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Summary

Sex and gender matter in all aspects of life. Humans exhibit
sexual dimorphism in anatomy, physiology, but also pathology.
Many of the differences are due to sex chromosomes and, thus,
genetics, other due to endocrine factors such as sex hormones,
some are of social origin. Over the past decades, huge number of
scientific studies have revealed striking sex differences of the
human brain with remarkable behavioral and cognitive
consequences. Prenatal and postnatal testosterone influence
brain structures and functions, respectively. Cognitive sex
differences include especially certain spatial and language tasks,
but they also affect many other aspects of the neurotypical brain.
Sex differences of the brain are also relevant for the
pathogenesis of neuropsychiatric disorders such as autism
spectrum disorders, which are much more prevalent in the male
population. Structural dimorphism in the human brain was well-
described, but recent controversies now question its importance.
On the other hand, solid evidence exists regarding gender
differences in several brain functions. This review tries to
summarize the current understanding of the complexity of the
effects of testosterone on brain with special focus on their role in
the known sex differences in healthy individuals and people in

the autism spectrum.
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Introduction

Humans as sexually reproducing living beings
exhibit sexual dimorphism with well-known sex or
differences in physiology and

gender anatomy,

pathophysiology. While sex refers to biological
characteristics assigned at birth based on reproductive
organs and main sex hormones they produce, gender
represents person’s social and cultural role based on
one’s identity. Over the past decades research has
revealed a number of sex differences in the human brain
with remarkable functional behavioral and cognitive
consequences (Collaer and Hines 1995, Hedges and
Nowell 1995, Gur et al. 1999). Androgens are key
regulators of male sexual differentiation and development
of a normal male phenotype. The main human androgen
testosterone plays a dominant role in sexual dimorphism
(Durdiakova et al. 2011). Genetic and environmental
effects modulating gene expression of enzymes for
steroid metabolism in the steroidogenic cascade in
concordance with the modulation of expression of
respective receptors imply complex and sophisticated
mechanisms of androgen effects. In addition, the non-
genomic effects of testosterone on behavior bypassing the
nuclear receptors have attracted the interest of researchers
and might complicate the general understanding (Filova
et al. 2015a, Filova et al. 2015b). But they might explain
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some of the puzzling observations of non-linear
associations between testosterone and brain functions
from the past (Celec et al. 2015). Testosterone and other
sex steroids are not the only cause for sex differences.
Testosterone itself is under genetic control, although this
is complex and indirect (Harden ef al. 2014). The role of
sex-different androgen receptor gene dose due to its
location on the X chromosome might be involved. The
overall testosterone/androgen signaling is determined by
numerous factors from genes, over their usage to various
environmental factors including physical exercise and
phytoestrogen intake (Celec et al. 2007a, Hodosy et al.
2012a). It should be noted that sex differences and their
mechanisms might vary during the development and be
completely different in aging (Domonkos et al. 2017a).

Effects of testosterone on brain during the
life span

The effect of
differentiation of the reproductive system depends on the

testosterone  on  sexual
concentrations of androgens during the critical periods of
prenatal life (Wilson and Davies 2007). The actions of
sex steroids on brain and behavior traditionally have been
divided into organizational and activational -effects.
Organizational effects are permanent and occur early in
development; activational effects are transient and occur
throughout life (Arnold and Breedlove 1985). In human
as early as in the 7" week of gestation, testes begin to
secrete testosterone and determine male typical genitalia
(Ivell et al. 2017). Testosterone is involved also in the
sexual differentiation of the behavior (Auyeung et al.
2009b). The surge of this hormone in male fetuses
between 16" and 24™ week of gestation mediates the so-
called organizational effect (Auyeung et al. 2009c). High
concentrations of testosterone during this period are
crucial for the differentiation of androgen dependent
tissues including specific brain areas (Connolly and
Resko 1994, Hiort 2013). In humans, the prepubertal
period lasts approximately from year 1 to year 8, as the
endogenous gonadal steroids remain in relatively stable
low concentrations. A wide spectrum of endocrine
changes is associated with the maturation of the
reproduction function during the adolescent period —
testosterone production peaks again and remains
relatively stable during the fertile period of life respecting
biological fluctuations and rhythms (Oerter et al. 1990,
Celec et al. 2002, Celec et al. 2009a). The critical period

for cyclicity induction in girls is likely the pubertal

transition (Barbieri, 2014). But although it is assumed
that this is valid only for women, the true cyclicity of
testosterone was found to be even higher in men (Celec
et al. 2003). So, the general knowledge on the acyclicity
of men might be challenged in the near future. The
critical period for cyclicity induction in girls is likely the
pubertal transition (Barbieri 2014). But although it is
assumed that this is valid only for women, the true
cyclicity of testosterone was found to be even higher in
men (Celec et al. 2003). So, the general knowledge on the
acyclicity of men might be challenged i the near future.
Both, prenatal and postnatal exposure lead to structural
and functional consequences that are both, time and dose
dependent (Hines 2006). Particular attention is given to
the role of prenatal hormone exposure, which appears to
be vital for early organization of the brain (Collaer and
Hines 1995, Chura et al. 2010). In later life, testosterone
is found to influence the behavior, but the effect is a kind
of activation or fine-tuning of the already established
early organization of the brain (Romeo et al. 2002,
Schulz et al. 2009). Organizational effects produce
permanent changes in the wiring and sensitivity of the
brain areas and are largely irreversible. Activational
effects occur later in life and are associated with changes
of circulating testosterone levels, which activate neural
systems organized early in life (Celec et al. 2015).
However, as shown in our experiment, prenatal
testosterone affects postnatal hormonal status and, thus,
a clear experimental division of organizational and
activational effects is nearly impossible (Domonkos et al.
2017b).

Organizational effects of testosterone may prime
the brain structures by changing its responsivity to the
hormonal fluctuations later in life (Cohen-Bendahan et al.
2005). Due to ethical constraints it is extremely difficult
to analyze prenatal testosterone concentrations. It has
been proposed that the ratio of the second to fourth digit
lengths (2D:4D) may be a proxy of prenatal androgen
exposure. Low 2D:4D ratio is associated with high
prenatal androgen exposure (Manning et al 1998,
Manning et al. 2000, Manning and Robinson 2003,
Manning and Fink 2008, 2011).
Activational effect reflects the influence of actual

Beaton et al.

hormonal concentrations on preprogrammed brain
structures with behavioral and cognitive consequences
(Goel and Bale 2008). We have previously shown that
low 2D:4D associated with higher prenatal testosterone
was also associated with lower empathy in intellectually

gifted boys (Durdiakova et al. 2015). On the other hand,
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experimentally we have not proved that exogenous
testosterone lowers the 2D:4D in mice (Suchonova et al.
2019).

The so-called
hypothesis is old, but fascinating concept on how sex

organizational-activational

differences in mating behavior are induced by prenatal
testosterone (Phoenix et al. 1959). Later the hypothesis
has been widen to include all sex differences in brain
functions and even to all other organs and tissues (Arnold
2009). The mechanisms underlying the organizational
effects have been studied extensively, but the picture is
still not complete. It is clear that it includes the
conversion of testosterone to estradiol by aromatase, at
least for the effects on the brain (McCarthy et al. 2009).
The hypothesis, however, is not generally accepted.
Testosterone has been shown to affect plasticity of the
brain even in the adulthood (Losecaat Vermeer et al.
2016). This means that the organizational effects are not
limited to the prenatal period, but in contrast to the
activational effects might rather be mediated by other
receptors and signaling pathways.

Metabolism of testosterone contributes to the

complexity of its actions. Testosterone does not only act
per se, but also via the products of its metabolism.
Reduction to dihydrotestosterone by 5-alpha reductase
increases the androgen activity, conversion to estradiol by
aromatase converts the androgen to estrogen activity
(Filova et al. 2013). The biological effects of testosterone
depend on the sensitivity of androgen receptor, that is
affected by the genetic variation of the androgen receptor
gene (Hillmer et al. 2005). Genetic variation in steroid
receptors and enzymes related to steroid metabolism is
crucial for wunderstanding of endocrine phenotypic
variability. Several studies examined the association
between (CAG)n polymorphism and cognitive abilities
(Yafte et al. 2003, Lee et al. 2010). In the range of
normal variation low number of (CAG)n repeats cause
higher transactivational activity (more intense activation
of transcription of the regulated genes) of receptor and,
thus, higher sensitivity to androgens (Irvine et al. 2000,
Greenland et al 2004). Genetic and environmental
factors determine the effects and the role of testosterone
in physiology and pathogenesis of neurodevelopmental
disorders (Fig. 1).

determinants of androgen signaling
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Fig. 1. Causes and consequences of testosterone/androgen signaling variability on the brain. Genetic variants, sex differences,
endocrine biorhythms, phytoestrogens in the nutrition, treatments affect the concentration of testosterone as well as its metabolism and
recognition by the corresponding receptors. Activational and organizational effects on the brain and its functions such as spatial abilities
are physiological. Testosterone, however, also increases the risk of developmental disorders such as autism.
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Testosterone in relation to anatomical and
functional brain differences

Structural sex differences in the human brain are
of interest for the understanding of both, differences in
physiological psychological traits and psychiatric
disorders. It is suggested that the presence, magnitude,
and direction of observed sex differences strongly depend
on (1) the brain structure examined (cerebral cortex,
corpus callosum, etc.), (2) on the specific brain feature
assessed (cortical thickness, cortical convolution, etc.),
(3) on the degree of regional specificity (global gray
matter volume, voxel-wise gray matter volume, etc.), and
(4) whether measurements are adjusted for individual
brain size or not (Luders and Toga 2010). There are few
studies providing the insight into the adult brain structure
and function. One of the biggest studies reported on sex
differences studied in 2750 female and 2466 male
participants from a UK biobank (Ritchie et al. 2018).
Males showed higher raw volumes, raw surface areas and
white matter fractional anisotropy; females had on the
other side higher raw cortical thickness and higher white
matter tract complexity. This implies that the average
male brain is better adapted for connecting sensory
perception with coordinated motor activity, while average
female brain is structured for enhanced communication
between analytic and intuitive processing (Ingalhalikar
et al. 2014). Most of the differences were observed on
adults. But the question remains when the sexually
dimorphic brains develop. Studies in newborns and
infants have shown that already at this stage males and
females vary in brain volume and cortical thickness
(Knickmeyer et al. 2005, Choe et al. 2013) implicating
a likely emergence of sexual dimorphism in the brain
before birth. Gao and colleagues assessed brain
functional connectivity at birth, at the age of 1 and
2 years and observed greater age-dependent increase in
frontoparietal connectivity in males than females (Gao
et al. 2015b). However, no other sex differences in
network connectivity were observed. In another study no
differences were observed in developmental trajectories
for cortical growth or myelination of brain regions
between male and female brains at the ages of 1-6 years
(Deoni et al. 2015).

Sexual differentiation was supposed to occur in
the first weeks of life (Hines 2010). One of the most
consistent dimorphic findings is that male infants,
children and adults have greater whole-brain volume than
females (Gilmore et al. 2007, Koolschijn and Crone

2013). A number of structural elements in the human
brain differ between males and females. “Structural”
refers to actual parts of the brain and the way they are
built, including their size and/or mass. Specifically, males
have been documented to have larger prefrontal cortex,
amygdala, and hippocampi than females (Ruigrok et al.
2014). However, it is important not only to describe
regional differences in structure, but also the connectivity
between regions and how these connections differ early in
development between males and females in utero.
Females often have a higher density of neural
connections into the hippocampus. Regional differences
in brain function developed in utero may predispose
individuals to specific abilities, and also to health
outcomes later in life (DiPietro and Voegtline 2017).
Male and female brains process the same
neurochemicals but in different concentrations and

through sex-specific connections. One dominant
neurochemical is testosterone mostly known as sex and
aggression hormone that has a profound influence on
brain structures and functions. Individual variations of
testosterone in relation to other hormones within the brain
lead to a fluctuating neuroendocrine milieu that has
an impact on typical male behavior using different
strategies in problem solving and decision making
(Gouchie and Kimura 1991). Testosterone influences
of the

empathizing-systemizing theory of typical sex differ-

cognitive styles based on the principles

rences, proposing that females on average have
a stronger drive to empathize — to identify thoughts and
feelings of other persons and to respond to these with
an appropriate emotion, while males on average have
a stronger drive to systemize — to analyze or construct
(Baron-Cohen 2002). Possible

biological mechanisms include the effect of fetal sex

rule-based systems
steroids or the role of sex chromosomes. Sex steroid
hormones have the capacity for epigenetic modulation of
neuronal functions and fetal brain development during
early critical periods (Auyeung et al. 2009b, Lombardo
etal 2012).

According to the callosal theory, prenatal
testosterone mediates early axon pruning in callosal
tissue, and thus the higher the prenatal testosterone, the
more lateralization occurs in the brain (Witelson and
Nowakowski 1991, Ypsilanti et al. 2008). Additionally,
before boys or girls are born, their brains develope with
different divisions of labor between hemispheres. The
male brain is set up for better connecting sensory

information with coordinated activity, while female brain
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is predisposed for communication between analytic and
intuitive processing (Ingalhalikar et al. 2014). As a result,
girls and women tend to receive more sensorial and
emotive information than males do. Both, girls and
women tend to sense a lot more of what is going on
around and they retain sensorial information longer than
men (Chura et al. 2010).

Testosterone effect on intelligence

Individual differences in general cognitive
ability can be measured by the intelligence quotient (IQ),
which assesses abilities including planning, reasoning,
comprehension, abstraction and learning (Deary 2013).
IQ is also strongly predictive of various important life
educational achievement,

outcomes including

occupational attainment, social mobility and job
performance (Deary et al. 2007). Compared with females,
males produce much more testosterone, which triggers
acascade of reactions that culminate in the
masculinization of genital tissue and of the developing
nervous system. There are several unique neurobiological
features present in the majority of academically gifted
population  supporting the connection between
extraordinary intelligence and brain pattern development.
Although it has been not entirely understood how the
development of the central nervous system can be
affected by data

accumulated to prove that testosterone act on the brain

testosterone,  suggestive have
structure and architecture (de Lacoste et al. 1991, Hilleke
et al. 2006, Beking et al. 2018). While no difference was
found in mean IQ between boys and girls, there was
a difference in the proportion of boys and girls in the
intellectually gifted group and also in the mentally
disabled group: both groups contained more males than
females (Ostatnikova ef al. 2000). This was in accordance
with findings of other researchers who observed greater
variability in intellectual performance among boys (Hyde
et al. 1990, Johnson et al. 2008). Researchers have found
more male than female pre-adolescents and adolescents in
groups of above-average ability (Benbow 1988, Hyde
et al. 1990). Sex differences in the occurrence of
neurodevelopmental disorders have been reported with
males being more often affected, including severe mental
retardation, language disorders, learning difficulties and
others, irrespective of race and severity of disability
(Flannery et al. 2000, Liederman et al. 2005). Intellectual
giftedness defined as an 1Q score of 130 or higher is

associated with prenatal testosterone (Mrazik and

Dombrowski 2010). The hypothesis is that similarly to
physical and cognitive deficiencies that may develop in
utero, in utero exposure to testosterone might result in
In the attempt to find the
biological correlate for intellectual ability, our research

intellectual giftedness.

group correlated salivary testosterone levels with general
intelligence in preadolescent academically gifted
participants and general population controls (Ostatnikova
et al. 2000). Salivary testosterone levels in the control
group of children attending regular primary school were
compared with those in the group of intellectually gifted
children scoring 130 or more in the independent
standardized intelligence tests. The results proved
significant differences in all ages — from the age of 5 till
the age of 8. Lower testosterone concentrations were
found in academically gifted children. Interestingly,
intellectual ability measured as IQ was negatively
associated with salivary testosterone in both sexes.
Similar results were found in our follow-up study
showing significantly lower testosterone in gifted boys
than controls (Ostatnikova et al. 2007).

Without access to prenatal testosterone it can be
speculated that being exposed to higher prenatal
testosterone in utero may lead to a lower postnatal set-up
of the hypothalamo-pituitary-gonadal axis. This finding
could also indicate later maturation of intellectually gifted
children. It has been proposed that the hormonal changes
responsible for the timing of puberty reflect the
differences in cognitive abilities (Waber 1976). The late
maturers were reported to score better in spatial tasks that
individuals who matured early. This finding was
confirmed later by others (Ray et al. 1981, Sanders and
Soares 1986). There is a solid evidence that intellectually
gifted children are born with atypical brains as a product
of genes and their messengers — hormones in critical
periods. There are several other unique neurobiological
features present in the gifted children. For example, there
is a trend toward increased right-hemisphere involvement
in this population. Geschwind-Behan-Galaburda theory
of cerebral dominance (1987) argued that higher than
normal concentrations of testosterone in utero may inhibit
the development of the left hemisphere while enhancing
other areas, such as the right hemisphere (Geschwind and
Galaburda 1985). The proposed consequences of this
developmental disbalance is the ability to visualize
problems individuals are working on and to translate
those visual images into the abstract language of
mathematics. According to this well-known theory, gifted

children with exposure to higher testosterone in utero will
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also have non-standard hemispheric specialization and
handedness but also higher risk of allergy. Our findings
of higher allergy prevalence and lower percentage of
right handedness in intellectually gifted children
supported this hypothesis (Ostatnikova et al 2002).
Studies on mathematically gifted individuals confirmed
the wunique functional characteristic with bigger
involvement of the right hemisphere in mental processing
that would also indicate an effect of intrauterine
testosterone on the right hemispheric development
(O'Boyle et al. 1991). Testosterone concentration is not
the only determinant of androgen signaling. The
sensitivity of the androgen receptor has to be considered
as well. Several studies examined the association between
the CAG polymorphism in exon 1 of the androgen
receptor gene and cognitive abilities. Lee with colleagues
found no association between CAG repeat length and
fluid intelligence in older men (Lee et al. 2010). Our
study revealed a significantly lower number of CAG
repeats in the AR gene in gifted boys in comparison with
controls indicating stronger androgen signaling in this
This
testosterone is found in gifted boys, for the overall

population. could also explain why lower
androgen signaling it might be sufficient (Celec et al.
2009b, Celec et al. 2013).

The neurobiological basis of variation in
intelligence remains unresolved. According to Catell’s
intelligence theory (Cattel, 1943) fluid intelligence is the
pure general ability to discriminate and perceive relations
between any fundaments. It is predominant in childhood
and increases until adolescence. Crystalized intelligence
refers to discriminatory habits long established in
a particular field and culminates in adulthood. It is known
that fluid intelligence depends on cognitive processes that
are mediated most prominently by frontal lobes (Duncan
et al. 2000, Duncan 2005). Frontal cortical regions are
part of those neural networks that are under the influence
of androgens including testosterone (Bramen et al. 2012).
Gonadal steroids induce morphological changes in the
neuronal system such as growth, morphological
differentiation or programmed apoptosis of particular
groups of neurons in topographically specific regions that
contain androgen and/or estrogen receptors (MacLusky
et al. 1997, MacLusky et al. 2006).

The effects of testosterone on brain structure and
function are complex. Besides abovementioned
metabolism of testosterone that might end in activation of
estrogen rather than androgen receptors, the association

between outcomes and testosterone concentrations is not

linear. Tan and Tan (1998) proposed a curvilinear
total and fluid
intelligence in men and women. They studied the

correlation between testosterone
relationship between serum total testosterone and fluid
intelligence in young men and women. As expected, there
was no significant difference between average IQ of men
and women. IQ tended to increase with testosterone
levels in men, except at very high levels. The authors
concluded that too low or too high testosterone
fluid
intelligence. The non-linear nature of the association

concentrations may be disadvantageous for
could explain the difficulties to reproduce the association
as many scientists only look for linear correlations and

not for complex interactions.
Testosterone and specific cognitive abilities

Adult men generally outperform women in
spatial abilities (Linn and Petersen 1985). Especially,
mental rotation shows a sex difference in favor of men.
Even though some authors argue that contribution of
androgens to human performance on mental rotation tasks
may be limited to early organizational periods (Puts et al.
2010, Courvoisier et al. 2013), there is some evidence
supporting the existence of the association between actual
testosterone and mental rotation performance (O'Connor
et al. 2001, Alexander and Son 2007). Some studies have
reported a positive relationship — the higher the
testosterone concentration, the higher the performance
(Hausmann et al. 2009), whereas other studies have
found that the association follows an inverted U-shape
with  best
concentrations (O'Connor et al. 2001). Again, this non-

performance at average testosterone
linear association could lead to bias and misleading
interpretations of results depending on the analysis used.
So, it is unsurprisingly that some authors report also
anegative correlation between mental rotation and
testosterone (Vuoksimaa et al. 2012). An additional
factor that increases the complexity of the issue is the
genetic variability of the androgen sensitivity as
described for mental rotation and androgen receptor gene
in our study (Durdiakova et al. 2013).

Activational effects of gonadal hormones were
studied by relying on naturally occurring biorhythms.
Although not free from bias, the menstrual cycle provides
a convenient method for studying specific cognitive
performance in relation to fluctuation of actual
testosterone concentrations. The mentioned bias might

arise from fluctuating well-being of women during the
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menstrual cycle that might affect the performance in
2011). Some studies
confirmed curvilinear or U-shaped relationship between

cognitive tests (Celec et al

testosterone and spatial abilities (O'Connor et al. 2001).
Shute (1983) found that females with the highest
physiological androgen levels performed better in spatial
cognition test than females with the lowest androgen
levels, whereas males who had the highest androgen
levels performed worse than males with the lowest
androgen levels. Our research group has tested healthy
men and women in reproductive age for mental rotation
and spatial visualization. Performance in these two
standardized tests were related to actual salivary
which reflected the
bioavailable free fraction of this hormone (Celec et al.
2002, Ostatnikova et al. 2010). A negative relationship
between testosterone and spatial performance was found

testosterone  concentrations,

in male subjects while a positive though only marginally
significant relationship was observed in women. The best
spatial performance was proposed in hormonally
androgynous subjects. This was a proof of the U-shaped
association between testosterone and specific cognitive
abilities on an interindividual level. However, in the same
study we have also shown association of the short term
changes, as part of the infradian fluctuations in
endogenous salivary testosterone, with spatial cognition
in humans (Celec ef al. 2009a). In men, an intraindividual
increase of testosterone was associated with worse spatial
performance in mental rotation test, a decrease of
testosterone was accompanied by an improved spatial
performance. In women, the opposite associations were
found. These

activational effects of testosterone fluctuations during the

results support the hypothesis of
menstrual cycle in women or the proposed infradian
circatrigintan (e.g. with a period of approximately
30 days) cycle in men on spatial abilities and likely also
other cognitive functions (Celec et al. 2003, Ostatnikova
et al. 2010). Whether other biological rhythms of
testosterone affect cognitive abilities or other brain
functions is surprisingly unexplored. Even the widely
known and accepted daily rhythm of testosterone has not
been analyzed yet in relation to cognition (Reinberg et al.
1975, Guignard et al. 1980). Less surprisingly, neither the
yearly, nor other less known infradian rhythms of
testosterone were tested as determinants of cognitive
abilities (Celec et al. 2007b, Smith et al. 2013). The
reason might be simply the demanding design of the
research studies. As the rhythms can be detected only by
analyzing testosterone in long time series, sampling is

one major issue. The other is the need for repeated testing
of cognitive abilities which might bias the outcome as
most of the tests are affected by learning (Tao et al
2019).

Despite contradictory results, partially due to
different analysis used, the majority of studies indicate
that the association between testosterone and cognitive,
especially spatial abilities is curvilinear and sex-
dependent. In women, higher testosterone is associated
with better mental rotation; in men, lower testosterone is
associated with better performance. This seems to be true
for both, actual and prenatal testosterone (Grimshaw
1995, Moffat and Hampson 1996). Despite

intensive research and numerous publications to describe

et al
how exogenous testosterone affects cognition and
emotions is very difficult if not impossible. Most of the
published literature agrees on the fact that testosterone
besides its anxiolytic and anti-depressant effect improves
spatial abilities (Cherrier et al. 2001, Cherrier et al. 2005,
Burkitt et al. 2007, Pintzka et al. 2016). Nevertheless,
this conclusion is far too simplistic, because many other
endocrine, genetic and other factors influence the final
cognitive outcome.

Testosterone and autism spectrum disorder

Autism spectrum disorders (ASD) are a set of
heterogeneous neurodevelopmental conditions, character-
rized by early-onset difficulties in social reciprocal
communication and restricted, repetitive behavior and
interests. Child autism, atypical autism and Asperger’s
syndrome are included under the umbrella term ASD
reflecting DSM 5 (2013) and IDC 11 (2019). The
worldwide population prevalence is about 1 %, but the
male prevalence is four times higher than female (Lai
et al. 2014). Although autism is neurodevelopmental
disorder biologic markers are still not available.
Heritability of ASD is high as is the number of genes
found to be in association with the ASD (Sklar et al.
2013, Gaugler et al. 2014, Colvert et al. 2015, Sandin
et al. 2017). Disruption of the developmental trajectory
can be caused by a combination of genetic and epigenetic
factors. The gene - environment interactions are difficult
to study, but they probably affect neurogenesis, neuronal
apoptosis as well as synaptogenesis and synaptic pruning
resulting into the impairment in neuronal connectivity
and function. A two-hit model has been developed
involving prenatal or early postnatal neuroinflammation
and male sex — their interactions could lead to, or increase
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the risk of autistic behavior (Carlezon et al. 2019). The
three-hit model includes in addition the genetic factors —
causal mutations or associated copy number variations
and/or single nucleotide polymorphisms (Rylaarsdam and
Guemez-Gamboa 2019). This model has been generalized
besides ASD for related neurodevelopmental disorders
such as schizophrenia or attention deficit/hyperactivity
disorder (Ardalan et al. 2019). It is, however, possible
that the hits — causes are interlinked. At least in some
periods of development inflammation in the cerebellum
has been shown to induce expression and activity of
aromatase and, thus, increase local estradiol synthesis
(Hoffman et al. 2016, Wright et al. 2019).

It has been hypothesized that autism may be the
result of disrupted hormonal balance during prenatal
developmental periods (Baron-Cohen 2002, Gore et al.
2014). Considering gender differences in cognitive
profile in normal population, typical male cognitive
profile is described as less emotional and more
systematic. On the other hand, females are more
emotional and less systematic, cognitive profile of ASD
patients is supposed to be more systematic and less
empathic than in males from normal population (Baron-
Cohen et al. 2011). It is, thus, logical that testosterone as
amale sex hormone organizing the brain structure is
suggested to play a role in the pathogenesis of ASD and
to be
characteristics in autism (Baron-Cohen et al. 2011). The

responsible for the extreme male brain
so called extreme-male brain theory developed by Baron-
Cohen predicts a stronger testosterone exposure during
prenatal development in autistic subjects, which is
potentially testable by the analysis of the 2D:4D digit
ratio (Baron-Cohen 2002, Baron-Cohen 2005, Krajmer
et al. 2011). In our large unpublished animal experiment
we have not proved the theory, others have shown that
prenatal letrozole as an aromatase blocker can induce
autistic-like behavior in rats (Xu et al 2015). It is
possible that the observations of higher testosterone in the
amniotic fluid of children with autistic phenotype and
abovementioned experimental results are explainable by
indirect associations via modulation of aromatase activity
or via dysregulation of the luteinizing hormone (Auyeung
et al. 2009a).

Not only prenatal, but also postnatal testosterone
levels seem to be higher in ASD children (Knickmeyer
et al. 2006, Knickmeyer and Baron-Cohen 2006). Our
research  group
concentrations in prepubertal

confirmed  higher testosterone
with ASD in

comparison to their peers from general healthy population

boys

(Ostatnikova et al. 2016). As aggression is generally
more prevalent in males, testosterone was studied in
relation to aggressive behavior (Constantino et al. 1993,
Durdiakova et al. 2011). In ASD boys a positive
correlation was described between explosive aggression
1997,
Pivovarciova et al. 2014, Pivovarciova et al. 2015). In

and androgenic activity (Tordjman et al
accordance with the notion that testosterone acts via
androgen receptor several studies attempted to examine
its sensitivity. Henningsson et al. (2009) confirmed
a lower number of CAG repeats in the androgen receptor
gene in ASD subjects in comparison with controls
implying stronger androgen signaling (Henningsson et al.
2009). In comparison with the control population the
higher transactivational activity of the androgen receptor
might lead to increased androgenic signaling in ASD
individuals despite only slightly higher or comparable
circulating testosterone concentrations.

In addition to the androgen receptor, genetic
variability in the main steroid converting enzymes —
aromatase, converting testosterone to estradiol and
5-alpha reductase, converting testosterone to a more
potent androgen dihydrotestosterone — seems to belong to
the factors determining interindividual variability of
androgen-related brain functions and dysfunctions.
Schmidtova et al. (2010) revealed differences in genotype
distribution of alleles of the SRD5A2 gene for 5-alpha
reductase and CYP19 gene for aromatase between the
groups (Schmidtova ef al. 2010). The alleles that have
a known functional consequences and are more common
in ASD children increase the androgen signaling, for
example via higher biochemical activity of So-reductase
leading to increased concentrations of dihydrotestoste-
rone that strongly activates the androgen receptor
(Makridakis et al. 1999). These findings indicate that
both, genetic and epigenetic factors affect the role of
steroids in autism pathogenesis. In addition, the extreme
male brain in autism is probably not strictly caused by
higher testosterone but also other steroid hormones with
androgen activity might be involved. The overall fetal
steroidogenic activity in autism was reported to be higher
and might be fetal

important as an epigenetic

programming mechanism (Baron-Cohen et al. 2015).
Conclusion and future outlook
From the evolutionary perspective testosterone is

a precursor of estradiol, dihydrotestoterone and other
metabolites rather than a hormone per se (Callard et al.
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2011, Durdiakova et al. 2011). Studying its effects is,
thus, complicated, biased and potentially misleading,
since the activation of androgen and estrogen receptors in
the particular tissues should be the true modulation
factors, not the testosterone concentration in blood
plasma (Hodosy et al. 2012b, Hodosy et al. 2012c). In
experimental studies, gonadectomy and subsequent
testosterone supplementation are often used (Domonkos
et al. 2018). Testicles are, however, much more than
aplain factory for the production of testosterone, and
administration of exogenous testosterone leads to
a variable outcome depending on the enzymatic and
endocrine context of the target tissue (Nathan ez al. 2001,
Ghosh et al. 2018). Theoretically, genetic models could
solve some of these issues, but the dynamic changes
during the development both, in the metabolism and the
recognition of steroids make these models less
informative.

The intense and long-lasting research on
testosterone and the brain has brought insights into many
aspects of physiology, but also into pathogenesis of
diseases and, thus, into clinical medicine far beyond basic
clinical endocrinology (Petering and Brooks 2017). The
road is, however, not ending here. Despite all the
scientific insight, the practical interventional applications
of modulating androgen signaling and metabolism are

limited. Numerous experiments and studies were done on
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