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1 | INTRODUCTION

During the last 60 years, testosterone and its aromatised metab-
olite 17p-oestradiol (E,) have been recognised as the main factors
that masculinise and defeminise the brain and behaviour in rats.
A main contribution that set the basis for the subsequent studies
in the field of sexual differentiation was the pioneering work of

Phoenix et al* It was demonstrated that testosterone treatment

Brain expression of the enzyme P450-aromatase has been studied extensively.
Subsequent to the aromatisation hypothesis having established brain aromatase as a
key factor to convert gonadal testosterone to oestradiol, several studies have investi-
gated the regulation of aromatase during the critical period of brain sexual differentia-
tion. We review previous and recent findings concerning regulation of aromatase. The
role of gonadal hormones, sex chromosome genes and neurosteroids is analysed in
terms of their contribution to aromatase expression, as well as implications for the

organisational effect of steroids during development.

amygdala, aromatase, gonadal hormones, sex chromosome complement, sex differences

during a sensitive period of development was able to masculinise
and defeminise the sex behaviour of the female guinea pig. Two
remarkable findings need to be highlighted from their work: (i) the
effects of testosterone on the female brain and (ii) a developmen-
tal sensitive period for these effects. During the following years,
numerous laboratories have identified the organisational action of
testosterone during critical periods of development as the main

cause of the generation of sex differences in the brain.? The central
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dogma, commonly known as the classical hypothesis, establishes
a sequential model to explain the sexual dimorphism in the struc-
ture and function of the mammalian brain. As a result of the sex-
determining region of the Y chromosome (Sry), chromosomal sex
(XY/XX) determines gonadal sex (testes/ovaries), which in turn de-
termines brain sex. The presence of Sry gene in the Y chromosome
initiates testes development® which, shortly after differentiation
(around embryonic day [E]13), begin to synthesise testosterone in
mice.*® Then, a surge in testosterone production by foetal testes
occurs at E17-18 in mice and at E18.5-19.5 in rats.®’ The prenatal
surge in testosterone production signals the beginning of a criti-
cal period for hormonal effects, which extends until postnatal day
(PN)10, when the female brain becomes insensitive to exogenous
testosterone. This organisational action of testosterone in rodents
occurs mainly after its intracerebral metabolism to E,, which mas-
culinises (enhances behaviours and functions typical of males) and
defeminises (suppresses behaviours and functions typical of fe-
males) the brain.? During this critical period for hormonal effects,
gonadal testosterone shapes the brain circuitry that controls male
sex behaviour and reproductive physiological processes. On the
other hand, XX embryos develop ovaries that begin secreting sig-
nificant amounts of steroids after the first postnatal week.® Thus,
feminisation of the brain is a process that occurs in the absence
of high levels of gonadal steroids during the perinatal sensitive
period. Remarkably, the organisational effect of testosterone was
proposed to be present only for the male brain because the female
ovaries are quiescent during most of the critical period. In adult-
hood, the organised neural substrate is activated by gonadal ste-
roids in the circulation and required for sex-typical behaviours to
be expressed. It was previously considered that, once the perinatal
window closes, the brain is permanently wired as either male or
female. Recently, the remarkable work of Nugent et al’ redefined
the concept of the critical period at the level of molecular genetics.
Pharmacological inhibition of DNA methylation outside of the crit-
ical period at PN10 resulted in masculinised neuronal markers and
male sexual behaviour in female rats.

For a long time, the organisational-activational dichotomy was ap-
plied to the understanding of many sex differences, with hormones
being the only factors discussed as proximate signals causing sex
differences. The classical hypothesis has been tested extensively
and confirmed with regard to numerous reproductive phenotypes.*°
However, this dogma is now considered incomplete because it does
not include other sex-specific factors that could act before or in paral-

lel to gonadal hormones to induce sex differences in the brain.

2 | HORMONAL AND GENETIC FACTORS

Although the role of gonadal steroids in the generation of sexual
dimorphism is undeniable, a growing body of evidence indicates
that some sexually dimorphic traits cannot be entirely explained
solely as a result of gonadal steroid action, but also may be as-
cribed to differences in sex chromosome complement. Males and

females carry a different complement of sex chromosomes and are
influenced throughout life by different genomes. XY cells, in ad-
dition to having the Sry gene on the Y chromosome, are equipped
with a different set of genes only present on the male-specific re-
gion of the Y chromosome. Recent progress in molecular genetics
has given us a better understanding of the genes encoded on the
sex chromosomes and the different ways by which they regulate
autosomal gene expression. It is known that some X and Y genes
regulate autosomal gene expression by encoding for transcriptional
regulator proteins, which in turn mediate chromatin changes.11 An
inherent inequality in X or Y genes causes a differential regulation
in gene expression, which is then translated in a sex-specific man-
ner. The Y-linked Sry gene has received special attention because
of its role in setting up the early hormonal environment in utero for
the males. However, other sex chromosome effects are also pos-
sible. The genetic and/or hormone pathways could thus interact
or act independently (antagonistically/synergistically) in regulating

sexual dimorphic development.*?

3 | FOUR CORE GENOTYPES
MOUSE MODEL

For many years, sex differences arising from the different comple-
ments of sex-linked genes in males and females have received little
research attention because sex chromosomes are intrinsically associ-
ated with gonadal development. The development of the transgenic
mouse models has opened new perspectives and allowed us the possi-
bility of a direct in vivo evaluation of sex chromosome effects without
altering hormonal levels. The mouse model most often used to study
sex chromosome effects is the “four core genotypes” (FCG) model,
in which gonadal sex and sex chromosome complement are uncou-
pled.1°’13'14 This animal model owes its name to the four different
types of genotypes that it comprises. As a result of a spontaneous de-
letion of the Sry gene from the Y chromosome, the Y~ chromosome no
longer determines the development of testes. One of the most inter-
esting aspects of the FCG model was possible with the subsequent in-
sertion of a Sry transgene on chromosome 3.5 The Y™ chromosome
and chromosome 3 segregate independently; thus, the four types of
genotypes correspond to XX, XY~ (without Sry on the Y chromosome),
XXSry and XY Sry (both with Sry in autosome 3). All individuals pos-
sessing the Sry transgene develop testes and have a male external
phenotype, regardless of their sex chromosome complement (XXSry
and XY Sry, are referred as XX male and XY male throughout the text),
whereas individuals lacking the transgene have ovaries and external
female secondary sex characteristics (XX and XY~, referred as XX fe-
male and XY female) (Table 1). The XX and XY males are masculinised
equivalently by testosterone secretions during development, and thus
differ phenotypically from both female groups.*>'*1718 For the analy-
sis of the origin of a specific sex dimorphism, the FCG model allows
discrimination between the effect of the sex chromosome comple-
ment and the effect of the gonadal phenotype and also allows the
study of their interaction.**
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TABLE 1 Genotype and gonadal
phenotype in the four core genotypes
model

Sex chromo-
some
complement
XY

XY

XX

XX

4 | AROMATASE

Because the field of sexual differentiation has been largely influenced
by the effects of gonadal hormones on the brain, the role of brain
aromatase, the enzyme that converts testosterone in E,, has re-
ceived wide attention. One of the most intriguing aspects that makes
aromatase a functional component for sexual differentiation of the
brain? is its expression being restricted to discrete regions of the cen-
tral nervous system.20 Even more importantly, brain expression cor-
responds highly to well-known sexually differentiated brain regions
such as the hypothalamus and preoptic regions. Based on immuno-
histochemical evaluation during brain development, the expression of
aromatase has been classified into three different groups: (i) foetal, (ii)
foetal/neonatal and (iii) young/adult.21 Aromatase-positive neurones
were observed along the medial side of the stria terminalis, forming
a striking neuronal group considered to comprise a continuum and
also known as the medial preopticoamygdaloid neuronal arc. These
neuronal groups positive for aromatase were previously described by
Shinoda et al?! in the embryonic rat brain. In the E16 mouse brain, we
found aromatase-positive cells identified as neurones after double im-
munostaining with a neuronal marker.?? The highest expression was
localised in the stria terminalis (ST) (Figure 1A) and the anterior amyg-
dala area (AAA) (Figure 1B). These neuronal groups positive for aro-
matase were observed to continue caudally with specific staining in
the medial and central amygdala.?*?2 In the adult brain, the pattern of
aromatase distribution is restricted to an arc of interconnected nuclei

FIGURE 1 Photomicrographs depicting
the pattern of aromatase immunoreactivity
in the stria terminalis (A) and in the anterior
amygdaloid area (B) of XY male brain at
embryonic day 16. The schematic drawing
of the embryonic brain shows the level at
which coronal sections were selected with
a colour image of a coronal section stained
with haematoxylin based upon the atlas

of Schambra.?* Scale bar=50 pm. Adapted
with permission??

D W1 L E Y-

Sry transgene in Referred to
chromosome 3 Gonadal phenotype Genotype in text as
With Testes XY~ Sry XY male
Without Ovaries XY~ XY female
With Testes XXSry XX male
Without Ovaries XX XX female

that includes the nucleus of the posteromedial amygdala, the encap-
sulated region of the bed nucleus of the ST, the ventrolateral portion
of the ventromedial hypothalamic nucleus, and the central component
of the medial preoptic nucleus.?° In addition to its hypothalamic and
limbic expression, aromatase is also expressed in the cerebral cortex,
hippocampus, cerebellum, midbrain and spinal cord,?° suggesting that
aromatase may play a role in the modulation of affective behaviours,
mood and/or memory and learning. It has also been recognised to play
an important function in neuroprotection.23

Coincident with a role in the organisational effect of gonadal tes-
tosterone in the male brain, aromatase mRNA expression in the hypo-
thalamus increases gradually to reach peaks shortly before and after
birth in rats>>?® and mice.?” In addition, several studies have shown
that, during the perinatal critical period of hormonal sexual differen-
tiation, there are sex differences in aromatase expression that are re-
gion- and time-specific.® For example, mRNA expression in the bed
nucleus of the ST and the sexually dimorphic nucleus of the preoptic
area is higher in male rats at PN2. Later in development, at PNé, the
sex differences only remained in the bed nucleus of the ST.28

A growing body of evidence collected during the last 15 years
indicates that, in addition to gonadal hormones, the sex chromo-
some complement is also involved in the generation of specific traits
in the brain.'*?? Most of these findings were obtained in the FCG
model.*83%31 Concerning sex differences during development, the ex-

pression and activity of aromatase in the hypothalamus of E16 mice and

rats was higher in males than in females.?>%2-3* These sex differences
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were found before the in utero exposure to significant increased levels
of gonadal testosterone. Recently, we have explored the sex difference
in aromatase expression before the critical period of sexual differenti-
ation. Working with FCG mice, our laboratory has found a sex chromo-
some effect in the sexually dimorphic expression of aromatase in the
ST (Figure 2A) and in the AAA (Figure 2B) of the mouse brain at E16.2?
In these particular regions, the XY brain has higher aromatase levels
(protein and mRNA) than the XX brain, irrespective of gonadal status
(ovaries vs testes), indicating that the presence of a Y chromosome in-
dependent of any testicular factors or hormones enhances aromatase
expression in these brain areas (Figure 2). The biological significance
of this effect is undisclosed; nevertheless, these differences in vivo
could result in differential local synthesis of E2, by aromatisation of
testosterone, to organise sex specific synaptic connections in XX and
XY brains. Lorenzo et al®® reported that E, increases the length of
dendrites in primary amygdala neurones in vitro. No sex differences
were found in morphological parameters, growth characteristics or

(a) Female Male

FIGURE 2 Prominent aromatase immunoreactivity in the stria
terminalis (A) and anterior amygdaloid area (B) of individuals carrying
the XY chromosome respect to those carrying XX sex chromosomes,
irrespective of their being male or female

effect of E,. These results led to the hypothesis proposing that local
de novo production of E, in the female amygdala compensates for the
in utero exposure to gonadal hormones in the male brain (for a more
complete discussion, see later in this review).

The modulation of aromatase in the brain is intricate and not
completely understood. Because the expression levels of aromatase
mRNA are highly correlated with protein levels, it was proposed that
the control of this enzyme is mediated by both transcriptional and
post-transcriptional mechanisms.3¢%” The regulatory effect of steroid
hormones in the expression of brain aromatase has been studied ex-
tensively; however, most of the studies had been performed in adult

3738 or in neuronal cell lines.%? Tabatadze et al®’ reported that,

brains
in adult rats, the hormonal up-regulation of aromatase mRNA expres-
sion in the amygdala occurs in both sexes. The aromatase gene con-

tains androgen and oestrogen response elements, 042

suggesting that
aromatase gene regulation could be exerted through both oestrogen
and androgen receptor-dependent mechanisms. Given that male and
female brains differ in basal levels of aromatase, it may be possible that
hormonal regulation is actually starting at a different level to ensure
the adequate level of oestrogens required for sexual differentiation.
To test this hypothesis, we evaluated the mRNA expression of aro-
matase in neuronal cultures of amygdala derived from FCG embryos.
Interestingly the treatment with either E, or dihydrotestosterone
(DHT) was able to increase aromatase expression only in neuronal cul-
tures of XX embryos (XX males and XX females) without any effect in
XY cultures (Figure 3). The final outcome was the abolition of basal

t.22 Given

sex differences induced by the sex chromosome complemen
that neurones were taken from E15 embryos, before the critical pe-
riod of hormonal differentiation, these findings imply that genetic and
gonadal factors interact in the generation of sex differences in some
structures of the developing rodent brain. The overall effect of this
interaction in the regulation of aromatase expression might be seen as
a link between the role of sex chromosome genes and sex hormones
in the generation of a specific trait that plays a key role in sexual dif-
ferentiation of the brain.

It is known that two different enzymatic pathways metabolise tes-
tosterone in the brain. Both mechanisms should be seen as parallel be-
cause they are both present in the brain throughout life. In addition to
being converted to E,, testosterone can also be metabolised to DHT
by the 5a-reductases (5a-R) enzymes. DHT synthesised in the brain
also exerts organisational actions on selected nuclei and it is involved
in sexual differentiation of specific brain regions and behaviours.*® In
this context, brain masculinisation can be exerted either via ostrogen
receptors (ERs) in some brain regions or via the conversion to DHT and
the activation of androgen receptors (AR) in others. The role of AR on
aromatase expression was assessed using the nonsteroidal pure anti-
androgen flutamide that acts by inhibiting the uptake and/or binding
of DHT to the target cell receptor, thus interfering with the action of
androgen action.** Flutamide did not prevent the hormonal effect of
DHT, raising the possibility of an indirect signalling through the con-
version of DHT to an oestrogenic metabolite such as 3f-diol. As exten-
sively reported in previous studies, DHT is also converted to products

with oestrogen-like activity by other enzymes besides aromatase.*>*¢
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FIGURE 3 17p-oestradiol (E,) (A) and dihydrotestosterone (DHT) (B) increase aromatase mRNA expression in XX (but not in XY) amygdala neuronal
cultures. Different letters indicate significant differences with P < 0.05 (LSD Fisher). Data are mean + SEM. wt, wild-type. Reprinted with permission??

One of these products is 3p-diol, which preferentially binds to ERp
and not AR’ Surprisingly, 3p-diol treatment increased aromatase
expression in neuronal cultures derived from the amygdala of female
FCG mice.*® These findings could shed light on our previous results of
hormonal regulation in neuronal cultures. Because aromatase mRNA
expression was regulated by both E, and DHT and the magnitude of

this effect was almost equivalent,22

we can hypothesise that E, and
3p-diol bind to ERp to regulate aromatase expression in amygdala neu-
rones of the developing mouse brain. This hypothesis was evaluated
recently using different agonists and antagonists of ERs. It was found
that selective agonists for ERa or for the membrane ER GPR30 are
not able to reproduce the effect of E, on aromatase mRNA. However,
a selective ERp agonist fully reproduced the effect of E, and DHT on
aromatase expression.*® In concordance with a possible ERB involve-
ment in aromatase regulation by E, or DHT, a selective antagonist for

ERp in combination with E, or DHT prevented the hormonal effects.*®

5 | OTHER COMPONENTS OF THE
NEUROSTEROIDOGENIC PATHWAY

The expression of the steroidogenic acute regulatory protein (StAR)
and the cholesterol side chain cleavage enzyme (P450scc) in the
brain are the initial and key steps for neurosteroid synthesis. StAR
mRNA is only present in steroidogenic tissues*’ and it is required
for the transfer of cholesterol from the external to the internal
mitochondrial membrane, where P450scc is situated.”® The first,
rate-limiting and hormonally regulated step in the synthesis of all
steroid hormones is the conversion of cholesterol to pregnenolone,
catalysed by P450scc. P450scc is expressed in the nervous system
of the developing rodent embryo and in cell lineages derived from
the neural crest. In addition, P450scc immunoreactive protein is
continuously expressed, beginning at E9.5, in the rat central and pe-

ripheral nervous systems.>! Both StAR and P450scc are expressed

during early brain development.>*>® Moreover, StAR transcripts are
co-expressed with 38-hydroxysteroid dehydrogenase and P450scc
in different neuronal populations in the brain.>®>* Two different
5a-R (types | and Il) catalyse the conversion of testosterone into the
more potent androgen DHT.>>% The 5a-R type | mRNA is widely ex-
pressed in various tissues including the brain and, during ontogeny,
is always detectable in the whole brain from E14 to adult, whereas
5a-R type Il mRNA expression increases after E18 showing a peak
at PN2 and then decreases gradually to low levels in adults.”” To
determine whether the enzymatic machinery necessary for neuro-
steroidogenesis is present in aromatase positive regions before the
critical period of brain development, we evaluated the expression of
StAR, P450scc and 5a-R genes in FCG. Neither StAR, nor P450scc
and 5a-R types | and Il are regulated by the sex chromosome com-
plement or gonadal sex.?? We found that, in aromatase-positive
brain regions, such as ST and AAA, the enzymatic machinery neces-
sary to initiate neurosteroid synthesis is present at E16. Although
not yet explored, the female brain is also equipped with key fac-
tors to produce neurosteroids de novo. As noted above, the criti-
cal period for hormonal effects in sexual differentiation was largely
influenced by gonadal production of testosterone by foetal testes.
However, the role of local steroid production during the critical pe-
riod is not clearly understood, mainly because of technical issues
in steroid quantification in specific brain regions of the embryonic/
neonatal brain.

6 | IMPLICATIONS IN THE FIELD OF
SEXUAL DIFFERENTIATION

Differences between sexes in brain aromatase are a result of dif-
ferences in the chromosome complement of neurones, as well as
differences in exposure to sexual steroids during development. This

complex interaction (genetic and hormonal factors) requires the
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participation of X/Y linked genes, which could mediate differential
autosomal gene regulation, such as specific oestrogen receptor ex-
pression at a particular time and brain region. Early in development,
before the organisational effect of gonadal steroids, individuals
carrying the XY chromosome complement show higher expression
levels of aromatase (MRNA and protein) than the XX complement,
irrespective of the gonadal status (testes vs ovary). We recently
proposed a model in which differences in aromatase expression
between XX and XY may produce differences in E, availability to
amygdala neurones depending on genetic factors. In XY individu-
als, high levels of aromatase convert testosterone (as released by
the perinatal testes or synthesised de novo from cholesterol) to E,
favouring the action of E, (E, > testosterone) through ERa/p. On the
other hand, in XX individuals, low levels of aromatase may promote
testosterone signalling (testosterone > E,) which can be converted
by 5a-reductase to DHT. DHT is further metabolised to the ERp
agonist 3p-diol. Because, during prenatal development, ovaries are
quiescent and start to produce oestrogens during postnatal life, the
female brain may be exposed to a locally produced testosterone or
E, from cholesterol. Direct evaluation of brain steroid content in
male and female rat brain indicates that E, and testosterone levels
are much higher in the embryonic vs postnatal brain without any
correlation with circulating steroids.>® Importantly, during a time pe-
riod when only males are exposed to gonadal testosterone, some
regions of the female brain show detectable levels of steroids. In
concordance with this evidence, it was shown that neonatal hip-
pocampal neurones are capable of synthesising E, because letro-
zole treatment resulted in a decrease of E, in the culture medium.>’
Moreover, Ruiz-Palmero et al®® have shown that E, synthesised
by female neurones generates sex differences in neuritogenesis in
hippocampal cultures, which were reverted after the inhibition of
E, synthesis with an aromatase inhibitor. Even though our findings
of aromatase regulation were demonstrated in amygdala neurones,
they could shed light on a possible mechanism present in XX amyg-
dala that ensures adequate levels of E, during female development.
The functional relevance of a possible role of prenatal oestrogen
derived from locally-synthesised testosterone through brain aro-

matase needs to be demonstrated in vivo.

7 | CONCLUSIONS

Oestrogen availability to neurones depends on the local aroma-
tisation of testosterone from peripheral gonads or from de novo
synthesis (as neurosteroid) from cholesterol in the brain. Here, we
have summarised evidence showing that the sex chromosome com-
plement determines the expression and regulation of aromatase in
the brain before critical periods of sex differentiation. This complex
interaction contributes to regulate the expression of a key enzyme
involved in brain masculinisation. The X-Y gene that is involved in
the genetic mechanism leading to sex chromosome effects in aro-
matase needs to be specified in future studies. Current evidence
indicates that genetically controlled mechanisms may precede

gonadal influences during the genesis of differences between the

sexes in rodent brain.

ACKNOWLEDGEMENTS

We thank the International Meeting Steroids and Nervous System.
Work conducted by the authors of the review has been supported by
grants from CONICET, ANPCyT and SECyT-UNC, Argentina, to MJC;
from Ministerio de Economia y Competividad, Spain, to LMGS; and
from Programa CSIC de Cooperacion Cientifica para el Desarrollo to
LMGS and MJC.

ORCID

M. J. Cambiasso http://orcid.org/0000-0002-3738-4699

REFERENCES

1. Phoenix C, Goy R, Gerall A, Young W. Organizing action of prenatally
administered testosterone propionate on the tissues mediating mating
behavior in the female guinea pig. Endocrinology. 1959;65:369-382.

2. Arnold AP, Gorski RA. Gonadal steroid induction of structural
sex differences in the central nervous system. Annu Rev Neurosci.
1984;7:413-442.

3. Gubbay J, Koopman P, Collignon J, Burgoyne P, Lovell-Badge R.
Normal structure and expression of Zfy genes in XY female mice mu-
tant in Tdy. Development. 1990;109:647-653.

4. O'Shaughnessy PJ, Baker P, Sohnius U, Haavisto AM, Charlton HM,
Huhtaniemi I. Fetal development of Leydig cell activity in the mouse
is independent of pituitary gonadotroph function. Endocrinology.
1998;139:1141-1146.

5. O’Shaughnessy PJ, Baker PJ, Johnston H. The foetal Leydig cell - dif-
ferentiation, function and regulation. Int J Androl. 2006;29:90-95.

6. Huhtaniemi |. Fetal testis - a very special endocrine organ. Eur J
Endocrinol. 1994;130:25-31.

7. Scott HM, Mason JI, Sharpe RM. Steroidogenesis in the fetal testis
and its susceptibility to disruption by exogenous compounds. Endocr
Rev. 2009;30:883-925.

8. Mannan MA, O'Shaughnessy PJ. Steroidogenesis during postnatal de-
velopment in the mouse ovary. J Endocrinol. 1991;130:101-106.

9. Nugent BM, Wright CL, Shetty AC, et al. Brain feminization requires
active repression of masculinization via DNA methylation. Nat
Neurosci. 2015;18:690-697.

10. Arnold AP. The organizational-activational hypothesis as the founda-
tion for a unified theory of sexual differentiation of all mammalian
tissues. Horm Behav. 2009;55:570-578.

11. Wijchers PJ, Festenstein RJ. Epigenetic regulation of autosomal gene
expression by sex chromosomes. Trends Genet. 2011;27:132-140.

12. McCarthy MM, Arnold AP, Ball GF, Blaustein JD, De Vries GJ. Sex
differences in the brain: the not so inconvenient truth. J Neurosci.
2012;32:2241-2247.

13. Arnold AP, Burgoyne PS. Are XX and XY brain cells intrinsically differ-
ent? Trends Endocrinol Metab. 2004;15:6-11.

14. Arnold AP, Chen X. What does the ‘four core genotypes’ mouse model
tell us about sex differences in the brain and other tissues? Front
Neuroendocrinol. 2009;30:1-9.

15. Lovell-Badge R, Robertson E. XY female mice resulting from a heritable
mutation in the primary testis-determining gene, Tdy. Development.
1990;109:635-646.

16. Mahadevaiah SK, Odorisio T, Elliott DJ, et al. Mouse homologues of
the human AZF candidate gene RBM are expressed in spermatogonia


http://orcid.org/0000-0002-3738-4699
http://orcid.org/0000-0002-3738-4699

CISTERNAS ET AL.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

and spermatids, and map to a Y chromosome deletion interval asso-
ciated with a high incidence of sperm abnormalities. Hum Mol Genet.
1998;7:715-727.

Itoh Y, Mackie R, Kampf K, et al. Four core genotypes mouse model:
localization of the Sry transgene and bioassay for testicular hormone
levels. BMC Res Notes. 2015;8:1-7.

De Vries GJ, Rissman EF, Simerly RB, et al. A model system for study of
sex chromosome effects on sexually dimorphic neural and behavioral
traits. J Neurosci. 2002;22:9005-9014.

MacLusky NJ, Naftolin F. Sexual differentiation of the central nervous
system. Science. 1981;211:1294-1302.

Roselli C, Liu M, Hurn P. Brain aromatization: classic roles and new
perspectives. Semin Reprod Med. 2009;27:207-217.

Shinoda K, Nagano M, Osawa Y. Neuronal aromatase expression in
preoptic, strial, and amygdaloid regions during late prenatal and early
postnatal development in the rat. J Comp Neurol. 1994;343:113-129.
Cisternas CD, Tome K, Caeiro XE, Dadam FM, Garcia-Segura LM,
Cambiasso MJ. Sex chromosome complement determines sex dif-
ferences in aromatase expression and regulation in the stria termi-
nalis and anterior amygdala of the developing mouse brain. Mol Cell
Endocrinol. 2015;414:99-110.

Arevalo MA, Azcoitia |, Garcia-Segura LM. The neuroprotective
actions of oestradiol and oestrogen receptors. Nat Rev Neurosci.
2014;16:17-29.

Schambra UB. Prenatal Mouse Brain Atlas: Color Images and Annotated
Diagrams of: Gestational Days 12, 14, 16 and 18 Sagittal, Coronal and
Horizontal Section. New York, NY: Springer; 2008.

Colciago A, Celotti F, Pravettoni A, Mornati O, Martini L, Negri-Cesi
P. Dimorphic expression of testosterone metabolizing enzymes in
the hypothalamic area of developing rats. Brain Res Dev Brain Res.
2005;155:107-116.

Lephart ED, Simpson ER, McPhaul MJ, Kilgore MW, Wilson JD, Ojeda
SR. Brain aromatase cytochrome P-450 messenger RNA levels and
enzyme activity during prenatal and perinatal development in the rat.
Brain Res Mol Brain Res. 1992;16:187-192.

Harada N, Yamada K. Ontogeny of aromatase messenger ribonucleic
acid in mouse brain: fluorometrical quantitation by polymerase chain
reaction. Endocrinology. 1992;131:2306-2312.

Lauber ME, Sarasin A, Lichtensteiger W. Transient sex differences
of aromatase (CYP19) mRNA expression in the developing rat brain.
Neuroendocrinology. 1997;66:173-180.

Arnold AP. The end of gonad-centric sex determination in mammals.
Trends Genet. 2012;28:55-61.

Carruth LL, Reisert I, Arnold AP. Sex chromosome genes directly af-
fect brain sexual differentiation. Nat Neurosci. 2002;5:933-934.
Scerbo MJ, Freire-Regatillo A, Cisternas CD, et al. Neurogenin 3
mediates sex chromosome effects on the generation of sex differ-
ences in hypothalamic neuronal development. Front Cell Neurosci.
2014;8:1-13.

Hutchison JB, Beyer C, Green S, Wozniak A. Brain formation of oes-
trogen in the mouse: sex dimorphism in aromatase development. J
Steroid Biochem Mol Biol. 1994;49:407-415.

Beyer C, Wozniak A, Hutchison JB. Sex-specific aromatization of
testosterone in mouse hypothalamic neurons. Neuroendocrinology.
1993;58:673-681.

Negri-Cesi P, Colciago A, Motta M, Martini L, Celotti F. Aromatase
expression and activity in male and female cultured rat hypotha-
lamic neurons: effect of androgens. Mol Cell Endocrinol. 2001;178:
1-10.

Lorenzo A, Diaz H, Carrer H, Caceres A. Amygdala neurons in vitro:
neurite growth and effects of estradiol. J Neurosci Res. 1992;33:
418-435.

Balthazart J, Ball GF. New insights into the regulation and func-
tion of brain estrogen synthase (aromatase). Trends Neurosci.
1998;21:243-249.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

DR W1 L E Y-

Tabatadze N, Sato SM, Woolley CS. Quantitative analysis of long-
form aromatase mRNA in the male and female rat brain. PLoS One.
2014;9:€100628. https://doi.org/10.1371/journal.pone.0100628.
Abdelgadir SE, Connolly PB, Resko JA. Androgens regulate aro-
matase cytochrome P450 messenger ribonucleic acid in rat brain.
Endocrinology. 1994,;135:395-401.

Yilmaz MB, Wolfe A, Cheng YH, Glidewell-Kenney C, Jameson JL,
Bulun SE. Aromatase promoter if is regulated by estrogen receptor
alpha (ESR1) in mouse hypothalamic neuronal cell lines. Biol Reprod.
2009;81:956-965.

Harada N, Abe-Dohmae S, Loeffen R, Foidart A, Balthazart J. Synergism
between androgens and estrogens in the induction of aromatase and
its messenger RNA in the brain. Brain Res. 1993;622:243-256.
Honda S, Harada N, Takagi Y. Novel exon 1 of the aromatase gene
specific for aromatase transcripts in human brain. Biochem Biophys Res
Commun. 1994;198:1153-1160.

Lephart ED. A review of brain aromatase cytochrome P450. Brain Res
Brain Res Rev. 1996;22:1-26.

Bodo C, Rissman EF. The androgen receptor is selectively involved
in organization of sexually dimorphic social behaviors in mice.
Endocrinology. 2008;149:4142-4150.

Goldspiel BR, Kohler DR. Flutamide: an antiandrogen for advanced
prostate cancer. DICP. 1990;24:616-623.

Handa RJ, Pak TR, Kudwa AE, Lund TD, Hinds L. An alternate path-
way for androgen regulation of brain function: activation of es-
trogen receptor beta by the metabolite of dihydrotestosterone,
5alpha-androstane-3beta,17beta-diol. ~Horm Behav. 2008;53:
741-752.

Handa RJ, Sharma D, Uht R. A role for the androgen metabolite,
5alpha androstane 3beta, 17beta diol (3p-diol) in the regulation of
the hypothalamo-pituitary-adrenal axis. Front Endocrinol (Lausanne).
2011;2:65.

Pak TR, Chung WC, Lund TD, Hinds LR, Clay CM, Handa RJ. The an-
drogen metabolite, 5alpha-androstane-3beta, 17beta-diol, is a potent
modulator of estrogen receptor-betal-mediated gene transcription in
neuronal cells. Endocrinology. 2005;146:147-155.

Cisternas CD, Cabrera Zapata LE, Arevalo MA, Garcia-Segura LM,
Cambiasso MJ. Regulation of aromatase expression in the anterior
amygdala of the developing mouse brain depends on ERp and sex
chromosome complement. Sci Rep. 2017;7:5320.

Stocco DM. StAR protein and the regulation of steroid hormone bio-
synthesis. Annu Rev Physiol. 2001;63:193-213.

King SR, Manna PR, Ishii T, et al. An essential component in ste-
roid synthesis, the steroidogenic acute regulatory protein, is ex-
pressed in discrete regions of the brain. J Neurosci. 2002;22:
10613-10620.

Compagnone NA, Bulfone A, Rubenstein JL, Mellon SH. Expression
of the steroidogenic enzyme P450scc in the central and periph-
eral nervous systems during rodent embryogenesis. Endocrinology.
1995;136:2689-2696.

Pezzi V, Mathis JM, Rainey WE, Carr BR. Profiling transcript levels
for steroidogenic enzymes in fetal tissues. J Steroid Biochem Mol Biol.
2003;87:181-189.

Sierra A, Lavaque E, Perez-Martin M, Azcoitia |, Hales DB, Garcia-
Segura LM. Steroidogenic acute regulatory protein in the rat brain:
cellular distribution, developmental regulation and overexpression
after injury. Eur J Neurosci. 2003;18:1458-1467.

Furukawa A, Miyatake A, Ohnishi T, Ichikawa Y. Steroidogenic acute
regulatory protein (StAR) transcripts constitutively expressed in the
adult rat central nervous system: colocalization of StAR, cytochrome
P-450SCC (CYP XIA1), and 3beta-hydroxysteroid dehydrogenase in
the rat brain. J Neurochem. 1998;71:2231-2238.

Celotti F, Negri-Cesi P, Poletti A. Steroid metabolism in the mam-
malian brain: 5alpha-reduction and aromatization. Brain Res Bull.
1997;44:365-375.


https://doi.org/10.1371/journal.pone.0100628

20 L vwiL ey

56.

57.

58.

59.

CISTERNAS ET AL.

Celotti F, Melcangi RC, Martini L. The 5 alpha-reductase in the
brain: molecular aspects and relation to brain function. Front
Neuroendocrinol. 1992;13:163-215.

Poletti A, Negri-Cesi P, Rabuffetti M, Colciago A, Celotti F, Martini
L. Transient expression of the 5alpha-reductase type 2 isozyme
in the rat brain in late fetal and early postnatal life. Endocrinology.
1998;139:2171-2178.

Konkle ATM, McCarthy MM. Developmental time course of estradiol,
testosterone, and dihydrotestosterone levels in discrete regions of
male and female rat brain. Endocrinology. 2011;152:223-235.

Kretz O, Fester L, Wehrenberg U, et al. Hippocampal synapses depend
on hippocampal estrogen synthesis. J Neurosci. 2004;24:5913-5921.

60. Ruiz-Palmero I, Ortiz-Rodriguez A, Melcangi RC, et al. Oestradiol syn-

thesized by female neurons generates sex differences in neuritogene-
sis. Sci Rep. 2016;6:31891.

How to cite this article: Cisternas CD, Garcia-Segura LM,
Cambiasso MJ. Hormonal and genetic factors interact to control
aromatase expression in the developing brain. J Neuroendocrinol.
2018;30:e12535. https://doi.org/10.1111/jne.12535



https://doi.org/10.1111/jne.12535

