P450, the enzyme responsible for the
catabolism of aromatizable androgens to estro-
gens is involved in sexual dimorphism and several
pathologies induced by estrogenic effects. The
present work reports evidence of pituitary aroma-
tase synthesis, its regulation by gonadal steroids,
and the physiological roles of aromatase on pitui-
tary endocrine cells. The involvement of aroma-
tase, through the auto-paracrine production of es-
tradiol, in the pathogenesis of pituitary tumors -
mainly prolactinomas- is reviewed.
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INTRODUCTION

Aromatase P450 is an enzyme that catabolizes
the metabolism of some sexual steroids, in particu-
lar aromatizable androgens such as testosterone.
Testosterone acts by binding to a specific protein
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receptor, called the androgen receptor, triggering
alterations in gene expression and in cellular func-
tions (Carson-Jurica et al., 1990; Sar et al., 1990).
Testosterone is metabolized intracellularly to de-
velop its biological actions through two main path-
ways (Martini, 1982): on one hand, it is trans-
formed into 5a-dihydrotestosterone through the
action of 5 a-reductase; the second pathway trans-
forms testosterone into 17-B-estradiol through the
action of aromatase P450, an enzyme that forms
part of the cytochrome P450 macrofamily
(CYP19). A similar process occurs in the metabo-
lism of androstendione to estrone or of 16a-
hydroxyl androgens to estriol. The estrogens thus
formed inside the cell interact with estrogen recep-
tors, a protein receptor system completely different
from the androgen receptor (McCarthy, 1994).
Aromatase P450 has been defined as an en-
zyme complex formed by two components; cyto-
chrome P450 and NADPH cytochrome P450 re-
ductase, located in the membranes of the endo-
plasmic reticulum. This oxidase catalyzes a reac-
tion that first removes the methyl group of carbon
19 after the hydroxylation of testosterone to form
formic acid and then reorganizes the A ring to-
wards an aromatic structure. The reaction requires
NADPH and consumes three moles of oxygen
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(Gore-Langton and Dorrington, 1981).

Hickey et al. (1990) described the amino acid
sequence of aromatase P450. This sequence re-
sults from the transcription and later translation of
the aromatase CYP 19 gene. The aromatase P450
sequence has been conserved phylogenetically,
mainly between birds and mammals (Simpson et
al., 1987; Hall et al., 1987; McPhaul et al., 1988;
Harada, 1988; Harada et al., 1990; Toda et al.,
1990; Matsumine et al., 1991; Polymeropoulos et
al., 1991; Harada, 1992; Miyashita et al., 2000;
Bohne et al., 2013; Chen et al., 2014). These
(birds and mammals) partially differ in the carboxy-
terminal amino acid sequence, which could ac-
count for some of the differences observed by dif-
ferent authors in the location of the enzyme. Physi-
ologically, aromatase has been implicated as be-
ing directly responsible for sexual dimorphism in
the nervous system.

Aromatase P450 represents a key checkpoint in
the metabolism of steroid hormone metabolism
since it is the limiting enzymatic step in the rate of
estrogen synthesis. It is composed of two proteins:
a specific microsomal hemo-glycoprotein
(cytochrome P450 aromatase) and a microsomal
flavoprotein  (NADPH-cytochrome P450 reduc-
tase). The first one is a monooxigenase, a member
of the cytochrome P450 superfamily that catalyzes
the insertion of oxygen atoms into organic mole-
cules to give rise to the formation of hydroxyl
groups. The second one is a ubiquitous and non-
specific microsomal flavoprotein that transfers
electrons from NADPH to any cytochrome P450
(Simpson et al., 1994).

Aromatase P450 is the product of the expression
of the CYP19 gene. This gene is present as a sin-
gle copy in the haploid genome of most mammals
and belongs to the P450 gene superfamily, in turn
formed by more than 300 members -shared
among 36 gene families (Nelson et al., 2013). The
different aromatase transcripts derive from the ex-
pression of the 9 exons of the gene, beginning as
exon Il.

The promoters are untranslated regions of exon |
and vary from one type of tissue to another (Toda
and Shizuta, 1993). In the placenta, aromatase
P450 synthesis is driven by promoter I.1 (Jenkins
et al., 1993); in the ovary by promoter Il, in adipose
tissue by promoter 1.4 (Harada et al.., 1993), and
in the brain by promoter 1f. (Honda et al., 1994).
The activity of promoter PII is regulated by cyclic
AMP and requires the participation of CREB,
CREM and the steroidogenic response factor (SF-
1) (Simpson 2000).

In mammals, the tissue-specific expression of
CYP19 is regulated using different regions of the
promoter and alternative splicing (Simpson et al.,
1994). This leads to the generation of transcription
variants of CYP19 with different untranslated 5’
regions (YTRs), but with identical coding sequenc-
es.

In humans, nine untranslated exons have been
identified, coding for 5 UTRs and their correspond-
ing promoter regions. The different promoter re-
gions and exons span more than ninety kb pairs,
while the coding exons are restricted to 30 kb of
the genomic sequence (Sebastian and Bulun,
2001; Kamat et al., 2002).

In the mouse, the Cyp19 locus spans at least 60
kb and is located on chromosome 9 (Youngblood
et al., 1989). The tissue-specific expression of aro-
matase P450 is also achieved by alternative splic-
ing and/or the use of different promoters (Golovine
et al., 2003). The transcripts derived from two dif-
ferent regions of the promoter have been identi-
fied. The conserved proximal promoter is responsi-
ble for driving the ovary transcripts, while the pro-
moter located distally is mainly active in the brain
(Honda et al., 1996; Yamada-Mouri et al., 1996).
All the CYP19 transcripts of somatic cells and tes-
ticular germinal cells derive from the proximal pro-
moter Il (Lanzino et al., 2001).

In the mouse, the regulatory regions represented
by the untranslated exons and their adjacent pro-
moters occupy more of the locus than all the nine
coding exons together. This reveals the complex
mechanism of the transcriptional regulation of this
gene. The distal-most promoter (Pbr) is found at
least at 31 kb distant from the first coding exon.
This distance correspond ds to that estimated for
the human homologue, the 1.f-specific promoter of
the brain (Sebastian and Bulun, 2001), suggesting
the unvarying nature of this genomic. In the human
gene, the promoter region located most distally,
which is responsible for the strong placenta-
specific expression (PI.1), is present at more than
90 kb before the translation start site.

Some cognitive aspects, such as sexual behav-
ior, depend on the conversion of testosterone into
estrogens (Sachs and Meisel, 1989), as long as
the action of 5a-reductase and the production of 5
o-dihydrotestosterone are maintained (De Bold
and Clemens, 1978; Powers et al., 1985; Steel and
Hutchison, 1988; Roselli, 1991). This is important
when considering that only aromatized androgens
stimulate sexual behavior during copulation
(McDonald et al., 1970; Feder, 1971; Whalen and
Luttge, 1971), such stimulation being suppressed
when the cerebral synthesis of estrogens is inhibit-
ed or anti-estrogens are used (Luttge, 1975; Beyer
et al.,, 1976; Morali et al., 1977; Bonsall et al.,
1992).

AROMATASE AND THE HYPOTHALAMUS

The formation of estrogens from androgens is
crucially involved in the sexual differentiation of
neuronal structures and of reproductive behavior
(McEwen et al., 1977; Parsons et al., 1984). It is
also known that the in situ aromatization of andro-
gens is an important determinant of the occupation
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of estrogen receptors in the brain of adult male
rats (Lieberbug and McEwen, 1977; Lieberbug et
al., 1979; Krey et al.,, 1982). Additionally, it has
been demonstrated that estrogens generated by
aromatase activity act on estrogen receptors
(McCarthy, 1994).

In the male rat, the action of aromatase during
pre- and early post-natal development on the me-
dial preoptic area leads to a sexual differentiation
of the hypothalamus; pre- and post-natal treatment
with aromatase inhibitors elicits important altera-
tions in the sexual behavior of males and seems to
induce a trend towards homosexuality
(Houtsmuller et al., 1994). The critical period of
action has been established at before the 12th day
post-partum (Gonzalez and Leret, 1994).

At hypothalamic level, testosterone stimulates
the activity of aromatase through its action on an-
drogen receptors (Steimer and Hutchison, 1981;
Roselli et al., 1984, 1987; Hutchison et al., 1991a,
b) and induces an increase in the number of hypo-
thalamic neurons immunoreactive to the enzyme
(Dessi-Fulgheri and Lupo, 1982; Hutchison et al.,
1995). Nevertheless, aromatase activity may not
be completely correlated with the circulating levels
of testosterone, such that other factors could be
related to the activity of the enzyme (Compaan et
al., 1994). In species other than the rat, estradiol
stimulates cerebral aromatase (Schumacher and
Balthazar, 1986; Hutchison and Steimer, 1986;
Pasmanik et al., 1988; Negri-Cesi et al., 1989).
Estradiol, acting on estrogen receptor a, could reg-
ulate aromatase expression and activity via the
promoter L.f in the mouse hypothalamus (Yilmaz et
al., 2009).

There is considerable coincidence between the
hypothalamic areas showing aromatase activity
and the presence of androgen and estrogen re-
ceptors, such as in the case of the anterior preop-
tic area (Sar and Stumpf, 1975; Stumpf et al.,
1975; Selmanoff et al., 1977; Roselli et al., 1985).
This topographic coincidence has also been
demonstrated with immunocytochemical tech-
niques (Beyer et al., 1994b). The anatomical differ-
ences in the expression and clearance of aroma-
tase could be differentially sensitive to androgens
and estrogens and could depend on the presence
of receptors for sexual steroids (Balthazart et al.,
1992).

It seems clear that an exogenous regulation is
exerted (mainly by sexual steroids) on the aroma-
tase activity in the diencephalic neurons of ro-
dents. The activity and mRNA levels of the en-
zyme increase in the brains of these animals as
prenatal development progresses, but little is
known about the factors involved in regulating this
increase (Lephart et al., 1992b; Harada and
Yamada, 1992; George and Ojeda, 1982; Mich-
novicz et al., 1987; Lephart et al., 1992a, b).

There is some evidence obtained from in vitro
studies that suggests the possibility that the in-

crease in aromatase mRNA levels observed in
diencephalic neurons during development could be
an endogenous characteristic and that it is proba-
bly determined genetically as from the 12th day of
development (Abe-Dohmae et al., 1996). Without
ruling out this possibility, the existence of a syner-
gy between androgens and estrogens in the pre-
translational induction of aromatase mRNA in the
brain has been described. Along general lines, this
would affect the whole of the brain, the medial pre-
optic area being the zone showing the strongest
response (Harada, 1993).

Other findings suggest that the differentiation of
sexually dimorphic structures does not only take
place in the perinatal period but that it also occurs,
above all in the anterolateral periventricular nucle-
us of the rat, during puberty (Davis et al., 1996).
This confirms previous observations in other ani-
mal species in which cerebral aromatase activity
was detected in sexually active phases that de-
pend on gonadal function (Hutchison et al., 1992).

Since the formation of neurosteroids in cells of
the glial lineage was described, some authors
have analyzed the cell types that display immuno-
reaction for aromatase. According to the studies of
Beyer et al. (1994a), the immunoreactive cells are
exclusively of the neuronal type and not glial, both
in the brain cortex and in the hypothalamus, in
agreement with the findings obtained in vitro upon
analyzing the enzymatic activity of aromatase
(Negri-Cesi et al., 1992).

HYPOPHYSEAL AROMATASE

Since the hypophysis is a sexually dimorphic en-
docrine gland whose secretion is affected by the
action of gonadal steroids, the possibility that the
gland might produce aromatase and that this might
exert its action at local level may be of particular
relevance.

At our lab, working with human beings and ro-
dents, we have described the immunohistochemi-
cal expression of aromatase in the hypophysis
(Carretero et al.,, 1999a; 2002; 2003a). Later,
these findings were confirmed by other authors
working with different animal species (Menuet et
al., 2003; Goto-Kazeto et al., 2004; Galmiche et
al., 2006a,b; Nocillado et al., 2007; Kadioglu et al.,
2008; Trubiroha et al., 2012). The possible role
played by the transformation of testosterone into
estradiol with respect to the secretion of the gland
remains to be fully elucidated. It could be debated
whether the events reported in different studies
might occur in the hypothalamus, in the hypophy-
sis or in both at the same time, such as the fact
that the administration of aromatase inhibitors in-
creases circulating LH levels (Boyar et al., 1973;
Marynick et al., 1979; Plant, 1986), and there is
evidence to suggest a potential physiological or
physiopathological importance for hypophyseal
aromatase.
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Fig. 1. Micrographs of pituitary of
rats during embryonic develop-
ment at E17 (a) and E19 (b), in
which aromatase positivity
(brown) is seen after the im-
munocytochemical technique.
Scale bars: 10 pm. Images re-
printed from Carretero et al.
(1999b).

Fig. 2. Aromatase immunore-
activity (arrows) in the cells of
the pituitary gland of female
and male rats at different ages.
(a) Male, 7 days; (b) Female, 7
days; (c) Male, 14 days; (d)
Female, 14 days; (e) Male, 21
days; (f) Female, 21 days; (g)
Male, 2 months; (h) Female, 2
months; (i) Male, 24 months; (j)
Female, 24 months. Scale bar
a-j (in j): 16 um. Images re-
printed from Carretero et al.
(2003a).
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Fig. 3. Hypophysis of an adult female (a), adult male (b) and aged male (c) showing aromatase positivity (brown) after
the immunocytochemical technique. Scale bars: a, b: 15 um; c: 25 um. Image (b) reprinted from Carretero et al.
(1999a) and (c) from Carretero et al. (2002), with permission from Springer Science+Business Media.

Fig. 4. Pituitaries from adult untreated (a), castrated (c) and castrated and treated with estradiol (e) female rats; and
untreated (b), castrated (d) and castrated and treated with testosterone (f) male rats, showing the effects of peripher-
al gonadal steroids on pituitary aromatase-positive cells (brown) identified by immunohistochemistry. Scale bars: a, b:
40 pm; ¢, d, f: 16 um; e: 20 um. Images reprinted from Carretero et al. (2011).
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Fig. 5. Pituitaries from adult untreated (a), castrated (c) and castrated and treated with estradiol (e) female rats; and )
untreated (b), castrated (d) and castrated and treated with testosterone (f) male rats, showing the effects of peripheral
gonadal steroids on aromatase mRNA identified by in situ hybridization (brown). Scale bar a-f (in a): 18 um. Images
reprinted from Carretero et al. (2011).

Fig. 6. Western blot bands for aromatase P450 obtained from hypophyseal lysates. The bands are representative of
the effects induced by the presence or absence of gonadal steroids (a: untreated females, b: sham-operated females,
c: castrated females, d: castrated estradiol-treated females, e: untreated males, f: sham-operated males, g: castrated
males, h: castrated and testosterone-treated males). Image reprinted from Carretero et al. (2011).
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Fig. 7. Effects of fadrozole on prolactin-positive cells in the pituitary of male rats. (a) General disposition of prolactin-
positive cells in the gland. (b) Irregular and strongly stained prolactin-positive cells (arrows) in untreated male rats. (c)
Polygonal and weakly stained prolactin-positive cells (arrows) after 5 doses of fadrozole. (d) Plot showing the in vivo
effects of the 1 or 5 doses of fadrozole on the serum levels of prolactin (*p<0.05, **p<0.01, with respect to untreated
animals). Morphometric effect of treatment with fadrozole on cellular (e) or nuclear (f) areas; in both cases fadrozole
induces decreases in the sizes (*p<0.01). Scale bar: a: 100 um; b, c: 12 pum. PD: Pars distalis of pituitary gland. Images

reprinted from Garcia-Barrado et al. (2014).

By means of immunohistochemistry, we have
previously demonstrated (Carretero et al., 1999a)
that aromatase is expressed in the rat hypophysis
as from day 17 of prenatal development, the cells
positive for the enzyme being more prominent and
present in greater numbers as from day 19 up to
birth (Fig. 1). Postnatally, towards puberty (around
21 days), differences between males and females
begin to appear (Carretero et al.,, 2003a). Thus,
the immunohistochemical expression of aromatase
P450 in the adult rat hypophysis is sexually dimor-
phic (Carretero et al., 1999b). Finally, non-tumoral
hypophyses from aged rats hardly express the en-
zyme (Figs. 2 and 3).

Gonadal steroids play an important regulatory
role in the expression of aromatase in the hypoph-
ysis of adult rats (Figs. 4, 5, 6). The mRNA signal
is more abundant in males than in females; moreo-

ver, male pituitaries show more immunohistochem-
ical-positive cells than females, and by western
blotting the enzyme has been seen to be more
abundant in males than in females. The expres-
sion of this enzyme is clearly sex-dependent and it
can also be modified by castration and gonadal
steroid administration (Carretero et al., 2011).

Treatment with aromatase inhibitors induces
morphometric alterations and changes in the cellu-
lar proliferation of some hypophyseal lineages,
such as lactotroph cells (Figs. 7,8) or LH-
producing gonadotroph cells in mice knocked-out
for aromatase (Fig. 9) (see Garcia-Barrado et al.,
2014).

Although the above findings are suggestive of a
defined role for hypophyseal aromatase, the im-
munohistochemical expression of the enzyme
does not necessarily imply that it exerts a major
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Fig. 8. Effects of in vitro treatment with fadrozole on prolactin-positive cells. Double immunocytochemical staining for
PCNA (brown) and prolactin (dark blue-grey) in control dishes (a), testosterone-treated dishes (b), and testosterone-
and fadrozole-treated dishes (c). (d) Plot showing the decrease in cellular area at the different time-points assayed;
from 1 to 12 hours of treatment a significant decrease (*p<0.05) was observed. (e) The percentage of prolactin-
positive cells decreases as from 3 to 12 hours of treatment (*p<0.01). (f) The percentage of proliferating prolactin-
positive cells decreases as from 1 to 12 hours of treatment (*p<0.01). Scale bar: a, b, ¢: 50 um. Images reprinted from
Garcia-Barrado et al. (2014).
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Fig. 9. Frontal sections of the hypophysis of female rats
of 22 months of age, in which it is possible to note the
increase in LH-positive cells in the aromatase knock-out
mice with respect to the wild-type and the heterozy-
gotes. +/+: wild type. +/-: heterozygote. -/-: knock out.
PD: Pars distalis, PI: Pars intermedia, LN: Neural lobe,
ch: pituitary cleft. Scale bars: 500 pm.

biological action at hypophyseal level. Neverthe-
less, the observation of the strong correlation of
the expression in the same hypophyseal cell (Fig.
10) of aromatase and of the estrogen receptor a
(Carretero et al., 2009) suggests that the enzyme
would exert a hypophyseal auto-paracrine effect.

AROMATASE P450, ESTROGENS AND
PROLACTIN

For some time it has been clear that estrogens,
and in particular estradiol, are important regulators
of prolactin synthesis (Baker et al., 1963; MacLeod
et al.,, 1969; Neil et al., 1971; Maurer and Gorski,
1977). This is done through a biphasic transfor-
mation (Shull and Gorski, 1984, 1985, 1986; Carril-
lo et al., 1987) that culminates in an increase in
prolactin mRNA levels (Shupnik et al., 1979; Vician
et al.,, 1979; Maurer, 1982), estradiol being an
agent with a direct action on the gene able to alter
transcription. The lactotroph cells that produce the
hormone have estrogenic receptors (Friend et al.,
1994).

It is unanimously accepted that estrogens cause
increases in prolactin release (Carr et al., 1977;
Giguere et al., 1982; Chang et al., 1982; Deyo and
Miller, 1982; Barraclough et al., 1986; Pérez et al.,
1986; Kubota et al., 1989; Veldhuis et al., 1989)
and that chronic treatment with estradiol elicits, in
an initial phase, clear signs of hyperactivity and
hyperplasia in lactotroph cells (Goluboff and Ezrin,
1969; Poole et al., 1980; Scheithauer et al., 1990).
It also causes hyperprolactinaemia, with a clear
decrease in hormone accumulation within hypo-
physeal cells and the disappearance of secretory
granules as seen under the electron microscope
(Fig. 112).

Lactotroph cells show differential signs, depend-
ing on sex (Carretero et al., 1989). After the ad-
ministration of estradiol to adult male rats, lacto-
troph cells acquire secretory properties and mor-
phological characteristics similar to those found in
females (Carretero et al., 1991), and estrogens are
able to transform GH cells into prolactin cells or
into mamo-somatotroph cells able to produce both
hormones (Kineman et al., 1992).

Estrogens act through the coupling of the estro-
gen to estrogen-receptor complex to the response

Fig. 10. Coexistence of aromatase P450 and estrogen
receptor a in cells of the pituitary gland of a male rat.
Scale bar: 10 um. Image reprinted from Carretero et al.
(2009).
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Fig. 11. Degranulated appearance, with a strong devel-
opment of the rough endoplasmic reticulum and the Gol-
gi apparatus, typical of prolactin cells after long-term
treatment with estradiol. Scale bar: 1.5 pm.

elements specific to estrogens in the promoter of
the gene encoding prolactin synthesis
(Somasekhar and Gorski, 1988; Waterman et al.,
1988; Crenshaw et al., 1990; Lannigan and No-
tides, 1990; Schaufele, 1999). Additionally, they
play an important mitogenic role, stimulating the
proliferation of lactotroph cells (Lloyd et al., 1975;
Yamamoto et al., 1986; Pérez et al., 1986; Amara
et al., 1987; Lloyd et al., 1988). They act directly
on these cells, although these effects could be par-
tially mediated by a similar effect on VIP-producing
hypophyseal cells (Prysor-Jones et al., 1988; Lam
et al., 1990; Kasper et al.,, 1992; Carrillo and
Phelps, 1992; Carretero et al., 1992, 1995, 1998).
VIP is a peptide that, in an auto-paracrine way,
stimulates prolactin and lactotroph cells (Carretero
et al., 2006). The estrogenic effects on prolactin
cells could also be mediated by galanine (Kaplan
et al,, 1988; Hsu et al.,, 1990; Vrontakis et al.,
1989), which regulates the basal or stimulated ac-
tivity of lactotroph cells (Wynick et al., 1993).
Although other factors may be involved in these
processes, such as interleukins (Carretero et al.,
2013), dopamine (Gibbs and Neill, 1978; Kelly et
al., 1997; Saiardi et al., 1997), or TRH (Tashjian et
al., 1971; Bowers et al., 1971; Jacobs et al., 1971,
Carretero et al., 2003b), the direct action of estro-
gens on lactotroph cells is well documented.
Hypophyseal aromatase is produced in different
cell types (Galmiche et al., 2006a), among them
normal and tumoral lactotroph cells (Carretero et

al., 2002). This is of particular relevance since the
transformation of aromatizable androgens into es-
tradiol means that in males the androgenic inhibi-
tory effect on prolactin is transformed locally and
intracellularly into a stimulatory effect, allowing the
population of lactotroph cells to be high in this sex.
The treatment of male rats with aromatase inhibi-
tors elicits a decrease in the activity and prolifera-
tion of lactotroph cells (Fig. 8).

Possible involvement of aromatase P450 in the
pathogenesis of prolactinomas

Hypophyseal tumors that develop from adenohy-
pophyseal cells are one of the commonest types in
intracranial pathology, representing around 10% of
all brain tumors. They have often been detected in
autopsy series from undiagnosed patients (see the
comparative study of Molitch, 2002). Most are
formed from neoplastic clones rather than as hy-
perplasias in response to alterations in endocrine
regulation (Herman et al., 1990; Jacoby et al.,
1990), mainly hypothalamic, although currently the
mechanisms involved in the genesis of hypophyse-
al tumors are not fully understood.

Prolactinomas are the most frequent tumors
among the functioning tumors of the hypophysis
(Horvath and Kovacs, 1991), together with adeno-
mas of gonadotroph cells (Molitch, 2002), and
some lines of evidence suggest that their appear-
ance would be due to a heterogeneous disorder
with a complex pathogenesis and a multifactorial
etiology.
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Fig. 12. Macroscopic image of a pituitary adenoma ob-
served in a mouse knocked-out for the dopaminergic D2
receptor. As shown in the image, spontaneous pituitary
adenomas are relatively frequent in wild-type mice from
14 months of age, their increasing prevalence signifi-
cantly at 20 and 24 months (yellow bars). These adeno-
mas appear infrequently in mice knocked-out for aroma-
tase (blue bars) and are more prevalent in mice knocked
-out for the D2 receptor (red bars).
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Fig. 13 (above). Aromatase positivity (brown) according
to the immunocytochemistry in the endothelial cells
(arrowhead) and glandular cells (arrow) of a rat prolacti-
noma. Scale bar: 5 um. Image reprinted from Carretero
et al. (2002), with permission from Springer Sci-
ence+Business Media.
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Fig. 15 (above). Graph showing the absence of sponta-
neous prolactinomas in mice knocked-out for aromatase
(blue bars) as compared with the occurrence of these
tumors with the passage of time in wild-type mice
(yellow bars) and mice knocked out for the D2 (red bars)
receptor.

Fig. 16 (right). (a) Western blot of aromatase in sponta-
neous human prolactinomas revealing the overexpres-
sion of aromatase in the bands. (b) Section of a human
prolactinoma showing aromatase positivity (brown) after
in situ hybridization for human aromatase mRNA. Scale
bar: 10 pm. Image reprinted from Carretero et al. (2013),
with permission from Elsevier.

Fig. 14 (above). Spontaneous prolactinoma in a woman,
similar to the situation in rodents. A positive immunocy-
tochemical reaction to aromatase can be seen in endo-
thelial (arrowhead) and glandular (arrow) cells. Scale
bar: 16 um.
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It should be also considered that deficits in the
dopaminergic inhibition of prolactin secretion
cause hypertrophy of lactotroph cells (Olivereau et
al., 1988; Schechter et al., 1988; Rossi et al,
1992) and, probably, the development of these
tumors. In fact, mice knocked out for the D2 recep-
tor develop these tumors, although they require
gonadal integrity for them to occur (Hentges and
Low, 2002). At our laboratory, we have observed
an increase in the frequency and an advance in
the age of appearance of hypophyseal adenomas
in mice KO for the D2 receptor (Fig. 12).

One of the factors that have been implicated in
the genesis of prolactinomas is estradiol
(Wingrave et al., 1980; Phelps and Hymer, 1983;
Gooren et al., 1988; Molitch, 2001; Heaney et al.,
2002), because the tumor develops following
chronic treatment with the steroid. Since the pitui-
tary produces estradiol through the action of aro-
matase, it is not unreasonable to speculate that
the development of pituitary tumors, and in particu-
lar the development of prolactinomas, could be
related to the local production of estradiol from
testosterone through the action of aromatase.

We also have collected evidence suggesting an
important relationship between the pathogenesis
of prolactinomas and the overexpression of aroma-
tase in the hypophysis of rodents and humans. For
this, we analyzed two series, one of 105 adeno-
mas obtained from female Sprague-Dawley rats of
24 months of age and the other of 87 spontaneous
adenomas obtained during surgical treatment of
women aged between 23 and 67 years old. In both
cases, immunoreactivity to the enzyme appeared
in endothelial cells (arrowhead in Figs. 13 and 14)
and glandular cells (arrow in Figs. 13 and 14).

The importance of the involvement of aromatase
in the development of prolactinomas is seen upon
observing that mice KO for aromatase do not de-
velop prolactinomas (Figs. 15 and 16).

The overexpression of aromatase in human pro-
lactinomas is associated with the presence of the
estrogen receptor a and overexpression of the mi-
togen coactivator AIB1 (Fig. 17). Of special rele-
vance is the intracellular distribution of the coacti-
vator in prolactinomas since, when it is expressed
intranuclearly, cell proliferation is increased and
apoptosis is inhibited, quite the opposite occurring

Fig. 17. Sections from the same hu-
man prolactinoma, where it is possible
to observe the immunoreactivity to
prolactin (PRL), aromatase (ART),
estrogen receptor a and the mitogen
coactivator AIB1. Scale bars: 50 pum.
Images reprinted from Carretero et al.
(2013), with permission from Elsevier.
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when the coactivator is arrested in the cell cyto-
plasm (Carretero et al., 2013). Other authors have
corroborated the expression of aromatase in pro-
lactinomas and its relationship with the behavior of
the tumor (Akinci et al., 2013). It has been demon-
strated clinically that although dopaminergic ago-
nists are effective at braking the growth of prolacti-
nomas this is accompanied by a hypergonadism
that is only reversed after testosterone has been
added to the treatment; however, this treatment
induces an exacerbation of the prolactinoma. This
clinical observation is not seen if the treatment with
testosterone is associated with the use of aroma-
tase antagonists (Heidari et al., 2010).

In sum, the available experimental evidence at-
tributes to the pituitary gland (thanks to the in-
volvement of aromatase) the capacity to produce
estradiol locally in several types of endocrine cells.
This would make aromatase an auto-paracrine
regulatory factor for the maintenance of the popu-
lation of lactotroph cells or modulation of the action
of central or peripheral regulators. Its overexpres-
sion seems to be involved in the pathogenesis of
prolactinomas.

REFERENCES

ABE-DOHMAE S, TANAKA R, TAKAGI Y, HARADA N
(1996) In vitro increase of aromatase mRNA in dience-
phalic neurons. Neuroendocrinology, 63:46-52.

AKINCI H, KAPUCU A, DAR KA, CELIK O, TUTUN-
CULER B, SIRIN G, OZ B, GAZIOGLU N, INCE H,
ALIUSTAOGLU S, KADIOGLU P (2013) Aromatase
cytochrome P450 enzyme expression in prolactinomas
and its relationship to tumor behavior. Pituitary, 16:
386-392. doi: 10.1007/s11102-012-0436-2.

AMARA JF, VAN ITALLIE C, DANNIES PS (1987) Reg-
ulation of prolactin production and cell growth by estra-
diol: difference in sensitivity to estradiol occurs at level
of messenger ribonucleic acid accumulation. Endocri-
nology, 120: 264-271.

BAKER BL, CLARK RH, HUNTER RL (1963) Starch gel
electrophoresis of rat hypophysis in relation to prolac-
tin activity. Proc Soc exptl Biol Med, 114: 251-255.

BALTHAZART J, FOIDART A, SURLEMONT C,
HARADA N, NAFTOLIN F (1992) Neuroanatomical
specificity in the autoregulation of aromatase-
immunoreactive neurons by androgens and estrogens:
an immunocytochemical study. Brain Res, 574: 280-
290.

BARRACLOUGH CA, CAMP P, WEILAND N, AKABORI
A (1986) Stimulatory versus inhibitory effects of pro-
gesterone on estrogen-induced phasic LH and prolac-
tin secretion correlated with estrogen nuclear and pro-
gestin cytosol receptor concentrations in brain and
pituitary gland. Neuroendocrinology, 42: 6-14.

BEYER C, MORALI G, NAFTOIN F, LARSON K, PE-
REZ-PALACIOS G (1976) Effects of some antiestro-
gens and aromatase inhibitors on androgen induced
sexual behavior in castrated male rats. Horm Behav,
7: 353-363.

BEYER C, GREEN SJ, BARKER PJ, HUSKINSSON
NS, HUTCHISON JB (1994a) Aromatase immunoreac-
tivity is localised specifically in neurons in the develop-
ing mouse hypothalamus and cortex. Brain Res, 638:
203-210.

BEYER C, TRAMONTHE R, HUTCHISON RE, SHARP
PJ, BARKER PJ, HUSKINSSON NS, HUTCHISON JB
(1994b) Aromatase immunoreactive neurons in the
adult female chicken detected using a specific anti-
body. Brain Res Bull, 33: 583-588.

BOHNE A, HEULE C, BOILEAU N, SALZBURGER W
(2013) Expression and sequence evolution of aroma-
tase cypl9al and other sexual development genes in
East African cichlid fishes. Mol Biol Evol, 30: 2268-
2285.

BONSALL RW, CLANCY AN, MICHAEL RP (1992) Ef-
fects of the nonsteroidal aromatase inhibitor, Fadro-
zole, on sexual behavior in male rats. Horm Behav, 26:
240-254.

BOWERS CY, FRIESEN HG, HWANG P, GUYDA HJ,
FOLKERS K (1971) Prolactin and thyrotropin release
in man by synthetic pyroglutamyl-histidyl-prolinamide.
Biochem Biophys Res Commun, 45: 1033-1041.

BOYAR RM, PERLOW M, KAPEN S, LEFKOWITZ G,
WEITZMAN E, HELLMAN L (1973) The effect of clom-
iphene citrate in the 24-hour LH secretion pattern in
normal men. J Clin Endocrinol Metab, 36: 561-567.

CARR LA, CONWAY PM, VOOGT JL (1977) Role of
norepinephrine in the release of prolactin induced by
suckling and estrogen. Brain Res, 133: 305-314.

CARRETERO J, SANCHEZ F, BLANCO E, RIESCO
JM, SANCHEZ-FRANCO F, VAZQUEZ R (1989) Mor-
phofunctional study of mammotropic cells following
intraventricular administration of met-enkephalin. Anat
Embryol, 179: 243-250.

CARRETERO J, SANCHEZ F, BLANCO E, MONTERO
M, RIESCO JM, GONZALEZ R, VAZQUEZ R (1991)
Estrogenic modulation of met-enkephalin-induced pro-
lactin secretion in rats. Anat Embryol, 183: 455-459.

CARRETERO J, SANCHEZ F, RUBIO M, LORENZO
JM, FRANCOS M, CACICEDO L, SANCHEZ-
FRANCO F, VAZQUEZ R (1992) Immunocytochemical
evidence of hypothalamic regulation of adenohypo-
physeal VIP in the male rat. Neuropeptides, 23: 239-
243.

CARRETERO J, RUBIO M, SANCHEZ F, VAZQUEZ
RJ, SANTOS M, BLANCO J, VAZQUEZ R (1995) In
vitro morphometric and proliferative variations in VIP-
immunoreactive pituitary cells induced by estradiol.
Neuroendocrinology, 62: 277-282.

CARRETERO J, VAZQUEZ RJ, RUBIO M, SANTOS M,
VAZQUEZ G, SANCHEZ F, MARTIN-CLAVIJO A,
VAZQUEZ R (1998) Inverse effects of estradiol and
testosterone on the in vitro proliferation rate of rat VIP-
immunoreactive pituitary cells. Eur J Anat, 2: 101-108.

CARRETERO J, BLANCO E, VAZQUEZ G, RUBIO M,
SANTOS M, PEREZ RM, VAZQUEZ R (1999a) Im-
munohistochemical evidence for the expression of
aromatase P450 in the rat hypophysis. Cell Tissue
Res, 295: 419-423.

CARRETERO J, VAZQUEZ G, MARTIN-CLAVIJO A,

241



242

Aromatase and autoparacrine regulation of the hypophysis

RUBIO M, HERNANDEZ E, MORO JA, GATO A,
BARBOSA E, VAZQUEZ R (1999b) In vivo studies on
cytodifferentiation of pituitary aromatase-
immunoreactive cells. Eur J Anat, 3: 79-85.

CARRETERO J, BURKS DJ, VAZQUEZ G, RUBIO M,
HERNANDEZ E, BODEGO P, VAZQUEZ R (2002)
Expression of aromatase P450 is increased in sponta-
neous prolactinomas of aged rats. Pituitary, 5: 5-10.

CARRETERO J, VAZQUEZ G, RUBIO M, BLANCO E,
JUANES JA, PEREZ E, BURKS D, VAZQUEZ R
(2003a) Postnatal differentiation of the immunohisto-
chemical expression of aromatase P450 in the rat pitu-
itary gland. Histol Histopathol, 18: 419-423.

CARRETERO J, TORRES JL, RUBIO M, BURKS DJ,
SIERRA E, ANGOSO M, BLANCO E, HERRERO J,
VAZQUEZ R (2003b) Increases in the size, number
and proliferation rate of VIP-immunoreactive pituitary
cells induced by TRH are associated with increases in
VIP release. Eur J Anat, 7: 91-95.

CARRETERO J, ANGOSO M, RUBIO M, BLANCO E,
SIERRA E, HERRERO JJ, PEREZ E, BURKS DJ
(2006) In vitro immuno-blockade of VIP inhibits the
proliferation of pituitary prolactin cells. Anat Embryol,
211:11-18.

CARRETERO J, HERNANDEZ R, TAPIA M, PRIETO D,
CARRETERO M, GUTIERREZ S, GONZALEZ R,
BASCO M, GONZALEZ L, HERRERO JJ, RUBIO M,
BLANCO E, VAZQUEZ R (2009) Immunocytochemical
evidence for the coexistence of aromatase P450 and
estrogen receptor a in the pituitary gland of the adult
male rat. Eur J Anat, 13: 1-6.

CARRETERO J, BLANCO E, RUBIO M, RIESCO JM
GARCIA-BARRADO MJ, IGLESIAS-OSMA MC, CAR-
RETERO-HERNANDEZ M, HERRERO JJ, BURKS DJ
(2011) Gonadal steroids regulate aromatase P450
expression in the rat pituitary. Eur J Anat, 15: 98-106.

CARRETERO J, BLANCO EJ, CARRETERO M, CAR-
RETERO-HERNANDEZ M, GARCIA-BARRADO MJ,
IGLESIAS-OSMA MC, BURKS DJ, FONT DE MORA J
(2013) Expression of AIB1 correlates with cellular pro-
liferation in human prolactinomas. Ann Anat, 195: 253-
259.

CARRILLO AJ, PHELPS CJ (1992) Quantification of
vasoactive intestinal peptide immunoreactivity in the
anterior pituitary glands of intact male and female,
ovariectomized, and estradiol benzoate-treated rats.
Endocrinology, 131: 964-969.

CARRILLO AJ, SHARP ZD, DEPAOLO LV (1987) Cor-
relation of rat pituitary prolactin messenger ribonucleic
and hormone content with serum levels during the
estrogen-induced surge. Endocrinology, 121: 1993-
1999.

CARSON-JURICA MA, SCHRADER WT, O'MALLEY
BW (1990) Steroid receptor family: structure and func-
tions. Endocr Ver, 11: 201-220.

CHANG RJ, DAVIDSON BJ, CARLSON HE, JUDD HL
(1982) Circadian pattern of prolactin secretion in post-
menopausal women receiving estrogen with or without
progestin. Am J Obstet Gynecol, 144: 402-407.

CHEN XW, JIANG S, GU YF, SHI ZY (2014) Molecular
characterization and expression of cypl9a gene in
Carassius auratus. J Fish Biol, 85: 516-522.

COMPAAN JC, WOZNIAK A, DE RUITER AJH, KOOL-
HAAS JM, HUTCHISON JB (1994) Aromatase activity
in the preoptic area differs between aggressive and
nonaggressive male house mice. Brain Res Bull, 35: 1
-7.

CRENSHAW EB IN, KALIA K, SIMMONS DM (1990)
Cell-specific expression of the prolactin gene in trans-
genic mice is controlled by synergistic interactions
between promoter and enhancer elements. Genes
Dev, 3: 959-972.

DAVIS EC, SHRYNE JE, GORSKI RA (1996) Structural
sexual dimorphisms in the anteroventral periventricular
nucleus of the rat hypothalamus are sensitive to gon-
adal steroids perinatally, but develop peripubertally.
Neuroendocrinology, 63: 142-148.

DE BOLD JF, CLEMENTS LG (1978) Aromatization and
the induction of male sex behavior in male, female,
and androgenized female hamsters. Horm Behav, 11:
401-413.

DESSI-FULGHERI F, LUPO C (1982) Odour of male
and female rats changes hypothalamic aromatase and
5a-reductase activity and plasma sex steroid levels in
unisexually reared male rats. Physiol Behav, 28: 231-
235.

DEYO SN, MILLER RJ (1982) The role of endogenous
opioids in the stress- and estrogen-induced activation
of prolactin release. Life Sci, 31: 2171-2175.

FEDER HH (1971) The comparative actions of testos-
terone propionate and 5-androstan-17-ol-3-one propio-
nate on the reproductive behavior, physiology and
morphology of male rats. J Endocrinol, 51: 241-252.

FRIEND KE, CHIOU YK, LOPES MB, LAWS ER (JR),
HUGHES KM, SHUPNIK MA (1994) Estrogen receptor
expression in human pituitary: correlation with im-
munohistochemistry in normal tissue, and immuno-
histochemistry and morphology in macroadenomas. J
Clin Endocrinol Metab, 78: 1497-1504.

GALMICHE G, RICHARD N, CORVAISIER S,
KOTTLER ML (2006a) The expression of aromatase in
gonadotropes is regulated by estradiol and gonadotro-
pin-releasing hormone in a manner that differs from
the regulation of luteinizing hormone. Endocrinology,
147: 4234-4244.

GALMICHE G, CORVAISIER S, KOTTLER ML (2006b)
Aromatase gene expression and regulation in the fe-
male rat pituitary. Ann N 'Y Acad Sci, 1070: 286-292.

GARCIA-BARRADO MJ, BLANCO EJ, CARRETERO-
HERNANDEZ M, IGLESIAS-OSMA MC, CARRET-
ERO M, HERRERO JJ, BURKS DJ, CARRETERO J
(2014) Local transformations of androgens into estra-
diol by aromatase P450 is involved in the regulation of
prolactin and the proliferation of pituitary prolactin-
positive cells. Plos ONE, 9(6): e101403. doi: 10.1371/
journal.pone.0101403.

GEORGE FW, OJEDA SR (1982) Changes in aroma-
tase activity in the rat brain during embryonic, neona-
tal, and infantile development. Endocrinology, 111:
522-529.

GIBBS DM, NEILL JD (1978) Dopamine levels in hypo-
physial stalk blood in the rat are sufficient to inhibit
prolactin secretions in vivo. Endocrinology, 95: 1202-
1212.



J. Carretero et al.

GIGUERE V, MEUNIER H, VEILLEUX R, LABRIE F
(1982) Direct effects of sex steroids on prolactin re-
lease at the anterior pituitary level: interactions with
dopamine, thyrotropin-releasing hormone, and isobu-
tylmethylxanthine. Endocrinology, 111: 857-862.

GOLOVINE K, SCHWERIN M, VANSELOW J (2003)
Three different promoters control expression of the
aromatase cytochrome P450 gene (cypl9) in mouse
gonads and brain. Biol Reprod, 68: 978-984.

GOLUBOFF LH, EZRIN C (1969) Effect of pregnancy on
the somatotroph and the prolactin cell of the human
adenohypophysis. J Clin Endocrinol Metab, 29: 1533-
1541.

GONZALEZ MI, LERET ML (1994) Injection of an aro-
matase inhibitor after the critical period of sexual dif-
ferentiation. Pharmacol Biochem Behav, 47: 183-186.

GOOREN LJ, ASSIES J, ASSCHEMAN H, DE SLEGTE
R, VAN KESSEL H (1988) Estrogen-induced prolacti-
noma in a man. J Clin Endocrinol Metab, 66: 444-446.

GORE-LANGTON RE, DORRINGTON JH (1981) FSH
induction of aromatase in cultured rat granulosa cells
measured by a radiometric assay. Mol Cell Endocrinol,
22: 135-151.

GOTO-KAZETO R, KIGHT KE, ZOHAR Y, PLACE AR,
TRANT JM (2004) Localization and expression of aro-
matase mRNA in adult zebrafish. Gen Comp Endo-
crinol, 139: 72-84.

HALL PF, CHEN S, NAKAJIN S, SHINODA M, SHIVE-
LY JE (1987) Purification and characterization of aro-
matase from human placenta. Steroids, 50: 37-50.

HARADA N (1988) Cloning of a complete cDNA encod-
ing human aromatase: immunochemical identification
and sequence analysis. Biochem Biophys Res Com-
mun, 156: 725-732.

HARADA N (1992) The structural and functional charac-
terization of P-450 aromatase (estrogen synthetase).
Tanpakushitsu Kakusan Koso, 37(16): 3051-3059.

HARADA N (1993) Genetic analysis of human placental
aromatase deficiency. J Steroid Biochem Mol Biol, 44:
331-340.

HARADA N, YAMADA K (1992) Ontogeny of aromatase
messenger ribonucleic acid in mouse brain: Fluoro-
metric quantitation by polymerase chain reaction. En-
docrinology, 131: 2306-2312.

HARADA N, YAMADA K, SAITO K, KIBE N, DOHMAE
S, TAKAGI Y (1990) Structural characterization of the
human estrogen synthetase (aromatase) gene. Bio-
chem Biophys Res Commun, 166: 365-372.

HARADA N, UTSUMI T, TAKAGI Y (1993) Tissue-
specific expression of the human aromatase cyto-
chrome P450 gene by alternative use of multiple ex-
ons | and promoters and switching of tissue-specific
exons | in carcinogenesis. Proc Natl Acad Sci USA,
90: 11312-11316.

HEANEY AP, FERNANDO M, MELMED S (2002) Func-
tional role of estrogen in pituitary tumor pathogenesis.
J Clin Invest, 109: 277-283.

HEIDARI Z, HOSSEINPANAH F, SHIRAZIAN N (2010)
Achievement of fertility in an infertile man with re-
sistant macroprolactinoma using high-dose bromocrip-

tine and a combination of human chorionic gonadotro-
pin and an aromatase inhibitor. Endocr Pract, 16: 669-
672.

HENTGES ST, LOW MJ (2002) Ovarian dependence for
pituitary tumorogenesis in D2 dopamine receptor-
deficient mice. Endocrinology, 143: 4536-4543.

HERMAN V, FAGIN J, GONSKY R, KOVACS K,
MELMED S (1990) Clonal origin adenomas. J Clin
Endocrinol Metab, 71: 1427-1433.

HICKEY GJ, KRASNOW JS, BEATTIE WG, RICHARDS
JS (1990) Aromatase cytochrome P450 in rat ovarian
granulosa cells before and after luteinisation: Adeno-
sine 3', 5'-monophosphate-dependent and independ-
ent regulation. Cloning and sequencing of rat aroma-
tase cDNA and 5’ genotic DNA. Mol Endocrinol, 4: 3-
12.

HONDA S, HARADA N, TAKAGI Y (1994) Novel exon 1
of the aromatase gene specific for aromatase tran-
scripts in human brain. Biochem Biophys Res Com-
mun, 198: 1153-1160.

HONDA S, HARADA N, TAKAGI Y (1996) The alterna-
tive exons 1 of the mouse aromatase cytochrome
P450-gene. Biochim Biophys Acta, 1305: 145-150.

HORVATH E, KOVACS K (1991) The adenohipophysis.
In: Kovacs K, Asa SL (Eds). Functional Endocrine Pa-
thology. Blackwell Scientific Publications, Boston, pp
245-281.

HOUTSMULLER EJ, BRAND T, DE JONGE FH,
JOOSTEN RNJM, VAN DEL POLL NE, SLOB AK
(1994) SDN-POA volume sexual behavior and partner
preference of male rats affected by perinatal treatment
with ATD. Physiol Behav, 56: 535-541.

HSU DW, EL-AZOUZI M, BLACK PM, CHIN WW,
HEDLEY-WHYTE ET, KAPLAN LM (1990) Estrogen
increases galanin immunoreactivity in hyperplastic
prolactin-secreting cells in Fisher 344 rats. Endocrinol-
ogy, 126: 3159-3167.

HUTCHISON JB, STEIMER TH (1986) Formation of
behaviourally effective 17b-estradiol in the dove brain:
Steroid control of preoptic aromatase. Endocrinology,
118: 2180-2187.

HUTCHISON RE, HUTCHISON JB, STEIMER TH,
STEEL E, POWERS JB, WALKER, AP, HERBERT J,
HASTINGS H (1991a) Brain aromatization of testos-
terone in the male Syrian hamster: Effects of androgen
and photoperiod. Neuroendocrinology, 53: 194-203.

HUTCHISON JB, STEIMER TH, HUTCHISON RE
(1991b) Area-specific hormonal regulation of brain
aromatase. Brain Res, 50: 95-100.

HUTCHISON JB, WOZNIAK E, HUTCHISON RE (1992)
Regulation of female brain aromatase activity during
the reproductive cycle of the dove. J Endocrinol, 134:
385-396.

HUTCHISON JB, BEYER C, HUTCHISON RE, WOZNI-
AK E (1995) Sexual dimorphism in the developmental
regulation of brain aromatase. J Steroid Biochem, 53:
307-313.

JACOBS LS, SNYDER PJ, WILBER JF, UTIGER RD,
DAUGHADAY WH (1971) Increased serum prolactin
after administration of synthetic thyrotropin releasing
hormone (TRH) in man. J Clin Endocrinol Metab, 33:

243



244

Aromatase and autoparacrine regulation of the hypophysis

996-998.

JACOBY LB, HEDLEY-WHITE ET, PULASKI K, SEIZ-
INGER BR, MARTUZA RL (1990) Clonal origin of pitu-
itary adenomas. J Neurosurg, 73: 731-735.

JENKINS C, MICHAEL D, MAHENDROO M, SIMPSON
E (1993) Exon-specific Northern analysis and rapid
amplification of cDNA ends (RACE) reveal that the
proximal promoter Il (PII) is responsible for aromatase
cytochrome P50 (CYP19) expression in human ovary.
Mol Cell Endocrinol, 97: R1-R6.

KADIOGLU P, ORAL G, SAYITOGLU M, ERENSOY N,
SENEL B, GAZIOGLU N, SAV A, CETIN G, OZBEK U
(2008) Aromatase cytochrome P450 enzyme expres-
sion in human pituitary. Pituitary, 11: 29-35.

KAMAT A, HINSHELWOOD MM, MURRY BA, MEN-
DELSON CR (2002) Mechanisms in tissue-specific
regulation of estrogen biosynthesis in humans. Trends
Endocrinol Metab, 13: 122-128.

KAPLAN LM, GABRIEL SM, KOENIG JI, SUNDAY ME,
SPINDEL ER, MARTIN JB, CHIN WW (1988) Galanin
is an estrogen-inducible, secretory product of the rat
anterior pituitary. Proc Natl Acad Sci USA, 85: 7408-
7412.

KASPER S, POPESCU RA, TORSELLO A,
VRONTASKIS ME, IKEJANI C, FRIESEN HG (1992)
Tissue-specific regulations of vasoactive intestinal
peptide messenger ribonucleic acid levels by estrogen
in the rat. Endocrinology, 130: 1796-1801.

KELLY MA, RUBINSTEIN M, ASA SL, ZHANG G, SAEZ
C, BUNZOW JR, ALLEN RG, HNASKO R, BEN-
JONATHAN N, GRANDY DK, LOW MJ (1997) Pitui-
tary lactotroph hyperplasia and chronic hyperprolac-
tinemia in dopamine D2 receptor-deficient mice. Neu-
ron, 19: 103-113.

KINEMAN RD, FAUGHT WJ, FRAWLEY LS (1992)
Steroids can modulate transdifferentiation of prolactin
and growth hormone cells in bovine pituitary cultures.
Endocrinology, 130: 3289-3294.

KREY LC, MACLUSKY NJ, DAVIS PG, LIEBERBURG
DI, ROY EJ (1982) Different intracellular mechanisms
underlie testosterone's suppression of basal and stim-
ulation of cyclic luteinizing hormone release in male
and female rats. Endocrinology, 110: 2159-2167.

KUBOTA T, KUAN SI, MACLEOD RM (1989) Effect of
17 beta-estradiol on phosphoinositide metabolism and
prolactin secretion in anterior pituitary cells. Neuroen-
docrinology, 50: 400-405.

LAM KSL, SRIVASTAVA G, LECHAN RM, LEE T,
REICHLIN S (1990) Estrogen regulates the gene ex-
pression of vasoactive intestinal peptide in the anterior
pituitary. Neuroendocrinology, 52: 417-421.

LANNIGAN DA, NOTIDES AC (1990) Estrogen regula-
tion of transcription. In: Sato GH, Steven JL (Eds).
Molecular Endocrinology and Steroid Hormone Action.
Alan R. Liss Inc., New York, pp 187-197.

LANZINO M, CATALANO S, GENISSEL C, ANDO S,
CARREAU S, HAMRA K, MCPHAUL MJ (2001) Aro-
matase messenger RNA is derived from the proximal
promoter of the aromatase gene in Leydig, Sertoli, and
germ cells of the rat testis. Biol Reprod, 64: 1439-
1443.

LEPHART ED, SIMPSON ER, MCPHAUL MJ, KIL-
GORE MW, WILSON JD, OJEDA SR (1992a) Brain
aromatase cytochrome P-450 messenger RNA levels
and enzyme activity during prenatal and perinatal de-
velopment in the rat. Mol Brain Res, 16: 187-192.

LEPHART ED, SIMPSON ER, OJEDA SR (1992b) Ef-
fects of cyclic AMP and androgens on in vitro brain
aromatase enzyme activity during prenatal develop-
ment in the rat. J Neuroendocrinol, 4: 29-35.

LIEBERBURG I, MCEWEN BS (1977) Brain cell nuclear
retention of testosterone metabolites, 5alpha-
dihydrotestosterone and estradiol-17beta, in adult rats.
Endocrinology, 100: 588-597.

LIEBERBURG I, KREY LC, MCEWEN BS (1979) Sex
differences in serum testosterone and in exchangeable
brain cell nuclear estradiol during the neonatal period
in rats. Brain Res, 178: 207-212.

LLOYD HM, MEARES JD, JACOBI J (1975) Effects of
oestrogen and bromocryptine on in vivo secretion and
mitosis in prolactin cells. Nature, 255: 497-498.

LLOYD RV, CANO M, LANDEFELD TD (1988) The ef-
fects of estrogens on tumor growth and on prolactin
and growth hormone mRNA expression in rat pituitary
tissues. Am J Pathol, 133: 397-406.

LUTTGE WG (1975) Effects of anti-estrogens on testos-
terone stimulated male sexual behavior and peripheral
target tissues in the castrated male rat. Physiol Behav,
14: 839-846.

MacLEOD RM, ABAD A, EIDSON LL (1969) In vivo ef-
fect of sex hormones on the in vitro synthesis of pro-
lactin and growth hormone in normal and pituitary tu-
mor-bearing rats. Endocrinology, 84: 1475-1483.

MARTINI L (1982) The 5a-reduction of testosterone in
the neuroendocrine structures: Biochemical and physi-
ological implications. Endocr Rev, 3: 1-25.

MARYNICK SP, LORIAUX DL, SHERINS RJ, PITA JC,
LIPSETT MB (1979) Evidence that testosterone can
suppress pituitary gonadotropin secretion inde-
pendently of peripheral aromatization. J Clin Endo-
crinol Metab, 49: 396-398.

MATSUMINE H, HERBST MA, OU SH, WILSON JD,
MCPHAUL MJ (1991) Aromatase mRNA in the ex-
tragonadal tissues of chickens with the henny-
feathering trait is derived from a distinctive promoter
structure that contains a segment of a retroviral long
terminal repeat. Functional organization of the
Sebright, Leghorn, and Campine aromatase genes. J
Biol Chem, 266(30): 19900-19907.

MAURER RA (1982) Estradiol regulates the transcrip-
tion of the prolactin gene. J Biol Chem, 257: 2133-
2136.

MAURER RA, GORSKI J (1977) Effect of estradiol-173
and pimozide on prolactin synthesis in male and fe-
male rats. Endocrinology, 101: 76-84.

MCCARTHY MM (1994) Molecular aspects of sexual
differentiation of the rodent brain. Psychoneuroendo-
crinology, 19: 415-427.

MCDONALD PG, BEYER C, NEWTON F, BRIEN B,
BAKER R, TAN HS, SAMPSON C, KITCHING P,
GREENHILL R, PRITCHARD D (1970) Failure of 5a-
dihydrotestosterone to initiate sexual behavior in the



J. Carretero et al.

castrated male rat. Nature, 227: 964-965.

MCEWEN BS, LIEBERBURG I, CHAPTAL C, KREY LC
(1977) Aromatization: important for sexual differentia-
tion of the neonatal rat brain. Horm Behav, 9: 249-263.

MCPHAUL MJ, NOBLE JF, SIMPSON ER, MENDEL-
SON CR, WILSON JD (1988) The expression of a
functional cDNA encoding the chicken cytochrome P-
450arom (aromatase) that catalyzes the formation of
estrogen from androgen. J Biol Chem, 263: 16358-
16363.

MENUET A, ANGLADE |, LE GUEVEL R, PELLEGRINI
E, PAKDEL F, KAH O (2003) Distribution of aroma-
tase mRNA and protein in the brain and pituitary of
female rainbow trout: Comparison with estrogen re-
ceptor alpha. J Comp Neurol, 462: 180-193.

MICHNOVICZ JJ, HAHN EF, FISHMAN J (1987) 19-
Hydroxylation and aromatization of androgens in the
developing rat brain. Endocrinology, 121: 1209-1214.

MIYASHITA K, SHIMIZU N, OSANAI S, MIYATA S
(2000) Sequence analysis and expression of the P450
aromatase and estrogen receptor genes in the
Xenopus ovary. J Steroid Biochem Mol Biol, 75: 101-
107.

MOLITCH ME (2001) Prolactinomas. In: Horseman N
(ed.). Prolactin. Kluwer Academic Publishers, Boston,
Massachusetts, USA, pp 82-99.

MOLITCH ME (2002) Prolactinoma. In: Melmed S (ed.).
The pituitary. 2™ edition. Blackwell publishing, pp 455-
495,

MORALI G, LARSSON K, BEYER C (1977) Inhibition of
testosterone-induced sexual behavior in the castrated
male rat by aromatase blockers. Horm Behav, 9: 203-
213.

NEGRI-CESI P, CELOTTI F, MARTINI L (1989) Andro-
gen metabolism in the male hamster. 2. Aromatization
of androstenedione in the hypothalamus and in the
cerebral cortex; kinetic parameters and effect of expo-
sure to different photoperiods. J Steroid Biochem, 32:
65-70.

NEGRI-CESI PN, MELCANGI RC, CELOTI F, MARTINI
L (1992) Aromatase activity in cultured brain cells:
Differences between neurons and glia. Brain Res, 589:
327-332.

NEILL JD, FREEMAN ME, TILLION SA (1971) Control
of the proestrus surge of prolactin and luteinizing hor-
mone secretion by estrogens in the rat. Endocrinology,
89: 1448-1453.

NELSON DR, GOLDSTONE JV, STEGEMAN JJ (2013)
The cytochrome P450 genesis locus: the origin and
evolution of animal cytochrome P450. Philos Trans R
Soc Lond B Biol Sci, 368(1612): 20120474.

NOCILLADO JN, ELIZUR A, AVITAN A, CARRICK F,
LEVAVI-SIVAN B (2007) Cytochrome P450 aromatase
in grey mullet: cDNA and promoter isolation; brain,
pituitary and ovarian expression during puberty. Mol
Cell Endocrinol, 263: 65-78.

OLIVEREAU M, OLIVEREAU JM, LAMBERT JF (1988)
Cytological responses of the pituitary (rostral pars dis-
talis) and immunoreactive corticotropin-releasing fac-
tor (CRF) in the goldfish treated with dopamine antag-

onists. Gen Comp Endocrinol, 71: 506-515.

PARSONS B, RAINBOW TC, MCEWEN BS (1984) Or-
ganizational effects of testosterone via aromatization
on feminine reproductive behavior and neural proges-
tin receptors in rat brain. Endocrinology, 115: 1412-
1417.

PASMANIK M, SCHLINGER BA, CALLARD GV (1988)
In vivo steroid specificity of aromatase and 5a-
reductase in goldfish brain and pituitary. Gen Comp
Endocrinol, 71: 175-182.

PEREZ RL, MACHIAVELLI GA, ROMANO MI,
BURDMAN JA (1986) Prolactin release, oestrogens
and proliferation of prolactin-secreting cells in the ante-
rior pituitary gland of adult male rats. J Endocrinol,
108: 399-403.

PHELPS C, HYMER WC (1983) Characterization of
estrogen-induced adenohypophyseal tumors in the
Fischer 344 rat. Neuroendocrinology, 37: 23-31.

PLANT TM (1986) Gonadal regulation of hypothalamic
gonadotropin-releasing hormone in primates. Endocr
Rev, 7: 75-88.

POLYMEROPOULOS MH, XIAO H, RATH DS, MERRIL
CR (1991) Tetranucleotide repeat polymorphism at the
human aromatase cytochrome P-450 gene (CYP19).
Nucleic Acids Res, 19(1): 195.

POOLE MC, MAHESH VB, COSTOFF A (1980) Intracel-
lular dynamics in pituitary mammotropes throughout
the rat estrous cycle. I. Morphometric methodology
and hormonal correlations with cellular and nuclear
volumes. Am J Anat, 158: 3-13.

POWERS JB, BERGONDY ML, MATOCHIK JA (1985)
Male hamster sociosexual behaviors: effects of testos-
terone and its metabolites. Physiol Behav, 35: 607-
616.

PRYSOR-JONES RA, SILVERLIGHT JJ, JENKINS JS
(1988) Vasoactive intestinal peptide and the stimula-
tion of lactotroph growth by oestradiol in rats. J Endo-
crinol, 116: 259-265.

ROSELLI CE (1991) Sex differences in androgen recep-
tors and aromatase activity in microdissected regions
of the rat brain. Endocrinology, 128: 1310-1316.

ROSELLI CHE, ELLINWOOD WN, RESKO JA (1984)
Regulation of brain aromatase activity in rats. Endocri-
nology, 114: 192-200.

ROSELLI CE, HORTON LE, RESKO JA (1985) Distribu-
tion and regulation of aromatase activity in the rat hy-
pothalamus and limbic system. Endocrinology, 117:
2471-2477.

ROSELLI CHE, SALISBURY RL, RESKO JA (1987)
Genetic evidence for androgen-dependent and inde-
pendent control of aromatase activity in the rat brain.
Endocrinology, 121: 2205-2210.

ROSSI GL, BESTETTI GE, REYMOND MJ (1992) Tu-
beroinfundibular dopaminergic neurons and lacto-
tropes in young and old female rats. Neurobiol Aging,
13: 275-281.

SACHS BD, MEISEL RL (1989) The physiology of male
sexual behavior. In: Knobil E, Neill JD, Ewing LL,
Greenwald GS, Market CL, Pfaff DW (eds). The Physi-
ology of Reproduction. Vol. 2. Raven Press Ltd, New

245



246

Aromatase and autoparacrine regulation of the hypophysis

York, pp 1393-1485.

SAIARDI A, BOZZI Y, BAIK J-H, BORRELLI E (1997)
Antiproliferative role of dopamine: loss of D2 receptors
causes hormonal dysfunction and pituitary hyperplas-
ia. Neuron, 19: 115-126.

SAR M, STUMPF WE (1975) Distribution of androgen
concentrating neurons in rat brain. In: Stumpf WE,
Gramt LD (eds). Anatomical Neuroendocrinology.
Karger, New York, pp 120-133.

SAR M, LUBAHN DB, FRENCH FS, WILSON EM
(1990) Immunohistochemical localization of the andro-
gen receptor in rat and human tissues. Endocrinology,
127: 3180-3186.

SCHAUFELE E (1999) Regulation of estrogen receptor
activation of the prolactin enhancer/promoter by antag-
onistic activation of function-2-interacting proteins. Mol
Endocrinol, 13: 935-945.

SCHEITHAUER BW, SANO T, KOVACS K, YOUNG
WF, RYAN N, RANDALL RV (1990) The pituitary
gland in pregnancy: A clinicopathologyc and immuno-
histochemical study on 69 cases. Mayo Clin Proc, 65:
462-474.

SCHECHTER J, GOLDSMITH P, WILSON C, WEINER
R (1988) Morphological evidence for the presence of
arteries in human prolactinomas. J Clin Endocrinol
Metab, 67: 713-719.

SCHUMACHER M, BALTHAZART J (1986) Testos-
terone-induced brain aromatase is sexually dimorphic.
Brain Res, 370: 285-293.

SEBASTIAN S, BULUN SE (2001) A highly complex
organization of the regulatory region of the human
CYP19 (aromatase) gene revealed by the human ge-
nome project. J Clin Endocrinol Metab, 86: 4600-4602.

SELMANOFF MK, BRODKING LD, WEINER RI, SI-
ITERI PK (1977) Aromatization and 5a-reduction of
androgens in discrete hypothalamic and limbic regions
of the male and female rat. Endocrinology, 101: 841-
848.

SHULL JD, GORSKI J (1984) Estrogen stimulates pro-
lactin gene transcription by a mechanism independent
of pituitary protein synthesis. Endocrinology, 114: 1550
-1557.

SHULL JD, GORSKI J (1985) Estrogen regulates the
transcription of the rat prolactin gene in vivo through at
least two independent mechanisms. Endocrinology,
116: 2456-2462.

SHULL JD, GORSKI J (1986) The hormonal regulation
of prolactin gene expression: an examination of mech-
anisms controlling prolactin syntheses and the possi-
ble relationship of estrogen to these mechanisms. Vit-
amins and Hormones, 43: 197-249.

SHUPNIK MA, BAXTER LA, FRENCH LR, GORSKI J
(1979) In vivo effects of estrogen on ovine pituitaries:
prolactin and growth hormone biosynthesis and mes-
senger ribonucleic acid translation. Endocrinology,
104: 729-735.

SIMPSON ER (2000) Role of aromatase in sex steroid
action. J Mol Endocrinol, 25: 149-156.

SIMPSON ER, EVANS CT, CORBIN CJ, POWELL FE,
LEDESMA DB, MENDELSON CR (1987) Sequencing

of cDNA inserts encoding aromatase cytochrome P-
450 (P-450AROM). Mol Cell Endocrinol, 52: 267-272.

SIMPSON ER, MAHENDROO MS, MEANS GD, KIL-
GORE MW, HINSHELWOOD MM, GRAHAM-
LORENCE S, AMARNEH B, ITO Y, FISCHER CR,
MICHAEL MD, et al. (1994) Aromatase cytochrome
P450, the enzyme responsible for estrogen biosynthe-
sis. Endocr Rev, 15: 342-355.

SOMASEKHAR MB, GORSKI J (1988) Two elements of
the rat prolactin 5' flanking region are required for its
regulation by estrogen and glucocorticoids. Gene, 69:
13-21.

STEEL E, HUTCHISON JB (1988) Behavioral action of
estrogen in male hamsters: Effect of the aromatase
inhibitor, 1,4,6-androsratriene-3,17-dione (ATD). Horm
Behav, 22: 252-265.

STEIMER TH, HUTCHISON JB (1981) Androgen in-
creases formation of behaviourally effective oestrogen
in the dove brain. Nature, 292: 345-347.

STUMPF WE, SAR M, KEEFER DA (1975) Atlas of es-
trogen target cells in rat brain. In: Stumpf WE, Grant
LD (Eds). Anatomical Neuroendocrinology. Karger,
Basel, pp 104-119.

TASHJIAN JR AH, BAROWSKY NJ, JENSEN DK
(1971) Thyrotropin releasing hormone: direct evidence
for stimulation of prolactin production by pituitary cells
in culture. Biochem Biophys Res Commun, 43: 516-
523.

TODA K, SHIZUTA Y (1993) Molecular cloning of a
cDNA shower alternative splicing of the 5’-untranslated
sequence of mMRNA for human aromatase P-450. Eur J
Biochem, 213: 383-389.

TODA K, TERASHIMA M, KAWAMOTO T, SUMIMOTO
H, YOKOYAMA Y, KURIBAYASHI I, MITSUUCHI Y,
MAEDA T, YAMAMOTO Y, SAGARA Y, IKEDA H,
SHIZUTA Y (1990) Structural and functional character-
ization of human aromatase P-450 gene. Eur J Bio-
chem, 193(2): 559-565.

TRUBIROHA A, KROUPOVA H, WUERTZ S, KLOAS W
(2012) Up-regulation of gonadotropin  mRNA-
expression at the onset of gametogenesis in the roach
(Rutilus rutilus): evidence for an important role of brain
-type aromatase (cypl9alb) in the pituitary. Gen
Comp Endocrinol, 178: 529-538.

VELDHUIS JD, EVANS WS, STUMPF PG (1989) Mech-
anisms that subserve estradiol's induction of increased
prolactin concentrations: evidence of amplitude modu-
lation of spontaneous prolactin secretory bursts. Am J
Obstet Gynecol, 16: 1149-1158.

VICIAN L, SHUPNIK MA, GORAKI J (1979) Effects of
estrogen on primary ovine pituitary cell cultures: stimu-
lation of prolactin secretion, synthesis, and preprolac-
tin messenger ribonucleic acid activity. Endocrinology,
104: 736-743.

VRONTAKIS ME, YAMAMOTO T, SCHROEDTER IC,
NAGY JI, FRIESEN HG (1989) Estrogen induction of
galanin synthesis in the rat anterior pituitary gland
demonstrated by in situ hybridization and immuno-
histochemistry. Neurosci Lett, 100: 59-64.

WATERMAN ML, ADLER S, NELSON C, GREENE GK,
EVANS RM, ROSENFELD MG (1988) A single do-



J. Carretero et al.

main of the estrogen receptor confers deoxyribonucle-
ic acid binding and transcriptional activation of the rat
prolactin gene. Mol Endocrinol, 2: 14-21.

WHALEN RE, LUTTGE WG (1971) Differential localiza-
tion of progesterone uptake in brain. Role of sex, es-
trogen pretreatment and adrenalectomy. Brain Res,
33: 147-155.

WINGRAVE SJ, KAY CR, VESSEY MP (1980) Oral
contraceptives and pituitary adenomas. Br Med J, 280:
685-686.

WYNICK D, HAMMOND PJ, AKINSANYA KO, BLOOM
SR (1993) Galanin regulates basal and oestrogen-
stimulated lactotroph function. Nature, 364: 529-532.

YAMADA-MOURI N, HIRATA S, KATO J (1996) Exist-
ence and expression of the untranslated first exon of
aromatase mRNA in the rat brain. J Steroid Biochem
Molec Biol, 58: 163-166.

YAMAMOTO N, SEO H, SUGANUMA N (1986) Effect of
estrogen on prolactin mRNA in the rat pituitary. J Neu-
roendocrinol, 42: 494-497.

YILMAZ MB, WOLFE A, CHENG YH, GLIDEWELL-
KENNEY C, JAMESON JL, BULUN SE (2009) Aroma-
tase promoter |.f is regulated by estrogen receptor
alpha (ESR1) in mouse hypothalamic neuronal cell
lines. Biol Reprod, 81: 956-965.

YOUNGBLOOD GL, NESBITT MN, PAYNE AH (1989)
The structural genes encoding P450scc and
P450arom are closely linked on mouse chromosome
9. Endocrinology, 125(5): 2784-2786.

247



