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1. Introduction

Neurodevelopmental disorders (NDDs) represent a wide, clin-

ically heterogeneous group of psychiatric illnesses, caused by

—_— ) . . . aberrant development of the central nervous system. Affected
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non-syndromic intellectual disabilities and attention deficit hyper-
activity disorder (APA, 2013).

The prevalence, age of onset, pathophysiology, and symp-
tomatology of many neurodevelopmental disorders strongly differ
between genders. The increased vulnerability of males to mutations
of X-linked genes is an obvious source of sex differences in diseases
(Arnold, 2004). However, it seems apparent that sex dimorphism
within this class of neuropsychiatric disorders extends beyond the
obvious X-linked pathologies (Baron-Cohen et al., 2011 and Sec-
tion 3.1). Marked sex differences in terms of incidence and clinical
symptoms are in fact evident in disorders of multi-factorial origin
characterized by abnormal neurodevelopment, such as schizophre-
nia and autism (Hill et al., 2004; Kokras and Dalla, 2014; Mottron
et al., 2015), thus suggesting that steroid hormones of gonadal
origin and neurosteroids can either mask/unmask an underlying
vulnerability for behavioral disorders or ameliorate/aggravate the
severity of related symptoms (Keller and Ruta, 2010; Knickmeyer
and Baron-Cohen, 2006). A better understanding of the mecha-
nisms underlying risk and resilience to disease between the sexes
may be of fundamental importance to identify innovative therapeu-
tic targets and pharmacological approaches for these diseases. In
this line, promising results are emerging on the potential use of sex
steroid hormones and selective estrogen receptor modulators as
adjunctive treatments for some of these disorders (Huerta-Ramos
etal,, 2014; Kulkarni et al., 2014; Weickert et al., 2015). For preclin-
ical research in this framework, see (Biamonte et al., 2009; Macri
etal., 2010).

2. Genes and sex hormones interaction in sexually
dimorphic brain development

Nowadays it is generally agreed that the brain is a sexually
dimorphic organ that can be shaped by sex-specific selection
pressures. The classic view of sex dimorphism of the brain postu-
lates that sex-specific differences specifically arise from differential
development of the gonads and differential exposure to gonadally-
secreted steroid hormones (Miller, 1988; Mottron et al., 2015;
Robel and Baulieu, 1994). Once produced, these gonad-derived hor-
mones are released into the systemic circulation to exert their
biological activity in a wide variety of reproductive and non-
reproductive tissues, including the central nervous system. In
particular, in rodent brains, the dominant driver of most sex dif-
ferences is estradiol, which is locally produced by the portion of
circulating testosterone which gains access to the brain (Wu et al.,
2009).See Fig. 1 for an overview of the developmental expression of
the major hormone synthesizing enzymes and hormone receptors
in the brain.

The organizational/activational hypothesis of steroid hormone
action on the brain was first proposed by Phoenix et al. (1959), in
a seminal paper which revealed that the exposure to androgens
during the early developmental period is essential for the presen-
tation of androgen-induced male-specific behaviors at adulthood.
These data obtained in Guinea pigs provided the first evidence that
gonadal hormones exert a permanent/organizational effect during
a critical period, corresponding to fetal and neonatal development
(Knickmeyer and Baron-Cohen, 2006).

Another major breakthrough in steroid hormone research field
has been represented by the demonstration that de novo steroid
synthesis contributes to the establishment and maintenance of sex
dimorphisms within the nervous system in both sexes, particularly
in brain sites unrelated to reproduction (McCarthy et al., 2008;
Schwarz and McCarthy, 2008). This pioneering discovery came
from the observation that blood levels of steroid hormones do not
necessarily overlap with their brain concentrations (Schumacher
et al., 2003). Nowadays, extensive evidence, in a variety of species,

supports this notion and steroids synthesized in the brain are com-
monly referred to as neurosteroids.

While overwhelming consensus has been reached on the contri-
bution made by gonadally-produced sex steroids and neurosteroids
to brain gender differences, it has become clear that not all sex
differences can be explained by gonadal hormonal effects (Arnold,
2009; McCarthy and Arnold, 2011). Several studies conducted to
identify other factors underlying, and contributing to, brain sex dif-
ferences, point to differential neural expression of genes specifically
located on the Xand Y sex chromosomes as other major actors in the
differentiation of male and female brains (Arnold, 2009; Davies and
Wilkinson, 2006; Wolstenholme et al., 2013). To further complicate
the topic, increasing evidence demonstrates that steroid hormones
exert epigenetic effects on the developing nervous system to dictate
adult sex differences in brain and behavior (Matsuda et al., 2012).
These include modifications in DNA methylation, histone modifi-
cation, genomic imprinting and microRNAs (McCarthy and Nugent,
2015). Moreover, it seems apparent that specific brain areas rely
on different mechanisms to attain sex dimorphism (Brandt et al.,
2013; Dean and McCarthy, 2008; McCarthy and Konkle, 2005), thus
further corroborating the potential involvement of epigenetic reg-
ulation of steroid action in the brain.

3. Sexual dimorphism in abnormal brain development:
exploring the role of genes and sex hormones interaction in
human neurodevelopmental disorders

As discussed above, increasing evidence demonstrates a com-
plex interaction between sex hormones and genetic and epigenetic
factors in the establishment of sex differences in brain and behav-
ior. The widespread differential susceptibility to pathology of
males and females affected by neuropsychiatric diseases suggests
a potential involvement of an abnormal genes and sex hormones
interplay during brain development in this class of disorders (Hill
et al., 2004; Kokras and Dalla, 2014; Mottron et al., 2015).

To shed light on this topic, this review will examine sex biases in
human neurodevelopmental disorders from a clinical point of view,
particularly focusing on those of well-established genetic origin,
such as Rett syndrome, CDKL5-associated disorders, Fragile X and
Down syndrome. Autism will be also addressed, given its paradig-
matic role as a sex-biased neurodevelopmental disorder (Lai et al.,
2015b). Current knowledge about sex differences in validated ani-
mal models for these disorders will be also explored. Given the
increasing number of mouse models carrying mutations in genes
relevant for this class of diseases, we will exploit this valuable tool
to address the potential interplay between genes and sex hormones
at the preclinical level.

3.1. Autism

Autism is a neurodevelopmental disorder characterized by
restricted and repetitive patterns of behavior, interests, or activ-
ities, and deficits in social communication and interaction (APA,
2013). Males are diagnosed with this disease three to four times
more commonly than females and a number of gender differences
has been reported in this disorder, starting as early as the postnatal
period (Baron-Cohen et al., 2011; Fombonne, 2005; Schaafsma and
Pfaff, 2014; Werling and Geschwind, 2013) Such differences span
from the onset and severity of symptoms, with females being more
severely affected, to sex/gender differences in neuroanatomical and
physiological endpoints (Lai et al., 2013; Mottron et al., 2015). Dis-
coveries on this issue have been recently summarized in a special
issue by Molecular Autism, 2015 (Lai et al., 2015a).

The “extreme male brain theory” of autism proposed by Baron-
Cohen postulates that individuals suffering from disorders related
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Fig. 1. (a) Biosynthetic pathways of neuroactive steroids. Major hormone synthesizing enzymes are shown in grey. (b) Diagram summarizing the developmental expression
of the major hormone synthesizing enzymes and hormone receptors in the brain. Aromatase in black: continuous line for humans (peak of expression between the embryonic
and the fetal period); dashed line for rodents (peak of expression between embryonic day E15 and E19). 5-a reductasi in dark gray: continuous line for humans (peak of
expression between the embryonic and the fetal period); dashed line for rodents (peak of expression between E14 and E16). Estrogen receptor o in light gray: continuous
line for humans (peak of expression during the fetal period); dashed line for rodents (peak of expression post-natal days 4 and 6).

to autism show a pattern of functions typical of the extreme male
brain, a brain best suited to understand and predict the function-
ing of a law-driven system (Baron-Cohen, 2002). According to this
theory, identifying, understanding, and reacting correctly to the
thoughts and emotions of others are characteristics of the female
brains, which would not be well represented in autistic patients.
These considerations, together with the observation that plasma
and salivary testosterone levels are elevated in autistic male
patients (Geier and Geier, 2007; Kelemenova et al., 2010), pos-
sibly as a consequence of reduced expression of the enzyme
aromatase (Crider et al., 2014; Sarachana et al., 2011; see Fig. 1),
and that autistic females are more likely than non-autistic females
to develop steroid-related conditions, such as polycystic ovary syn-
drome (Palomba et al., 2012), suggest that exposure to abnormal
levels of androgens is associated with autism. In particular, it was
proposed that both the male bias in autism and the masculinized
phenotype of patients might be attributed to the effect of an abnor-
mal exposure to testosterone during pregnancy (Baron-Cohenetal.,
2011). Support to this hypothesis has been recently provided by a
study which found that the levels of fetal testosterone in amni-
otic fluid correlated positively with a number of autistic traits and
inversely with social skills and levels of empathy in children at 4

years of age (Baron-Cohen et al., 2015; Knickmeyer et al., 2005;
Knickmeyer and Baron-Cohen, 2006).

It must however be noted that, according to a recent meta-
analysis, the results on this topic still appear inconsistent (Gore
etal.,2014).The elevated levels of fetal testosterone may thus effec-
tively contribute to increase susceptibility of males for this disorder
only when other predisposing factors, such as genetic susceptibil-
ity, occur. A recent interesting candidate gene for such increased
susceptibility to autism is the RORA gene, the expression of which
islow in the frontal cortex of autistic individuals and oppositely reg-
ulated by male and female hormones (Hu et al., 2015). Even though,
further studies are needed to verify these hypotheses, these data
confirm the paradigmaticrole of autism in the study of sex and gene
interplay in health and disease and stresses the need for system-
atic investigations in available animal models of this complex and
promising interaction.

3.1.1. Sex differences in mouse models of autism

Since the etiopathogenesis of autism has not been clearly elu-
cidated so far, the diagnosis of this disorder is mainly based on
presentation of three core symptoms: profound alterations in social
interaction, communication deficits and stereotyped behaviors (i.e.
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Table 1

Sex-dependent behavioral differences in a selection of rodent models of autism.
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Rodent models

Behavioral domain

Behavioral alterations
(compared to wt mice)

Males

Females

References

BTBR T+tf)]

NL-3 KO

En2 KO

Gabrb3 KO

CAPS2 KO

glut3 +/-

GAP43 +|—

Mthfr +[—

V1aR KO

Motor performances

Cognitive abilities
Sensory gating
Social behavior

Anxiety-like behavior
Motor performances

Cognitive abilities

Sensory gating
Social behavior

Anxiety-like behavior
Depressive-like
behavior

Seizures

Motor performances

Social behavior

Motor performances

Cognitive abilities
Social behavior
Seizures

Motor performances

Behavioral rhythms
Cognitive abilities
Anxiety-like behavior
Social behavior

Motor performances

Cognitive abilities

Social behavior

Motor performances
Cognitive abilities
Anxiety-like behavior

Motor performances

Cognitive abilities
Motor performances
Sensory gating

Social behavior
Anxiety-like behavior

Genetic mutations

Locomotor activity (open field) <>
Exploratory behavior <
Repetitive behaviors 1

Learning <>

ASR, PPl <

Sociability |

Social interaction |

Juvenile play |

Unusual repertoire of USVs
Anxiety-like behaviour <
Locomotor activity (open field) 1
Motor coordination <
Exploratory behavior 1

Abnormal learning and memory (slightly superior)

Social novelty preference |
PPl <

USVs |

Sociability <

Social interaction <
Anxiety-like behavior <
Sucrose preference <

Seizure susceptibility <
Locomotor activity (activity chamber) <

Motor coordination |,
Exploratory behavior |
Repetitive behaviors 1
Juvenile play |

Social interaction <
Territorial aggression |,
Locomotor activity (three chamber apparatus)t
Exploratory behavior |
Nest building |
Attention |

Sociability |

Seizure susceptibility 1

Locomotor activity (home cage) 1
Exploratory behavior |
Abnormal sleep-wake rhythm
Learning and memory |

Anxiety 1

Absent

Social interaction |

Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Sociability <or|
(contradictory
results)

Social interaction |,
Not investigated

Unusual repertoire of USVs

Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated

Not investigated

Locomotor activity (activity chamber)

<>

Not investigated
Not investigated
Not investigated
Juvenile play |
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated

Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Maternal behavior |
Not investigated

Sex not specified
Locomotor activity (activity chamber) |
Motor coordination <
Repetitive behaviors 1
Social novelty preference |
Learning and memory |

Repetitive behaviors <
Reversal learning |
Anxiety-like behavior 1

Escape oriented behavior |
Locomotor activity (open field) 1

Recognition memory |
Swim performance <«
ASR, PPI <

Social recognition |,
Anxiety-like behavior |

Reversal learning |
Sociability |
USVs |
Repetitive behaviors <
Reversal learning |
Anxiety-like behavior 1
Escape oriented behavior <

Locomotor activity (open field) <

Recognition memory |
Not investigated
Not investigated
Not investigated
Not investigated

Defensor et al. (2011),
Kokras & Dalla (2014),
McFarlane et al. (2008),
Scattoni et al. (2011),
Silverman et al. (2010),
Yang et al. (2012)

Radyushkin et al.
(2009), Tabuchi et al.
(2007)

Cheh et al. (2006)

DeLorey et al. (2008)

Sadakata and Furuichi
(2010), Sadakata et al.
(2007)

Zhao et al. (2010)

Zaccaria et al. (2010)

Levav-Rabkin et al.
(2011)

Bielsky et al. (2004)
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Rodent models

Behavioral domain

Behavioral alterations
(compared to wt mice)

Males

Females

References

Emht1 +/-

Dvl1-deficient

patDp[+

NL-4 KO

MALTT

Exposure (E14-E17) to B(a)P in Cpriox/'ox mjce

Exposure (P14) to VPA in GSTM1-/- mice
Neonatal exposure to GVG in Mthfr +/— mice

Reln-orl

Reelin "I*

Neonatal thimerosal in SJL Mice

Exposure in utero (EO-E20) to letrozole

Motor performances
Cognitive abilities
Social behavior

Anxiety-like behavior

Sensory gating
Social behavior

Cognitive abilities

Anxiety-like behavior
Social behavior

Motor performances

Cognitive abilities

Sensory gating
Social behavior

Anxiety-like behavior
Seizures
Motor performances

Sensory gating
Social behavior

Seizures

Cognitive abilities
Social behavior
Motor performances

Cognitive abilities

Motor performances
Cognitive abilities

Motor performances
Cognitive abilities
Social behavior
Anxiety-like behavior

Motor performances
Cognitive abilities
Sensory gating

Social behavior
Anxiety-like behavior

Social behavior

Locomotor activity (home cage) |
Motor coordination <
Exploratory behavior |

Social novelty preference «—
Juvenile play |

Sociability 1

Anxiety-like behavior 1

PPI |
Social interaction |
Nest building |

Locomotor activity (home cage) |
Motor coordination <
Exploratory behavior |

Social novelty preference |
Juvenile play <

Sociability 1

Anxiety-like behavior 1

PPI |
Social interaction |
Nest building |

Gene-environment interactions
Sex not specified
Spatial learning <
Reversal learning |
Social novelty preference |
Anxiety-like behavior 1
Generalized fear

Sociability |

USVs |

Locomotor activity (open field) <
Motor coordination <
Exploratory behavior <
Learning and memory <

Social novelty preference |

PPl <

USVs |

Sociability |

Social Interaction |

Ancxiety-like behavior <>

Seizure susceptibility <
Locomotor activity (open field) 1

Circling stereotypy
PPI 1/ASR |

Sociability |

Social interaction |,
Seizure susceptibility 1

Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Locomotor activity (open field) 1

No circling stereotypy
PPI 1/ASR |

Not investigated

Not investigated
Seizure susceptibility 1

Sex not specified
Attention, learning and memory |

Play behavior |
Locomotor activity (open field) 1

Recognition memory |

Motor coordination |
Exploratory behavior|
Spontaneous novelty preference |
Spatial learning |

Motor coordination <
Reversal learning |
Sociability <

Anxiety-like behavior |
Motor impulsivity 1

Motor coordination <
Social novelty preference <>
ASR, PPl <

Sociability <

Anxiety-like behavior <

Play behavior |
Locomotor activity (open field) 1

Recognition memory |

Not investigated

Not investigated

Not investigated

Not investigated

Not investigated

Not investigated

Not investigated
Anxiety-like behavior |
Motor impulsivity 1
Motor coordination <
Social novelty preference <>
ASR, PPl <

Sociability <
Anxiety-like behavior <

Environmental factors

Juvenile social interaction <
Adult social interaction <
Not investigated

Juvenile social interaction |

Adult social interaction <
Eterosexual social interactions during
estrous phases |

Balemans et al. (2010),
Kokras and Dalla
(2014)

Lijam et al. (1997)

Nakatani et al. (2009)

Jamain et al. (2008)

Hamilton et al.
(2011)

Sheng et al. (2010)

Yochum et al. (2010)
Levav-Rabkin et al.
(2011)

Lalonde et al. (2004)

Laviola et al. (2009),
Macri et al. (2010),
Ognibene et al. (2007)

Berman et al. (2008)

Xu et al. (2015)
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Rodent models

Behavioral domain

Behavioral alterations
(compared to wt mice)

Males

Females

References

Exposure (E12,5) to VPA

5,7-DHT (P0)

Motor performances
Social behavior
Anxiety-like behavior

Motor performances
Anxiety-like behavior

Repetitive behaviors 1
Social interaction |
Anxiety-like behavior 1

Exploratory behavior |
Anxiety-like behavior 1

Repetitive behaviors 1
Social interaction <
Anxiety-like behavior <

Brain lesions

Exploratory behavior <
Anxiety-like behavior <

Kokras and Dalla
(2014), Schneider et al.
(2008)

Hohmann et al. (2007)

< unaltered; |: reduced; 4: increased; \: tend to be reduced; «<—: delayed. Sex-dependent differences are highlighted in bold. Abbreviations: KO: knockout; +/—: heterozy-
gous; PPI: prepulse inhibition; ASR: acustic startle response; BTBR: inbred mouse strain; NL-3: neuroligin-3, En2:engrailed-2; Gabrb3: gene, which encodes the 33 subunit of
the GABAA receptor; CAPS2: Ca2+-dependent activator protein for secretion 2; glut3: Neuronal glucose transporter isoform 3; GAP43: growth-associated protein-43; Mthfr:
methylenetetrahydrofolate reductase gene;V1aR: Vasopressin receptor Via; Emht1: euchromatin histone methyltransferase 1; Dvl1: Dishevelled, patD: paternally inherited
duplication of 6.3 Mb of mouse chromosome 7 (mirroring human chromosome 15q11-13 duplication); NL-4: neuroligin-4; MALTT: multiple autistic-like transgenic traits;
VPA: valproic acid; B(a)P: benzo(a) pyrene; Cpr: Cytochrome p450 reductase; GSTM1: glutathione-S-transferaseM1; Thimerosal (sodium ethylmercury thiosalicylate) is an
antimicrobial preservative used in numerous vaccines; GVG: vigabatrin; RI: reelin gene; letrozole: potent aromatase inhibitor; 5,7-DHT: 5,7-exposure to dihydroxytryptamine

on postnatal day 0.

repetitive behaviors and restricted interests). Different approaches
have therefore been adopted to model these pathologies in rodents,
ranging from neonatal environmental challenges to reproduce the
early environmental factors that may have an etiological role in
autism (Dufour-Rainfray et al., 2010; Krause et al., 2002; Patterson,
2002; Shietal.,2003; Torres, 2003; Vojdani et al., 2003), to targeted
gene mutations in loci relevant for autism susceptibility identi-
fied by association or linkage studies in human populations (Berkel
et al., 2010; Jamain et al., 2003; Kim et al., 2008; Laumonnier et al.,
2004; Laviola et al., 2009; Lintas and Persico, 2009; Moessner et al.,
2007). Table 1 provides a summary of current knowledge about sex
differences at the behavioral level and a schematic view of available
mouse models of autism.

As shown in Table 1, because of the prevalence of male affected
individuals for this disorder, only a few studies have systematically
explored the sex effects in mouse models of autism, thus making
difficult the drawing of any conclusion. It seems, however evident,
that the few sex differences highlighted so far concern the time
devoted to exploratory behavior and the occurrence of spontaneous
stereotyped behaviors, which appear affected specifically in males
(Hamilton et al., 2011; Hohmann et al., 2007; Levav-Rabkin et al.,
2011; Zaccaria et al., 2010). Further studies aimed at understanding
the relevance of these preliminary observations in mouse models
to the repetitive patterns of behavior, interests and activities which
characterize autistic patients are however needed. Recent data do
in fact suggest that girls with autism compared to affected males
present less severe repetitive/restricted behaviors, but compara-
ble deficits in the social and communication domains (Supekar and
Menon, 2015). Interestingly, this behavioral difference was accom-
panied by sex-dependent differences in morphometry in relevant
motor regions (Supekar and Menon, 2015).

Another domain which seems to be highly affected by the hor-
monal milieu in the mouse models of autism is the sociability
(Table 1). The direction of the results is however highly variable,
thus rendering very hard the possibility to draw any conclusion.
Interestingly, similar results are reported in disorders of genetic ori-
gin (see e.g. Section 3.2.1 and Table 2) as well as in response to early
hormonal challenges (see below), thus suggesting that this behav-
ioral domain may be controlled by a complex interaction among
seXx, genes and epigenetic mechanisms.

Of particular interest to the aims of this review is a recent pre-
clinical study addressing the long-term behavioral effects of the
exposure to elevated levels of testosterone during pregnancy on
rat offsprings (Xu et al., 2015). Interestingly, the exposure to simi-
lar hormone levels in males and females during pregnancy exerted
long-term sexually dimorphic consequences, thus providing a pos-
sible framework for the biased sex ratio in autism prevalence.

Specifically, this early hormonal challenge affected social behaviors
specifically on female offspring, which spent less time interacting
with a conspecific in adolescence and exhibited impaired hetero-
sexual interactions as adults. The neonatal vocalization behavior of
rat pups of both sexes was also affected. As a whole, however, the
consequences of the prenatal hormonal challenge appear mild and
transient, thus questioning the crucial role attributed to abnormal
sex hormonal environment in the susceptibility to autism. These
data, together with those obtained at the clinical level (see Section
3.1), argue for a complex interaction between genes and sex hor-
mone interplay during critical windows of susceptibility as a major
source of autism. In this line, a mitigation of symptoms’ severity
was found when a hormonal challenge based on neonatal estradiol
administration into the cisterna magna was applied on a substrate
of genetic susceptibility to autism, namely in males carrying a spon-
taneous mutation in the Reelin gene, one of the molecules that are
under examination as arisk factor for autism (Biamonte et al., 2009;
Macri et al., 2010). A single estradiol treatment on postnatal day 5,
the age at which a peak in the expression of estradiol receptors can
be observed in mouse brain (see Fig. 1), did in fact mitigate the social
and cognitive phenotype of heterozygous reeler mice in adulthood
and rescued the neuroanatomical abnormalities specifically in the
amygdala. These results suggest the importance of studies aimed
at assessing the organizational effects of neuroactive hormones on
genetic models of autism for a better understanding of the interac-
tions between hormones and genes in the physiopathology of this
disorder.

3.2. Rett syndrome

Rett syndrome (RTT) is a rare and pervasive developmental
disorder, primarily affecting girls with a prevalence of 1 in every
10,000 births (Hagberg, 2002); it represents the second most com-
mon cause of intellectual disability in females (Hagberg et al., 1983;
Rett, 1966). RTT patients undergo an “apparently” normal prena-
tal and perinatal development until about 6-18 months of age
(Hagberg, 2002). A regression period then occurs, characterized by
a profound loss of acquired developmental skills in the areas of
communication and hand use as well as by head growth deceler-
ation, also leading to microcephaly (Hagberg, 2002). At the end of
this period, development reaches a plateau associated with a wide
variety of specific symptoms: stereotyped hand movements, major
breathing abnormalities, bloating, EEG irregularities, sleep prob-
lems, gait dispraxia, back deformities, feeding abnormalities as well
as autistic-like behaviors (Chahrour and Zoghbi, 2007; Hagberg,
2002; Mount et al., 2001).

Please cite this article in press as: Romano, E., et al., Genes and sex hormones interaction in neurodevelopmental disorders. Neurosci.
Biobehav. Rev. (2016), http://dx.doi.org/10.1016/j.neubiorev.2016.02.019



dx.doi.org/10.1016/j.neubiorev.2016.02.019

G Model

NBR-2364; No.of Pages16

Table 2

E. Romano et al. / Neuroscience and Biobehavioral Reviews xxx (2016) XXxx—xXX

Sex-dependent behavioral differences in mouse models of Rett syndrome and CDKL5-disorders.

Mouse models

Behavioral domain

Behavioral alterations (compared to wt mice)

Males

Females

References

MeCP2 KO

MeCP2 truncated

CDKL5

Motor performances

Cognitive abilities
Sensory gating

Social behavior
Anxiety-like behavior

Motor performances

Cognitive abilities

Social behavior

Anxiety-like behavior

Motor performances

Cognitive abilities
Social behavior

Anxiety-like behavior

Motor coordination |,
Spontaneous activity in the
dark phase |

Locomotor activity (open field)
(3-4 weeks) |

Grip strength |

Swim performance |

Learning and memory| (worse
than females)

Not investigated

Not investigated

Not investigated

Anxiety-like behavior |

Motor coordination |,
Locomotor activity (home
cage)l

Exploratory behavior |
Not investigated

Not investigated

Nest building |

Learning and memory |
Social novelty preference
(2-3 months) <
Sociability (1-2 months) |
Social interaction |
Anxiety-like behavior 1

Locomotor activity (home
cage) tor| (contradictory
results)

Motor coordination |,
Nest building |

Learning and memory |
Motor learning <
Sociability |

Social interaction |
Anxiety-like behavior|

Motor coordination |
Spontaneous activity in the
dark phase|

Locomotor activity (open field)
(17 weeks) |

Grip strength |

Swim performance |

Learning and memory

PPI ¢

ASR |

Sociability |
Anxiety-like behavior |

Motor coordination |,
Locomotor activity (home
cage)|

Exploratory behavior |
Drinking/eating 1
Coordinated use of mouth and
forepaws |

Nest building |

Learning and memory |
Social novelty preference
(2-3 months) |

Sociability (1-2 months) <
Social interaction |

Not investigated

Locomotor activity (home cage
\.) (open field <)

Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated

Guy et al. (2011),
Ricceri et al. (2008),
Samaco et al. (2013),
Santos et al. (2007),
Stearns et al. (2007)

McGill et al. (2006),
Moretti et al. (2005),
De Filippis et al. (2010,
2012, 20154, 2015b,
2015c), Ricceri et al.
(2008), Shahbazian

et al. (2002), Woods
etal.(2012)

Amendola et al. (2014),
Wang et al. (2012)

< unaltered; |: reduced; 1: increased; \: tend to be reduced. Sex-dependent differences are highlighted in bold. Abbreviations: KO: knockout; PPI: prepulse inhibition; ASR:
acustic startle response; MeCP2: methyl — CpG — binding protein 2; CDKL5: Cyclin-dependent kinase-like 5.

RTT was originally described by the Austrian paediatrician,
Andreas Rett in 1966 (Rett, 1966) and in 1999 mutations in the
X-linked gene encoding methyl-CpG-binding protein 2 (MECP2)
were identified as clear etiological factors for more than 90% of
classical RTT cases (Amir, 1999; Chahrour and Zoghbi, 2007). The
MECP2 gene encodes two closely related proteins which selectively
bind to methylated CpGs, sequences of the DNA (Jones et al., 1998).
Although initially MeCP2 was thought to act primarily as a tran-
scriptional repressor, subsequent studies have clearly showed that
MeCP2 can both activate and repress transcription (Chahrour et al.,
2008) and can also induce a global chromatin remodeling (Cohen
et al.,, 2011). To elucidate the physiological role of MECP2, several
target genes have been identified [for an overview: (Chadwick and
Wade, 2007)].

RTT affects almost exclusively girls (Renieri et al., 2003). The fre-
quency of disease-causing MECP2 mutations in mentally retarded
male patients is between 1.3% and 1.7% (Villard, 2007). Males have
classical RTT when mutation arises as somatic mosaicism or when
they have an extra X chromosome. In all other cases, males with
MECP2 mutations show diverse phenotypes, from severe congen-
ital encephalopathy, mental retardation with various neurological
symptoms, to mild mental retardation only (Bourdon et al., 2003;
Moog et al., 2003; Renieri et al., 2003; Villard, 2007). Interestingly,
de novo mutations in sporadic RTT occur almost exclusively on the
paternally derived X chromosome, thus providing additional sup-

port to the high female:male ratio observed in sporadic cases with
RTT (Zhu et al., 2009).

Consistent with the X-linked nature of the disorder (Arnold,
2004), sex differences in symptomatology mainly concern the
severity of the disorders with males being more affected in several
domains.

3.2.1. Sex differences in mouse models of Rett syndrome

Following the identification of MECP2 gene mutations as clear
etiological factors in about 90% of classical RTT cases, strategies
employing gene targeting have been used to generate several lines
of mice carrying endogenous MeCP2 mutations (Ricceri et al., 2008,
2013). These mutant mice are, at the moment, regarded as good
models of RTT for their high construct validity [i.e. the extent to
which a model reproduces the etiology and pathophysiology of
a disorder (McKinney, 1984)]. Moreover, indications are available
suggesting a high face validity for these models [i.e. the degree to
which a model resembles the symptoms of a disorder], as MeCP2
mutant mice have been reported to recapitulate many RTT symp-
toms.

Table 2 summarizes the current knowledge about sex-
dependent differences derived from behavioral analyses so far
carried out in major MeCP2 mouse models of RTT. Given the preva-
lence of the disorder among female patients, the RTT research
community has increasingly focussed its attention on this sex in
recent years (Katz et al., 2012).
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Taken together the results presented in Table 2 provide evi-
dence of the validity as a RTT model of MeCP2-mutated females, the
sex which is generally neglected in preclinical research due to the
confounding effects of the oestrus cycle on behavioral parameters
(Prendergast et al., 2014).

The comparison of available preclinical investigations also high-
lights the presence of subtle sex behavioral differences in RTT
mouse models, particularly in the social domain (see Table 2). This
is consistent with evidence demonstrating that MeCP2 is differen-
tially expressed in male and female brains during development (for
an overview on the developmental expression of MeCP2, see Kurian
et al.,, 2007). In this framework, a transient reduction in MeCP2
expression in the rat amygdala (30-65%), induced by a treatment
with small interfering RNA during a sensitive period of brain sex-
ual differentiation (postnatal days 0-2), disrupts the organization of
sex differences in juvenile social play behavior (Kurian et al., 2008).
In particular, male juvenile social play decreased to female-typical
levels, whereas no changes were observed in females. Interestingly,
such a behavioral effect was accompanied by a transient impact on
androgen receptor expression in male mouse brain, which returned
to normal levels at two weeks of age, and a lasting impact on
arginine vasopressin (AVP) expression, a neuropeptide known to
be crucially involved in the expression of social behaviors and
responses to stress (Forbes-Lorman et al., 2012).

Given that neonatal androgen exposure is known to regulate
juvenile social play behavior (Hotchkiss et al., 2002), and that
testosterone signalling has been implicated in the regulation of
methylation status of the AVP promoter and in the expression of
AVP mRNA (Auger et al., 2011), a complex interaction between sex
hormones and MeCP2 is likely to occur in the early programming
of sex differences. Unfortunately, however, no one has so far inves-
tigated the levels of sex hormones in different brain areas and at
different developmental ages in RTT mouse models. Gaining knowl-
edge on this topic may be fundamental for a better understanding
of the differential role played by MeCP2 in the developing male
versus female brain.

More recently, it was demonstrated that reduction in MeCP2
expression increased the expression and protein levels of the astro-
cytic marker GFAP in the female, but not the male developing
amygdala (Forbes-Lorman et al., 2014), suggesting that the rele-
vance of MeCP2 in the organization of lasting sex differences may
extend beyond social behavior. As a whole, these data suggest that
the MeCP2 gene may play a crucial role at the interface between
seX, genes and epigenetic mechanisms.

3.3. CDKL5-associated disorders

Mutations in Cyclin-dependent kinase-like 5 (CDKL5) gene,
located on Xp22, have been reported in patients characterized
by various neurologic disorders, including the X-linked infantile
spasms syndrome, or West syndrome, early infantile epileptic
encephalopathy, and Angelman syndrome or Angelman-like phe-
notype (Russo et al., 2009), with the most common being the
Hanefeld variant of RTT (Scala et al., 2005).

CDKL5 encodes a serine/threonine kinase expressed in various
tissues, with the brain presenting the highest levels of expression
(Rusconi etal.,2008). Available data point to a crucial role for CDKL5
in fundamental neurodevelopmental processes such as neuronal
morphogenesis and plasticity (Kilstrup-Nielsen et al.,2012): down-
regulation of CDKL5 in cultured neurons inhibits neurite growth,
reduces dendritic arborization and impacts dendritic spine struc-
ture and synapse activity (Chen et al., 2010; Ricciardi et al., 2012).

The common features in all CDKL5-associated disorders are the
onset of seizures in the first months of life, severe global develop-
mental delay resulting in intellectual disability, poor motor control
and the presence of RTT-like features such as hand stereotypies

(Kilstrup-Nielsen et al., 2012). CDKL5 disorders affect primarily
females with a ratio of 12:1 males. In general, males have a more
severe epileptic encephalopathy and a worse outcome compared
to female patients, which is in agreement with the location of the
CDKL5 gene on the X chromosome (Bahi-Buisson and Bienvenu,
2012). Actually no cure exists for these severely affected patients.

3.3.1. Sex differences in mouse models of CDKL5-associated
disorders

The absence of robust preclinical models has long hampered a
deep understanding of the physiological roles played by CDKLS5.
This limitation has been overcome in the past years with the estab-
lishment of two mouse models carrying inactivating mutations in
the catalytic domain of Cdkl5 (Amendola et al., 2014; Wang et al.,
2012).

The recent generation of these knockout mice (KO) has allowed a
first characterization of the in vivo consequences of the loss of func-
tion of this protein. Although the behavioral phenotyping of these
mutant mice is at the moment quite far from complete, indica-
tions are available suggesting a high face validity, with mutant mice
showing abnormal locomotor activity, defective cognitive perfor-
mance and autistic-like behavioral abnormalities, such as reduced
sociability (Amendola et al., 2014; Wang et al., 2012).

Importantly, only one of these two recent studies has com-
pared the phenotype of males and females carrying the inactivating
mutation in the Cdkl5 gene (see Table 2). Results demonstrate
that the impairments in a small group of functions, namely hind-
limb clasping, home cage locomotor activity and eye tracking,
are of comparable magnitude and direction in Cdkl5 hemizygous
males and homozygous females compared to sex-matched wild-
type controls, with heterozygous females showing an intermediate
phenotype (Amendola et al., 2014). These results provide support
to the hypothesis that sex-dependent differences in patients with
CDKLS5 disorders might be entirely explained by the compensation
that occurs in heterozygous females due to the presence of a second,
non-affected, X chromosome. It will be interesting in the future to
assess whether similar sex-dependent differences can be observed
in other relevant domains which have not been investigated so far,
such as cognitive function and sociability (see Table 2).

It is worth mentioning that the recent development of these
mouse models has represented a major breakthrough for a better
understanding of the role played by CDKL5 in health and dis-
ease. Key, unanticipated findings may thus be expected within this
research field in the next future.

3.4. Down syndrome

Down syndrome (DS) is the most common genetic cause of intel-
lectual disability, with a prevalence of 1 in every 700 births (http://
www.agpd.it/ctg/sindrome-di-down/). DS is caused by trisomy of
human chromosome 21 (Hsa21). Approximately 0.45% of human
conceptions are trisomic for Hsa21 (Hassold et al., 1996). In gen-
eral, a prevalence of males is found in children with all trisomy
21 variants (sex ratio: 1.24), except the cases with mosaicism, in
which females appear more affected (sex ratio: 0.88) (Kovaleva
etal., 2001).

The most prominent feature of DS is the learning and mem-
ory defect that affects 100% of patients. The disease also presents
an array of other abnormal behavioral phenotypes, including the
incomplete and delayed acquisition of motor, linguistic and visual-
spatial abilities and neurobehavioral disorders. In general, it has
been reported that DS males, even though they present a sig-
nificantly greater life expectancy than females (Glasson et al.,
2003), have major behavioral problems, including attention deficit
hyperactivity-like behaviors in childhood and depression at adult-
hood (Maatta et al., 2006).
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Other phenotypes characterizing DS patients include cardiovas-
cular, breathing and skeletal alterations. Sex differences in these
domains are also apparent and include a skewed ratio in atri-
oventricular septal defects, with males being affected twice more
than females (Freeman et al., 2008), a higher prevalence of sleep-
disordered breathing in DS boys (64.7%) than in girls (38.5%) (de
Miguel-Diez etal.,2003)and a lower bone mineral apparent density
in DS females (Gonzalez-Aguero et al., 2011).

Interestingly, DS patients have been reported to present an
increased risk of developing Alzheimer-like dementia (AD) by the
age of 40, with DS women having a particularly increased risk com-
pared to the general population (Lai et al., 1999). As in the general
population, women who have low baseline levels of estradiol are
four times more likely to develop AD (Schupf et al., 2006), these
data suggested a link between this increased incidence of AD in DS
female patients and the alterations in hormonal function between
DS patients and normal controls (Schupfetal., 1998).In fact, women
with DS may present hyperandrogenism (Bagatin et al., 2010) and
are twice more likely to undergo early menopause (Patel et al.,
2001). In this line, levels of estradiol were found to correlate with
onset of cognitive decline in DS female patients (Granholm et al.,
2003).

Abnormal hormonal serum levels have been also reported in DS
male patients, who present elevated levels of estradiol, luteinizing
hormone and follicle-stimulating hormone and slightly decreased
levels of testosterone compared to controls (Suzuki, 2010). Pro-
lactin is also greater in DS patients, both over the entire sample
and in the subgroup of men with Down’s syndrome (Hestnes et al.,
1991).

As a whole, the hormonal status of DS patients appears highly
affected, thus highliting the need for preclinical studies aimed
at understanding the mechanisms underlying the genes and sex
hormones interplay in this disorder.

3.4.1. Sex differences in mouse models of Down syndrome

DS is caused by trisomy of the human chromosome Hsa21.To
model the increased expression of genes located on this additional
chromosome, several mouse models that are trisomic for differ-
ent sets of genes that are orthologous to those expressed on the
human Hsa21 have been generated (Rueda et al., 2012). In fact, in
the mouse, the genomic regions orthologous to Hsa21 are located
on chromosomes 10, 16, and 17, with the largest genetic region
located on chromosome 16 (Belichenko etal.,2015). Available mod-
els span from mice with the triplication of a region of chromosome
16, such as the Ts1Cje mouse which presents a trisomy of 81 genes
(Belichenko et al., 2015; Fernandez and Garner, 2007; Sago et al.,
1998), to amouse model in which the entire human Hsa21 has been
triplicated, the Tc1 (Belichenko et al., 2015; Galante et al., 2009;
Morice et al., 2008; Witton et al., 2015).

The most commonly used and best characterized model of DS
is the Ts65Dn mouse (Costa et al., 1999; Faizi et al., 2011; Sago
et al., 2000; Zampieri, 2014). This model bears a partial trisomy of
a segment of the chromosome 16 and contains approximately 92
genes orthologous to the human Hsa21 genes (Sultan et al., 2007).
Despite only a set of genes triplicated in DS are in trisomy in this
model, the Ts65Dn model present good face validity (Rueda et al.,
2012).

Recently, advances in chromosomal engineering have been used
to create a mouse model containing all of the mouse homologues of
Hsa21 genes, the triple trisomic (TTS) model of DS (Yu et al., 2010).

Table 3 summarizes the behavioral analyses so far carried out
in four exemplificative DS models. As shown in the table, only a
few studies have explored sex-dependent behavioral differences in
available mouse models (Faizietal.,2011; Sago et al., 2000; Stewart
et al., 2007). Moreover, contrary to what reported in the clinical

setting (see Section 3.4), current preclinical models were not able
to reproduce differences between DS male and female mice.

Importantly, however, Ts65Dn male and female mice have been
reported to differentially respond to an environmental challenge
with respect to their sex-matched controls (Martinez-Cue et al.,
2002). In particular, DS female mice after 7 weeks of exposure
to an enriched environment showed a normalization of general
motor activity along the 24 h and an improved cognitive profile. By
contrast, the same environmental enrichment impaired the perfor-
mance of DS male mice. These results suggest that the endogenous
hormonal milieu may play a significant modulatory role on DS
symptoms presentation and that modulation of these hormonal
levels may constitute an innovative strategy for DS.

In this line, prolonged estrogen treatment improved cognitive
deficits in Ts65Dn female mice and restored the deficits in brain
cholinergic system function (Granholmetal.,2002; Granholmetal.,
2003). This phenotypic improvement was associated with a nor-
malization of the serum levels of estrogen, which were reduced
in DS female mutant mice. These studies based their rationale
on the reported increased susceptibility of DS females to develop
AD (Schupf et al., 1998; see Section 3.4) and on previous findings
demonstrating that the female hormone estrogen may play a key
role in delaying the onset and severity of dementia in women with
AD (Kulkarni et al., 2013; Simpkins et al., 2009). Importantly, how-
ever, no changes were evident in Ts65Dn male mice receiving a
comparable estradiol treatment (Hunter et al., 2004). Whether an
abnormal baseline levels of sex hormones in this mouse model may
have contributed to the lack of beneficial effects of the hormonal
stimulation in DS male mice remains to be established. In fact, no
data are available about the central and peripheral steroid levels in
Ts65Dn male mice.

Taken together, these results highlight the importance of eval-
uating the potential efficacy of novel therapeutic strategies in both
genders at the preclinical level, to exclude the possibility that
differences in the sex hormonal milieu may impact the ability of
responding to therapeutic challenges.

3.5. Fragile X syndrome

Fragile X syndrome (FXS) is the most common monogenetic
cause of inherited developmental disability, occurring in 1:4000
males and 1:7000 females (Loesch et al., 2004; Schaefer etal.,2015).
Common characteristics of individuals with FXS include intellec-
tual impairment, increased anxiety, hyperarousal to stimuli and
unusual physical features (e.g., an elongated face, flat feet and
hyperextendable finger joints). Obsessive compulsive disorder-
like behavior, attention-deficit/hyperactivity disorder symptoms,
increased risk for seizures, self-injurious behavior, perseverative
language, sleep issues and aggression also occur (Garber et al.,
2008).

FXS results from an expansion of unstable cytosine guanine gua-
nine (CGG) trinucleotide repeats within the promoter of the fragile
X mental retardation 1 gene (FMR1), which resides on the X chro-
mosome. This gene encodes for FMRP, an mRNA binding protein
that has been shown to regulate the expression of hundreds of
mRNAs in the central nervous system (Santos et al., 2014). The trin-
ucleotide repeat expansion within the FMR1 promoter is usually
inherited from a maternal carrier whose gene undergoes a further
expansion which leads to the silencing of the FMR1 gene and the
consequent appearance of FXS symptomatology (Schaefer et al.,
2015).

In individuals carrying the full mutation, the severity of the
physical and behavioral phenotypes correlates with lower levels
of FMRP. Due to the X-linked nature of its inheritance, however,
FXS phenotypes are highly heterogeneous and vary considerably
between males and females. In general, females typically display
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Sex-dependent behavioral differences in a selection of mouse models of Down syndrome.

Mouse models

Behavioral domain

Behavioral alterations (compared to wt mice)

Males

Females

References

Ts65Dn

Tcl

Ts1Cje

Ts1Rhr

TTS

Motor performances

Cognitive abilities

Sensory gating
Social behavior

Anxiety-like behavior

Motor performances

Cognitive abilities

Anxiety-like behavior

Motor performances

Cognitive abilities

Motor performances

Cognitive abilities

Anxiety-like behavior

Motor performances

Cognitive abilities

Anxiety-like behavior

Locomotor activity 1 (activity
chamber/home cage)

Motor coordination |
Exploratory behavior 1

Grip strength |

Swim performance |
Repetitive behaviors ¢

Nest building |

Learning and memory (short-
and long-term) |
Spontaneous novelty
preference | (lower than
females/significantly lower
than chance level)

Social novelty preference <>
ASR <

USVs: altered quality (lower
frequencies, longer syllables)
Sociability <

Anxiety-like behavior <>
Thigmotaxis <ort
(contradictory results)

Locomotor activity (open field)
4

Motor coordination |
Grip strength <
Lateralization <
Repetitive behaviors ¢
Short-term memory |
Long-term memory <
Motor learning |
Anxiety-like behavior <
Thigmotaxis |

Locomotor activity (home
cage) |

Exploratory behavior |
Spatial learning |
Reversal learning |

Locomotor activity 1 (activity
chamber/home cage) (more
than males)

Not investigated
Exploratory behavior 4

Not investigated

Not investigated

Not investigated

Not investigated

Learning and memory (short
and long-term) |,
Spontaneous novelty
preference |

Social novelty preference <
ASR <
Not investigated

Sociability <
Not investigated
Not investigated

Not investigated

Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated
Not investigated

Locomotor activity (home
cage) |

Not investigated

Spatial learning |
Reversal learning |

Sex not specified
Long- and short-term memory <«
Spontaneous novelty preference |,

Locomotor activity (open
field/activity chamber) <
Learning and memory |
Spontaneous novelty
preference |
Anxiety-like behavior <
Thigmotaxis 1

Locomotor activity (activity
chamber) 1

Grip strength |

Repetitive behaviors |
Spontaneous novelty
preference |

Long-term memory |,
Anxiety-like behavior <
Thigmotaxis <

Not investigated

Not investigated
Not investigated

Not investigated
Not investigated

Not investigated

Not investigated
Not investigated
Not investigated

Not investigated
Not investigated
Not investigated

Belichenko et al.
(2015), Costa et al.
(1999), Das et al.
(2013), Faizi et al.
(2011), Heller et al.
(2014), Kleschevnikov
etal. (2012), Sago et al.
(2000), Stewart et al.
(2007), Zampieri
(2014)

Belichenko et al.
(2015), Galante et al.
(2009), Morice et al.
(2008), Witton et al.
(2015)

Belichenko et al.
(2015), Fernandez and
Garner (2007), Sago
et al. (1998, 2000)

Belichenko et al. (2009,
2015)

Belichenko et al. (2015)

< unaltered; |: reduced; 1: increased; \: tend to be reduced. Sex-dependent differences are highlighted in bold. Abbreviations: KO: knockout; PPI: prepulse inhibition; ASR:
acustic startle response; Ts1Cje: mouse which presents a trisomy of 81 genes of chromosome 16; Tc1: mouse model in which the entire human Hsa21 has been triplicated;

Ts65Dn: this model bears a partial trisomy of a segment of the chromosome 16; TTS: triple trisomic model of DS.

milder symptoms than males due to compensation by the second
non-affected X chromosome (Kazdoba et al., 2014). However, in
addition to the different severity level, other differences in symp-
tomatology have been observed. Most FRX males show a peculiar
phenotype characterized by mental retardation and a greater likeli-
hood of displaying autistic-like behaviors than would be expected

on the basis of mental disability alone (Reiss and Freund, 1990;

Reiss et al., 1988). These include hyperactivity and a short atten-
tion span (Hagerman and Sobesky, 1989). Moreover, FXS males
often exhibit extreme eye gaze avoidance and hyperarousal when
they encounter stressful social situations (Hall et al., 2012). These
observations are particularly interesting, given that autism is more
frequent in males than in females (see Section 3.1).

Please cite this article in press as: Romano, E., et al., Genes and sex hormones interaction in neurodevelopmental disorders. Neurosci.
Biobehav. Rev. (2016), http://dx.doi.org/10.1016/j.neubiorev.2016.02.019



dx.doi.org/10.1016/j.neubiorev.2016.02.019

G Model
NBR-2364; No.of Pages16

E. Romano et al. / Neuroscience and Biobehavioral Reviews xxx (2016) XXxx—xXX 11

Table 4
Sex-dependent behavioral differences in mouse models of Fragile X syndrome.

Mouse models Behavioral domain

Behavioral alterations (compared to wt mice)

References

Males

Female

Fmr1 KO Locomotor activity (open field)
Motor coordination |
Exploratory behavior 1
Repetitive behaviors 1

Learning and memory |

PPI 1 ASR |

USVs |

Social interest and recognition <

Social anxiety 1

Motor performances

Cognitive abilities
Sensory gating
Social behavior

Social interactions: active behavior+t/passive behavior

Anxiety-like behavior |
Seizure susceptibility 1

Anxiety-like behavior
Seizures

Locomotor activity (open field)
Not investigated

Not investigated

Not investigated
Learning and memory |
PPI 1 ASR |

Not investigated

Not investigated

Not investigated

Not investigated
Anxiety-like behavior <
Seizure susceptibility 1

Ding et al. (2014), Qin
et al. (2005), Rotschafer
et al. (2012), Spencer
etal. (2005, 2011),
Veeraragavan et al.
(2014)

< unaltered; |: reduced; 1: increased; \: tend to be reduced. Sex-dependent differences are highlighted in bold. Abbreviations: KO: knockout; PPI: prepulse inhibition; ASR:

acustic startle response; Fmr1: fragile X mental retardation 1 gene.

Organizational effects of
sex hormones

(epigenetic effects)

PRESENT EVIDENCE

Differential neural expression of
genes on X and Y chromosomes

—
SEXUALLY DIMORPHIC BRAIN DEVELOPMENT

Rett syndrome, Fragile X syndrome
Sex differences due to:

and epigenetic
mechanisms

QIO

different susceptibility to genetic and
environmental insults between genders

SEXUALLY DIMORPHIC ABNORMAL BRAIN DEVELOPMENT,

CDKL5-associated disorders
Sex differences due to:

; g different ; . different .
« X-linked nature of disease — severity Q/d « X-linked nature of disease = severity 9/0;. o L:;erziig]o§:e2e;ve\/re]:2 it
« Interactions between i G epigeneti’c ! syrggromatology
sex hormones, genes, __ symptomatology mechanisms Q/

Down syndrome, Autism

Sex differences due to:

More studies investigating sex differences
and hormonal profile in available animal models

FUTURE DIRECTIONS
at the preclinical level

oFREEEEEEEEEsEsmssssmssssns Perspectives ......................... ..‘

Better understanding of the genes and sex hormones interplay
in neurodevelopmental disorders / identification of relevant  :
i signalling pathways and of critical windows of susceptibility

»
.
.
.

Fig. 2. Overview of gender differences in susceptibility to neurodevelopmental disorders. The factors influencing the establishment of male to female differences in brain
during development are supposed to be the same that determine different susceptibility to pathologies between genders. For any of the neurodevelopmental diseases
examined in the review, the nature of gender differences - either in severity or quality of symptoms - and the potential origin are here summarized. Future needs and
perspectives to better understand gender influences on disease onset, progression and on potential therapies are also outlined.

A different profile can be observed in FRX females. Extreme shy-
ness and low self esteem are the most commonly reported features
in this gender. Intellective capacity is generally normal in 40% of
those affected by complete mutation (Ferrando Lucas et al., 2004).
However, although the majority is of normal intelligence, females
with fragile X syndrome have an increased rate of schizophre-
nia spectrum disorders (Reiss et al., 1988). Moreover, they show

dysfunctions in social interaction, thought processes, and affec-
tive regulation (Hagerman and Sobesky, 1989; Reiss and Freund,
1990). These results suggest that the compensation by the second
non-affected X chromosome that occurs in FRX females may not be
sufficient by itself to explain all sex-dependent differences in FRX
patients.

Please cite this article in press as: Romano, E., et al., Genes and sex hormones interaction in neurodevelopmental disorders. Neurosci.
Biobehav. Rev. (2016), http://dx.doi.org/10.1016/j.neubiorev.2016.02.019



dx.doi.org/10.1016/j.neubiorev.2016.02.019

G Model
NBR-2364; No.of Pages16

12 E. Romano et al. / Neuroscience and Biobehavioral Reviews xxx (2016) XXxx—xXX

Recent data in fact suggest a complex regulation of Fmr1 gene
expression by sex hormones. In particular, 17beta-estradiol has
been found to regulate Fmril gene expression by lowering the
methylation of its promoter in the brain of both male and female
mice in an age-dependent manner (Singh and Prasad, 2008a).
Moreover, testosterone down-regulates Fmr1 gene expression in
the cerebral cortex of gonadectomized old male mice (Prasad
and Singh, 2014). More recently, alterations in estradiol-mediated
facilitation of long-term potentiation, synaptic architecture and
fear memory have been also observed in Fmr1 KO neurons (Yang
etal.,2015), thus further supporting a complex interaction between
FMRP and sex hormones.

Taken together, reviewed literature suggests that a better
understanding of the mechanisms underlying sex-dependent dif-
ferences in FRX may be of crucial importance for the identification
of innovative therapeutic strategies for this disorder.

3.5.1. Sex differences in mouse models of Fragile X syndrome

Animal models of FXS have been developed in various species,
such as the Drosophila fruit fly, zebrafish, mouse, and rat (Hamilton
etal., 2014; McBride et al., 2005; McBride et al., 2012; Tucker et al.,
2004). Fmr1 KO mice are the most used and best characterized
model of FRX. This mouse model was generated in 1994 by gene
targeting procedures that blocked the expression of the Fmr1 gene
onaC57BL/6] genetic background (Bakker et al., 1994). Even though
these mice do not have an expanded CGG repeat domain, they reca-
pitulate the human full-mutation. Available data demonstrate that
Fmr1 KO mice present many of the morphologic, behavioral, elec-
trophysiologic, and physical phenotypes that are present in FXS
patients (Santos et al., 2014).

Despite the widespread evidence of sex-dependent differences
in the presentation of symptoms in FRX patients (see Section 3.5),
however, so far only few studies have investigated sex differences
in the Fmr1 mouse model (Baker et al., 2010; Ding et al., 2014; Qin
et al., 2005). Table 4 summarizes available data on this topic.

As shown, data so far collected are consistent with FRX females
showing a milder phenotype compared to affected males. In partic-
ular, anxiety-like behaviors appeared impaired in Fmr1 male mice
only (Qin et al., 2005).

The few studies exploring the phenotype of Fmr1 KO females do
not allow drawing any definitive conclusion about the possibility
that the sex-dependent differences reported in FRX patients may
be the results of a complex interaction between the abnormal geno-
type of these animals and their sex hormonal milieu. Moreover, no
data are so far available concerning the peripheral and central hor-
monal profile in male and female Frmr1 KO mice and no studies have
addressed the potential therapeutic value of the pharmacological
modulation of the brain sex hormone levels in this mouse model.
Given the increasing evidence demonstrating a complex interplay
between the Fmr1 gene and sex hormones under physiological con-
ditions (Prasad and Singh, 2014; Singh and Prasad, 2008b; Yang
et al., 2015; Section 3.5), understanding the contribution of these
mechanisms to the presentation of FRX-related symptomatology
has the potential to provide a better understanding of the differ-
ential vulnerability of males and females to FRX and to be highly
informative in the search for a cure for this devastating disorder.

4. Conclusions

Taken together, the literature reviewed so far confirms that a
complex interaction between genetic factors and sex hormones
may underlie the differential susceptibility of a given gender,
and may impact the severity of symptoms, in most of the ana-
lyzed neurodevelopmental disorders (see Fig. 2). In line with
recent preclinical data (Biamonte et al., 2009; Huerta-Ramos et al.,

2014; Kulkarni et al., 2014; Macri et al., 2010; Weickert et al.,
2015), this evidence suggests that pharmacological modulation of
sex steroid-related pathways may represent promising innovative
pharmacological approaches for at least some of the neurodevel-
opmental diseases under investigation.

In particular, recent data highlight a potential role for MeCP2
and Fmrl1, the genes responsible for RTT and FRX, respectively, in
the organization and maintenance of sex differences, and suggest
their involvement at the interface between sex, genes and epige-
netic mechanisms during critical periods of brain development (see
Sections 3.2 and 3.5).

The interplay between Trisomy 21 and sex hormones appears
more complex, with clinical sex differences in symptomatology not
being replicated at the preclinical level (see Section 3.4). The recent
development of a novel mouse model with higher construct valid-
ity (Yuetal.,2010) will hopefully shed light on this issue. Literature
on Down syndrome also provided a paradigmatic example of the
importance of evaluating the potential efficacy of novel therapeu-
tic strategies in both genders at the preclinical level. Alterations in
the sex hormonal profile during critical periods of brain develop-
ment may in fact permanently impact the ability of responding to
therapeutic challenges at later stages (see Section 3.4).

Contrary to the other disorders of genetic origin under investi-
gation, in CDKL5-disorders clinical and preclinical data suggest that
sex differences might be entirely explained by the X-linked nature
of the disease, with the compensation due to the presence of a sec-
ond, non-affected, X chromosome being responsible for the milder
phenotype of heterozygous females (see Section 3.3).

In general, the revision of the literature we have carried out
strongly argues for the need of further studies aimed at the evalu-
ation of the advantages and disadvantages conferred by biological
sex under pathological conditions of neurodevelopmental origin,
for a better understanding of the underlying mechanisms. There
are in fact still a small number of studies addressing the cen-
tral and peripheral hormonal profile and the status of brain sex
steroid-related pathways in validated animal models of genetic
neurodevelopmental disorders. Moreover, testing the organiza-
tional effects of neuroactive hormones on genetic models of
neurodevelopmental disorders may be extremely informative for
a better understanding of the interactions between sex hormones
and genetic vulnerability in the development of a given disorder
and in the search for a cure for these devastating syndromes. In
this framework, a paradigmatic example is represented by autism,
a sex- biased neurodevelopmental disorder of multifactorial ori-
gin (see Section 3.1). Even though further studies are needed, the
major efforts of the autism research community have allowed a
better understanding of the contribution made by sex hormones to
the disease and their potential therapeutic value (see Section 3.1).
Much effort is now expected to unravel the potential therapeutic
efficacy of drugs targeting sex hormones-related signaling path-
ways in neurodevelopmental disorders of well-established genetic
origin. A better understanding of the mechanisms underlying risk
and resilience to disease between the sexes may be of fundamental
importance to identify innovative therapeutic targets and phar-
macological approaches for these diseases. In this line, promising
results are emerging on the potential use of sex steroid hormones
and selective estrogen receptor modulators as adjunctive treat-
ments for some of these disorders.
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