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ARTICLE INFO ABSTRACT

Keywords: Vertebrate brains are sexually differentiated, giving rise to differences in various physiological and behavioral
Brain phenotypes between the sexes. In developing mammals and birds, the neural substrate underlying sex-dependent
Sexual differentiation physiology and behavior undergoes an irreversible process of sexual differentiation due to the effects of perinatal
Sexual lability gonadal steroids and sex chromosome complement. The differentiated neural substrate is then activated in the

Sex Stemfd adult by the sex-specific steroid milieu to facilitate the expression of sex-typical phenotypes. However, this well-
Sex steroid receptor . . . . .
Teleost established concept does not hold for teleost fish, whose sexual phenotypes (behavioral or otherwise) are highly

labile throughout life and can be reversed even in adulthood. Indeed, the available evidence suggests that, in
teleosts, neither gonadal steroids early in development nor the sex chromosome complement contribute much to
brain sexual differentiation; instead, steroids in adulthood serve to both differentiate the neural substrate and
activate it to elicit sex-typical phenotypes in a transient and reversible manner. Evidence further suggests that
marked sexual dimorphisms and adult steroid-dependent lability in the neural expression of sex steroid receptors
constitute the primary molecular basis for sexual differentiation and lability of the teleost brain. The consequent
sexually dimorphic but reversible steroid sensitivity in response to the adult steroid milieu may enable the

teleost brain to maintain lifelong sexual lability and to undergo phenotypic sex reversal.

1. Introduction

In vertebrates, once the gonads differentiate into testes in males or
ovaries in females, they establish a sex-specific circulating sex steroid
milieu that directs sexual differentiation of the rest of the body. In
males, the androgen-dominated steroid milieu produced by the testes
masculinizes (induces male-typical phenotypes of) and defeminizes
(prevents female-typical phenotypes of) the structure and function of
various extra-gonadal organs; in females, by contrast, the estrogen-
dominated steroid milieu produced by the ovaries feminizes (induces
female-typical phenotypes of) and demasculinizes (prevents male-ty-
pical phenotypes of) those organs (McCarthy and Arnold, 2011;
McCarthy et al., 2017). A notable example of such organs is the brain,
which, although similar in appearance in males and females, is clearly
sexually differentiated, giving rise to sex differences in various phy-
siological and behavioral traits. For example, males of a given species
generally prefer to mate with females, whereas females generally prefer
to mate with males. The pattern of mating behaviors also differs be-
tween the sexes: males commonly perform elaborate courtship displays
to attract females for mating, while females evaluate male courtship
displays to decide whether to mate. In addition, males and females have
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distinct patterns of pituitary gonadotropic hormone secretion to reg-
ulate gametogenesis in a sex-specific manner. These sex differences
clearly result from sexual differentiation of the underlying neural cir-
cuitry in the brain (Yang and Shah, 2014, 2016). Sexually differentiated
neural circuits can also serve to prevent sex differences in some phy-
siological and behavioral traits, by compensating for differences in the
sex steroid milieu that may otherwise cause undesirable sex differences
in these traits (De Vries, 2004).

Among teleost fish, males and females also show differences in
various physiological and behavioral traits, indicating that their brains
are sexually differentiated. In contrast to mammals and birds, however,
many teleost species undergo spontaneous sex reversal in adulthood
and their physiological and behavioral sexual phenotypes are highly
labile. In this review, we summarize the process of sexual differentia-
tion of the mammalian and avian brain, and describe the contrasting
high sexual lability of the teleost brain. We summarize recent findings
on the mechanisms governing this sexual lability, enabling us to present
a likely molecular basis for sexual differentiation of the teleost brain.
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2. Sexual differentiation of the mammalian and avian brain

How do gonadally-derived sex steroids direct sexual differentiation
of the brain? Accumulating evidence has shown that, in addition to
genetic factors, environmental events early in life such as infection,
altered nutrition, and exposure to toxins and hormones are important
determinants of physiological and behavioral phenotypes later in life
(Gluckman et al., 2008). The effects of such events are irreversible (or
not easily reversible) and can persist into adulthood, often leading to
adult-onset phenotypes; therefore, this phenomenon is termed “early-
life programming”. Studies in mammals (mainly rodents) and birds
spanning more than half a century have demonstrated that sexual dif-
ferentiation of their brains begins with early-life programming
(McCarthy et al., 2017). In mammals and birds, sex steroids secreted
from the fetal gonads in a sex-specific manner act on the developing
brain to induce permanent and irreversible sex differences in the neural
substrate underlying sex-dependent physiology and behavior. These
early steroid effects have traditionally been referred to as “organiza-
tional effects” in the field of sexual differentiation of the brain.

When looking at the details of this process, however, certain var-
iations among species become apparent (Adkins-Regan, 2009;
Maekawa et al., 2014). In rodents, the fetal male testis secretes large
quantities of testosterone, whereas the fetal female ovary remains
hormonally quiescent. Upon reaching the developing male brain, a
large proportion of the testicular testosterone is converted by the en-
zyme aromatase to estradiol-17 (E2), which serves to masculinize/
defeminize the neural substrate. In the absence of circulating testos-
terone, as occurs in females, the developing neural substrate of the
brain is feminized/demasculinized. On the other hand, in the devel-
oping male primate brain, testosterone acts directly without conversion
to E2. In contrast to these mammals, in quail, E2 secreted from the fetal
female ovary acts on the developing brain to feminize/demasculinize
the neural substrate, whereas zebra finches seem to undergo the same
process as in rodents. Despite these variations, early-life programming
represents a common mechanism for initiating sexual differentiation of
the mammalian and avian brain.

Importantly, most of the early steroid effects emerge only after onset
of puberty, when increasing amounts of steroids are secreted from the
gonads in a sex-specific manner and activate the sexually differentiated
neural substrate to facilitate the expression of sex-typical physiological
and behavioral phenotypes (McCarthy and Arnold, 2011; McCarthy
et al., 2017). More specifically, the high and steady levels of circulating
testosterone typical of adult males activate the masculinized neural
substrate to actuate male-typical phenotypes, whereas an adult female-
typical cyclic pattern of circulating E2 associated with ovulation acti-
vates the feminized neural substrate to induce female-typical pheno-
types. These effects of steroids in the adult are referred to as “activa-
tional effects”. In contrast to the early steroid effects, which are
typically permanent and irreversible, thereby persisting even after the
hormonal stimulus is removed, the adult steroid effects are transient
and reversible in nature, and are maintained only in the continued
presence of hormones.

Although the majority of sex differences in the brain are a con-
sequence of the effects of gonadal steroids, strong evidence has
emerged over the past few decades for the contribution of the sex
chromosome complement to some sex differences in the brain: namely,
male and female brain cells are intrinsically different in their sex
chromosome complement (XY versus XX in mammals, or ZZ versus ZW
in birds), which directly and constitutively affects the sexual differ-
entiation of some neural and behavioral phenotypes, independent of
gonadal steroids (McCarthy and Arnold, 2011; Arnold, 2017). In zebra
finches, for example, sex differences in the development of specific
nuclei within the song system (i.e., the neural substrate underlying the
learning and production of song, a male-biased behavioral trait in song
birds) have been shown to result from the sex chromosome complement
(Agate et al., 2003). These effects, referred to as “sex chromosome
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effects”, also contribute to sex differences in several traits, including
aggressive and parental behaviors, nociception, and social interactions
(McCarthy and Arnold, 2011), although the genes and pathways un-
derlying the sex differences in these traits remain largely unknown.

Collectively, sexual differentiation of the mammalian and avian
brains involves (i) the permanent and irreversible effects of gonadal
steroids in the early-life programming of the neural substrate during
development; (ii) the transient and reversible effects of gonadal steroids
in adulthood to elicit sex-typical physiological and behavioral pheno-
types; and (iii) constitutive sex chromosome effects probably due to
direct actions of sex chromosome genes within the brain, independent
of the steroid effects. The effects of adult gonadal steroids are some-
times not considered to be sexual differentiation because they do not
differentiate the neural substrate, but rather transiently activate the
already masculinized/feminized substrate. Arnold (2017), by contrast,
argues that all factors that cause sex differences, including the transient
effects of adult steroids, need to be incorporated into a theory of sexual
differentiation, and indeed these effects may be the most potent prox-
imate factors that make males and females different. We agree with
Arnold’s idea and use it as a basis for our review.

3. The brain of teleost fish is highly sexually labile throughout life

In general, sex differences in neural and behavioral traits (particu-
larly those associated with reproduction including sexual preference,
courtship display, copulatory behavior, intrasexual competition, and
neural control of gonadotropic hormone secretion patterns) are robust
and irreversible in mammals and birds, most probably because the
neural substrate for these traits undergoes an irreversible process of
sexual differentiation early in development. Interestingly, however, this
irreversibility is not the case in teleost fish. Male and female fish display
differences in a wide range of physiological and behavioral traits, thus
signifying that their brains are also sexually differentiated; unlike
mammals and birds, however, many teleost species (from at least 27
families across 9 teleost orders) undergo spontaneous sex reversal, in-
volving both behavioral and morphological changes, in adulthood in
response to social and physical stimuli (Munakata and Kobayashi, 2010;
Todd et al., 2016; Liu et al., 2017; Capel, 2017). Even in teleost species
that do not normally switch sex as adults, such as medaka (Oryzias la-
tipes), tilapia (Oreochromis niloticus), zebrafish (Danio rerio), and an
African cichlid (Astatotilapia burtoni), functional (often including be-
havioral) sex reversal can occur when adult genetic females are
chronically treated with an aromatase inhibitor, which prevents an-
drogen conversion to estrogen (Paul-Prasanth et al., 2013; Takatsu
et al., 2013; Sun et al., 2014; Goppert et al., 2016). These phenomena
indicate that, unlike mammalian and avian brains, the teleost brain is
highly sexually labile across the lifespan and can be reversed even in
adulthood.

This concept is further supported by behavioral observations of
adult fish receiving acute hormone treatments. Treating female stick-
leback (Gasterosteus aculeatus) with androgen as adults induces a nest-
building behavior that is typical of males (Wai and Hoar, 1963). Fur-
thermore, treating adult female and male goldfish (Carassius auratus)
with androgen and prostaglandin F2a (an ovulatory hormone), re-
spectively, can lead to the reversal of sex-typical mating behaviors,
even though the gonadal phenotype remains unchanged (Stacey and
Kyle, 1983; Stacey and Kobayashi, 1996; Ghosal and Sorensen, 2016).
Of note, these species do not spontaneously undergo sex reversal,
suggesting that the brains of teleosts, irrespective of whether the species
normally switch sex or not, preserve a considerable degree of sexual
lability throughout their lifetime.

4. Sexual differentiation of the teleost brain does not rely on
early-life programming or sex chromosome complement

Considering that the sexual phenotype, behavioral or otherwise, of
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teleosts can be reversed in adults, the teleost brain must have dis-
tinctive mechanisms of sexual differentiation that enable it to maintain
high levels of sexual lability throughout life. It seems reasonable to
assume that sex steroids early in development induce few (if any) ir-
reversible sex differences in the neural substrate, or that such differ-
ences can easily be reversed by the prevailing steroid milieu in adults.
In support of the former assumption, studies in medaka have shown
that there is no significant increase in testosterone or E2 levels in de-
veloping embryos (Iwamatsu et al., 2005, 2006). Another study in
medaka has shown that aromatase is expressed at much lower levels in
the developing brain than in the adult brain, and exhibits neither a
transient elevation nor a sex difference (Okubo et al., 2011). This ob-
servation is in stark contrast to the situation in rodents, where a tran-
sient, male-biased induction of high levels of aromatase activity in the
developing brain is involved in masculinization/defeminization of the
neural substrate (George and Ojeda, 1982; Weisz et al., 1982; Tobet
et al., 1985; Erskine et al., 1988).

The marked sexual lability of the adult teleost brain also suggests
that the sex chromosome complement, which should be invariably ef-
fective, does not contribute much, if anything at all, to sexual differ-
entiation of the teleost brain. This idea is consistent with the general
observation that sex-reversed XX/ZW male and XY/ZZ female teleosts
seem to be as fertile and behaviorally active in mating as normal XY/ZZ
males and XX/ZW females (Volff et al., 2007; Paul-Prasanth et al.,
2013; Chen et al., 2014), although no quantitative studies have been
performed on behavior or neural function in sex-reversed fish. Teleosts
differ from mammals and birds in that their sex chromosomes arose
fairly recently and independently in each genus or even species (in fact
many lack sex chromosomes entirely) (Marshall Graves and Peichel,
2010; Kikuchi and Hamaguchi, 2013; Capel, 2017). Because the sex
chromosomes of teleosts are still in the early stages of differentiation,
the sex chromosome pairs (i.e., X and Y, or Z and W chromosomes) are
morphologically indistinguishable and likely to be almost identical,
differing at only one or a few loci. In medaka, for example, the Y
chromosome is genetically the same as the X chromosome except for
the addition of a 258-kb sequence including the sex-determining gene
dmy (Kondo et al., 2006). Thus, the absence of extensive genetic dif-
ferences between the sexes may limit the potential impact of the sex
chromosome complement on brain sexual differentiation in teleosts.

Despite these arguments, a recent study in medaka has shown that
two gametologous gene pairs (homologous genes on opposite sex
chromosomes) (Garcia-Moreno and Mindell, 2000), namely, cntfa (en-
coding a neurotrophic factor belonging to the interleukin-6 family) and
pdlim3a (encoding a member of the PDZ-LIM protein family), are dif-
ferentially expressed between adult male and female brains owing to
greater expression from the Y allele (Maehiro et al., 2014). The sig-
nificance of their differential expression remains to be determined;
however, these genes have been implicated in the self-renewal and
differentiation of neural stem cells, the survival of their progeny, and
cytoskeletal assembly (Bauer et al., 2007; Krcmery et al., 2010), thus
potentially playing a role in sexual differentiation of the neural sub-
strate. Notably, each genus or species of teleosts has its own particular
sex chromosomes and thereby its own gametologous genes, some of
which may be differentially expressed between male and female brains,
as is the case for cntfa and pdlim3a in medaka. Teleosts display genus- or
species-specific sex differences in various physiological and behavioral
traits; some of these differences are possibly a result of the sex-differ-
ential expression and/or function of their gametologous genes (Maehiro
et al., 2014).

5. Sexual differentiation of the teleost brain is highly dependent
on the sex-specific adult steroid milieu

Assuming that early-life programming and the sex chromosome
complement do not contribute much to sexual differentiation of the
teleost brain, what mechanism is primarily responsible for this process?
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The most likely candidate for this mechanism is, of course, the effects of
sex steroids in adulthood. The adult steroid effects are transient and
reversible, which is consistent with the high levels of sexual lability of
the teleost brain. The reversal of sex-typical behaviors in response to
experimental manipulations of the adult steroid milieu described above
is indeed reflective of the effects of adult steroids, and suggests that
these effects have an essential role in sexual differentiation of the tel-
eost brain.

In further support of this suggestion, several studies have shown
that sexually differentiated patterns of gene expression in the medaka
brain can be reversed between males and females by altering the sex
steroid milieu in adulthood. The genes showing this reversal encode, for
example, brain-type aromatase (cyp19alb), androgen receptors (ara
and arb), estrogen receptors (esrl, esr2a, and esr2b), a novel heme-
binding protein (hebp3), and neuropeptide B (npb) (Okubo et al., 2011;
Hiraki et al., 2012, 2014; Nakasone et al., 2013). Differential expression
of these genes in the male and female brains becomes apparent only
after onset of puberty and is dependent on gonadal phenotype (testis or
ovary), but entirely independent of sex chromosome complement (XX
or XY). These findings indicate that the sexually differentiated expres-
sion of these genes does not involve early gonadal steroids or sex
chromosome complement, but instead relies mainly on adult gonadal
steroids.

Taken together, these lines of evidence suggest that adult gonadal
steroids are largely, if not solely, responsible for sexual differentiation
of the teleost brain. It seems plausible that, in teleosts, adult gonadal
steroids serve to both differentiate the neural substrate and activate it to
actuate sex-typical phenotypes in a transient and reversible manner.
This less rigid process of sexual differentiation may enable the teleost
brain to maintain lifelong sexual lability and to undergo phenotypic sex
reversal.

6. Sexual dimorphism and lability of sex steroid receptor
expression in the teleost brain

Crucially, then, what is the molecular basis of the probable un-
iqueness of sexual differentiation in the teleost brain? Recent evidence
suggests that sexual dimorphism (i.e., a large sex difference with little
or no overlap between male and female values; McCarthy et al., 2012;
Ball et al., 2014) and lability of the expression of sex steroid receptors
in the brain may play a key role in this process.

Sex steroids exert their effects primarily by binding to specific nu-
clear receptors, including androgen receptor (AR) and estrogen receptor
(ER), which act as ligand-gated transcription factors to alter gene ex-
pression. Hiraki et al. (2012) have shown that, in adult medaka, ER and
AR are expressed almost exclusively in the female brain in neurons of
several nuclei, including the ventral telencephalic and magnocellular
preoptic nuclei, which have been implicated in mating behavior
(Demski et al., 1975; Kyle and Peter, 1982; Koyama et al., 1984; Satou
et al., 1984). Because the expression pattern of sex steroid receptors
determines the sensitivity of cells and/or organs to sex steroids, these
behaviorally relevant brain nuclei are directly sensitive to androgen
and estrogen only in females. This is an interesting finding in light of
the fact that, in many animal species including medaka, mature males
are always sexually active, but females readily engage in mating only at
or around the time of ovulation. Thus, the female-specific influence of
sex steroids on behaviorally relevant brain nuclei may underlie this
phenomenon. This finding also leads to the assumption that sex steroid
signaling elicits female-specific gene expression in these nuclei that is
decisive for female-typical mating behavior. Indeed, follow-up studies
have identified a neuropeptide gene (npb) as a direct transcriptional
target of estrogen in these nuclei that mediates female receptivity to
male courtship (Hiraki et al., 2014; Hiraki-Kajiyama et al., unpublished
data). As expected, the expression of npb therein is essentially confined
to females and dependent on the sex steroid milieu. These studies
suggest that the sexually dimorphic expression of sex steroid receptors
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in behaviorally relevant brain nuclei constitutes a molecular basis for
sexual differentiation of mating behavior in teleosts.

Importantly, the sexually dimorphic pattern of AR and ER expres-
sion in the ventral telencephalic and magnocellular preoptic nuclei is
highly labile and can be even reversed, solely depending on the sex
steroid milieu in adulthood (Hiraki et al., 2012). More specifically, the
estrogen-dominated steroid milieu stimulates, whereas the androgen-
dominated steroid milieu inhibits, the expression of these receptors,
regardless of genetic or gonadal sex. The labile nature of the sexual
dimorphism in sex steroid receptor expression means that the sexually
differentiated sensitivity of relevant brain nuclei to sex steroids can be
reversed even in adulthood. Sex differences in, and effects of the adult
steroid milieu on, the expression of steroid receptors have also been
documented in the brains of several mammalian and avian species (e.g.,
Lauber et al., 1991; Shughrue et al., 1992; Zhou et al., 1995; McGinnis
and Katz, 1996; Lu et al., 1998; Scott et al., 2000, 2004; Fernandez-
Guasti et al., 2000; Voigt et al., 2009); however, the degree of both sex
differences and steroid effects is modest and much less pronounced as
compared with medaka. Therefore, the all-or-none sex differences and
marked adult steroid-dependent lability in sex steroid receptor ex-
pression seem to be unique properties of the teleost brain. Although
there are discrepancies among studies, the available evidence in rodents
suggests that the effects of perinatal sex steroids in early-life pro-
gramming are mediated, in part, by epigenetic modifications (DNA
methylation) of steroid receptor genes; these sex-dependent modifica-
tions limit the flexibility of receptor gene expression in relevant brain
nuclei, and consequently their sensitivity to sex steroids, later in life
(Westberry et al., 2010; Kurian et al., 2010; Schwarz et al., 2010). It
seem unlikely that the teleost brain undergoes such a developmental
process, given the lability of steroid receptor expression in adults.

7. A molecular basis for sexual differentiation and lability of the
teleost brain

Based on the above considerations, we propose that marked sexual
dimorphisms and significant adult steroid-dependent lability in the
neural expression of steroid receptors constitute the primary molecular
basis for sexual differentiation and lability of the teleost brain. The
consequent sexually dimorphic but reversible steroid sensitivity of re-
levant brain nuclei presumably enables the teleost brain to possess
lifelong sexual lability and to undergo phenotypic sex reversal.

As described above, sexual differentiation of the teleost brain is not
likely to involve the long-lasting effects of early sex steroids or sex
chromosome complement observed in mammals and birds, but instead
relies largely or solely on the transient effects of sex steroids in adult-
hood. Given that circulating steroid levels fluctuate considerably with
reproductive status in adults, one may argue that sole reliance on the
adult steroid milieu renders brain sexual phenotypes highly unstable
and might often lead to unforeseen phenotypic reversals. The teleost
brain most probably avoids this difficulty by producing marked sexual
dimorphisms in the neural expression of steroid receptors, which ensure
stable persistence of the sex-specific responsiveness of the brain to sex
steroids even though steroid levels are transiently altered.
Simultaneously, the adult steroid-dependent lability of steroid receptor
expression would facilitate the reversal of sexual phenotypes if the
steroid milieu is massively altered by certain life events, including sex
change. Hence, the sexually dimorphic but reversible neural steroid
receptor expression seems to represent a simple yet efficient me-
chanism, whereby the brain is sexually differentiated but retains the
potential for sex reversal. In mammals and birds, perinatal sex steroids
differentiate the neural substrate to promote the expression of pheno-
types typical of one sex (masculinize/feminize) and suppress that of the
other sex (demasculinize/defeminize) later in life; in teleosts, the
sexually dimorphic expression of neural steroid receptors in adulthood,
which results from the sex-specific adult steroid milieu, may serve this
role.
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It may be of interest to note here that, in teleosts, circulating tes-
tosterone levels in females are substantial and are sometimes equal to
the levels found in males (although 11-ketotestosterone, the more po-
tent androgen in teleosts similar to 5a-dihydrotestosterone in mam-
mals, occurs in higher levels in males than females) (Katz and Eckstein,
1974; Borg, 1994). In addition, brain aromatase activity in teleosts is
100-1000 times higher than in mammals and birds, resulting in a high
amount of estrogen even in the male brain (Pasmanik and Callard,
1985). These facts suggest that sex differences in the sex steroid milieu
are smaller in the teleost brain than in the mammalian and avian brain.
Sex differences in the action of sex steroids in the teleost brain may be
primarily controlled at the receptor level rather than at the ligand level.

The importance of sex steroids in sexual differentiation of the brain
is conserved across vertebrate taxa. In mammals and birds, the effects of
sex steroids early in life are rendered persistent and more or less irre-
versible, thereby limiting the impact of steroids later in life. This has the
consequence that the sexual phenotypes of their brains are rather robust
and irreversible in adulthood. In teleosts, by contrast, sex steroids have
transient and reversible effects throughout the lifespan to ensure that
brain sexual phenotype always correlates with gonadal phenotype even
when gonadal sex is reversed.

Unfortunately, no information is yet available on the mechanisms
by which sex steroids regulate the neural expression of steroid receptors
and the signaling pathways initiated by steroid receptors in the brain to
mediate sex-typical phenotypes. These issues clearly warrant future
investigations. Future research is also needed to investigate if the
findings and concepts described above can be generalized across species
in teleosts. Teleosts are the most diversified group of vertebrates, but
sexual differentiation of the teleost brain has been studied only in a few
species. Caution must be exercised in assuming that findings in these
species are applicable to other species.

8. Is sexual lability of the adult brain really a characteristic
peculiar to teleosts?

Among vertebrates, teleosts have exceptionally high levels of adult
sexual lability in neural and behavioral phenotypes. While this is cer-
tainly true, it is worth noting that several studies have reported that
mammals and birds also have some degree of sexual lability in these
phenotypes as adults, notwithstanding the widely held view that their
brains undergo irreversible sexual differentiation early in life. In quail,
for example, the volume of the medial preoptic nucleus, which is im-
plicated in male-typical behaviors, is approximately 40% larger in
males, and this sex difference is largely dependent on adult sex steroids
(Adkins-Regan, 2009; Balthazart et al., 2010). Consistent with this
observation, female quail that are given testosterone as adults exhibit
some male-typical courtship behaviors, such as crowing and strutting
(Adkins-Regan, 2009; Ball et al., 2014). Similarly, female rodents dis-
play male-like mating behaviors either when treated with testosterone
or E2 as adults (Edwards and Burge, 1971; Sodersten, 1972), or when
deprived of pheromonal signaling by genetic disabling of the vomer-
onasal organ (Kimchi et al., 2007).

Although the mechanisms underlying these findings remain to be
determined, it seems likely that the reversal of brain sexual phenotypes
in response to changes in the adult steroid milieu is not a phenomenon
peculiar to teleosts, but more or less common across vertebrate taxa,
including mammals and birds. A better understanding of sexual dif-
ferentiation of the teleost brain will provide valuable insight into the
molecular basis for determining the robustness or lability of sex dif-
ferences in vertebrate brains and its evolutionary aspects — insight that
might otherwise be difficult to attain.

Because the focus of this review is on the conceptual understanding
of sexual differentiation and lability of the teleost brain, a detailed
description of sex differences so far observed in the teleost brain is
beyond the scope of this review. However, sex differences in the
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expression of several genes, which are often steroid-sensitive, have been
reported in the teleost brain, and their possible involvement in the
development and reversal of sex-typical phenotypes has been sug-
gested. These genes include those for brain-type aromatase (Goto-
Kazeto et al., 2004; Forlano and Bass, 2005; Strobl-Mazzulla et al.,
2005; Patil and Gunasekera, 2008; Okubo et al., 2011), vasotocin
(Grober and Sunobe, 1996; Foran and Bass, 1998; Godwin et al., 2000;
Grober et al., 2002; Maruska et al., 2007; Maruska, 2009; Kawabata
et al., 2012), isotocin (Black et al., 2004; Kawabata et al., 2012;
Yamashita et al., 2017), gonadotropin-releasing hormones (Grober
et al., 1994; Elofsson et al., 1997, 1999; Ishizaki et al., 2004; Kuramochi
et al., 2011; Kawabata et al., 2012), kisspeptin (Kanda et al., 2008),
tyrosine and tryptophan hydroxylases (Sudhakumari et al., 2010;
Raghuveer et al., 2011; Kawabata et al., 2012; Mamta et al., 2014;
Goebrecht et al., 2014; Saha et al., 2015), and glutamate decarbox-
ylases (Trudeau et al., 2000; Bosma et al., 2001; Lariviéere et al., 2005).
Although there is no direct evidence, even from gene knockout studies
in zebrafish (Yin et al., 2017; Tang et al., 2017), it has been repeatedly
proposed that, among these genes, brain-type aromatase plays a parti-
cularly important role by regulating neurogenesis, which is highly ac-
tive even during adulthood in teleosts (Chapouton et al., 2007; Ganz
and Brand, 2016). The reader is referred to several excellent reviews on
this topic for further information (Blazquez and Somoza, 2010; Le Page
et al., 2010; Diotel et al., 2010, 2018).
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