American Journal of Medical Genetics Part C (Seminars in Medical Genetics) 163C:3–15 (2013)

A R T I C L E

Sexual Differentiation of the Brain in Man
and Animals: Of Relevance to Klinefelter Syndrome?
MARGARET M. McCarthy*
The developing brain is highly sensitive to the organizing effects of steroids of gonadal origin in a process referred
to as sexual differentiation. Early hormone effects prime the brain for adult sensitivity to the appropriate hormonal
milieu, maximizing reproductive ﬁtness via coordinated physiology and behavior. Animal models, in particular
rodents, have provided insight into general principles and the cellular and molecular mechanisms of brain
differentiation. Cellular endpoints inﬂuenced by steroids in the developing brain include neurogenesis, migration,
apoptosis, dendritic growth, and synaptic patterning. Important roles for prostaglandins, endocanabinoids, and
epigenetics are among the many cellular mediators of hormonal organization. Transference of general principles
of brain sexual differentiation to humans relies on observations of individuals with genetic anomalies that either
increase or decrease hormone exposure and sensitivity. The physiology and behavior of individuals with XXY
(Klinefelter syndrome) has not been considered in the context of sexual differentiation of the brain, most likely due
to the delay in diagnoses and highly variable presentation. The behavioral phenotype and impairments in the
domains of speech and language that are characteristic of individuals with XXY is consistent with the reduced
androgen production associated with the syndrome. Hormone replacement appears effective in restoring some
deﬁcits and impact may be further improved by increased understanding of the hormonally mediated sexual
differentiation of the brain. ß 2013 Wiley Periodicals, Inc.
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INTRODUCTION
The developing brain is primed to respond to steroids by heightened receptor
expression, elevated synthetic enzyme
levels, and circulating binding globulins
that sequester and possibly deliver hormones to select sights. Virtually all of the
parameters that constitute brain development, proliferation, differentiation,
migration, myelination, synaptogenesis,
and apoptosis, are impacted or directly
regulated by steroids (Fig. 1). Moreover,
early hormone effects endure across the
life span both in establishing the neuroarchitecture and in epigenetic imprinting. Yet, despite 50 years of inquiry our
understanding of how, when, and why

Yet, despite 50 years of
inquiry our understanding of
how, when, and why steroids
direct brain development
remains rudimentary, a state
of affairs partly due to the
complexity and multiplicity of
effects of steroid hormones and
partly due to technical and
experimental limitations.

steroids direct brain development
remains rudimentary, a state of affairs
partly due to the complexity and multiplicity of effects of steroid hormones and
partly due to technical and experimental
limitations. This review seeks to brieﬂy
summarize current knowledge with an
emphasis on animal models and the limited information available in humans and
how that might relate to individuals with
XXY/Klinefelter syndrome (KS).
The Developing Brain is
Permanently Altered by Exposure
to Gonadal Steroids
Just as the gonadal anlage is considered
bipotential for its capacity to differentiate
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Figure 1. Steroids impact many endpoints in the developing brain. Multiple processes occur in tandem and in sequence in the
developing brain and vary markedly by brain region and across time. Study of animal models reveals that steroid hormones exert powerful
inﬂuences on virtually every parameter associated with brain development. Neurogenesis in the developing hippocampus is stimulated by
androgens and estrogens and therefore occurs at a higher rate in the neonatal male compared to the female. Glial genesis in the amygdala is
higher in females than males, whereas apoptosis is higher in some subregions of the female preoptic area but higher in males in other
subregions. Together theses differences in cell birth and cell death act to sculpt the neuronal and glial population of particular brain regions.
New neurons are also added to brain regions by migration and steroids can impact the speed and direction of migration. Once established,
neurons grow, differentiate and make synaptic connections. Steroids can both promote or inhibit the establishment of synapses as well as alter
the degree of dendritic growth and branching. Many of the neural architecture changes induced by steroids during the perinatal sensitive
period are maintained throughout life via epigenetic changes to the genome, the precise mechanisms of which are still being elucidated.

into either an ovary or a testis, the brain is
also bipotential in that it is equally capable of taking on a male versus a female
phenotype. The determining variable is
the hormonal milieu that the brain is
exposed to during a critical developmental window and the determining
variable of the hormonal milieu is the
gonads and the attendant steroidogenesis. Studies in animals elucidated
the principle of early hormonal
impacts on the developing brain,
now codiﬁed as the Organizational/
Activational Hypothesis (Fig. 2). This
concept was ﬁrst articulated in a now
iconic paper published in 1959 by Phoenix et al. [1959]. Based on experimental
observations of guinea pigs, the Organizational/Activational Hypothesis simply
states that adult responsiveness to gonadal steroids (the activational component)
is dependent upon early hormonal exposure (the organizational component).

In this initial study the endpoint of
interest was sexual behavior. Females
exposed to androgens in utero and
resupplied with androgen in adulthood
exhibited robust male sexual behavior
towards other females (i.e., mounting
and attempted intromitting), whereas
females who were not exposed to androgens in utero but were given androgens
as adults did not behave as males. Conversely, developing males deprived of
their own androgens in utero (via treatment with inhibitors of steroidogenic
enzymes or receptor antagonists) were
immune to the activational effects of
androgens in adulthood and failed to
display any aspects of male sexual behavior. At the time that the Organizational/
Activational Hypothesis was proposed it
replaced earlier notions that sex speciﬁc
behaviors were a product of peripheral
organs or characteristics, so that a beagle
with a penis would mount females

simply because he had a penis, or a
rooster would crow because he had a
comb and wattle. While it was recognized that these peripheral characteristics were the products of hormones, it
was not appreciated that the brain was a
principle target of hormone action and
that its developmental trajectory was
permanently inﬂuenced by these potent
molecules.
The sturdy framework of the Organizational/Activational Hypothesis has
since stood the test of time and trial,
having been extended to a range of physiological and behavioral endpoints and
across numerous species, ranging from
reptiles and amphibians to birds and
most mammals [Morris et al., 2004;
McCarthy and Arnold, 2011]. The
dominant experimental animals of
choice have been the laboratory rat
and more recently the mouse due to
the large litter size and in the case of
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Figure 2. Organizational/activational hypothesis of steroid hormone effects on the
brain across the life span. Chromosome compliment and the presence or absence of the
Sry gene is the principle determinant of gonadal differentiation into either testes or
ovaries during early embryonic development. During the perinatal period the male testis
becomes active in steroidogenesis and produce copious quantities of androgens which
gain access to the brain, and in rodents are largely converted to estrogens via the
enzymatic process of aromatization. Combined androgens and estrogens then act on
the brain to organize the neural substrate in a manner that will support adult male
physiology and behavior when activated in response to postpubertal hormone production that is unique for males versus females. In this way a coordinated response between
the gonadal phenotype and behavioral phenotype essential for successful reproduction is
achieved.

the mouse, the power of genetic manipulation. An additional beneﬁt of both
species is the extension of the sensitive
period into postnatal life, thereby allowing for the manipulation of individual

The sturdy framework of the
Organizational/Activational
Hypothesis has since stood the
test of time and trial, having
been extended to a range of
physiological and behavioral
endpoints and across
numerous species, ranging
from reptiles and amphibians
to birds and most mammals.
pups without interfering with the dam.
The ease and rapidity of work in rodents
has elucidated many fundamental principles and novel cellular and molecular

mechanisms. Critical among those principles is conﬁrmation that the process of
sexual differentiation occurs independently in different brain regions via distinct signally pathways initiated by the
same steroid (i.e., androgen or estrogen).
This produces a mosaic brain of varying
degrees of maleness or femaleness in
each subregion, greatly increasing individual variability in physiology and behavior [McCarthy, 2008, 2010]. The
transference of this and other fundamental principles to non-human primates
and humans has been achieved to varying degrees, but whether the same
cellular mechanisms are at play in
the primate brain has not yet been
established.
Differentiation of the Male and
Female Brain Involves Three
Distinct Processes
When considering sexual behavior
or reproductive physiology as the
endpoint, there are three distinct developmental processes recognized: (1) masculinization, (2) defeminization, and
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(3) feminization. Masculinization and
feminization are the intuitively obvious
processes whereby the brain is organized
for the expression of sex-typic mating
behavior and appropriate hormonal
control of gonadotropin secretion
from the anterior pituitary. That is, adult
male rodents seek out and attempt to
mount sexually receptive females, and
those females in turn adapt a receptive
posture referred to as lordosis. Regarding gonadotropin secretion, in females
the cyclic hormone production from the
mature ovary results in a surge of luteinizing hormone (LH) release from the
pituitary which induces ovulation in the
hormonally primed ovary. In males, LH
production is pulsatile and relatively
steady, as are testosterone levels. The
female pattern of both sexual behavior
and LH secretion are the default and the
end product of the poorly understood
process of feminization. Masculinization
is the active induction of a neural network that promotes expression of male
sexual behavior and a pulsatile steady
release of LH.
The process of defeminization is
most appropriately used in the context
of sexual behavior in that it refers to a
separate developmental process in which
the neural network controlling female
sexual responding, that is, lordosis in our
animal models, is ‘‘removed’’ or ‘‘inhibited’’ so that males do not behave as
females regardless of their hormonal
proﬁle. Masculinization and defeminization are partner processes in that they
are both induced by the surge of androgen production during the perinatal period [Kudwa et al., 2005; Todd et al.,
2005; Schwarz and McCarthy, 2008].
The evidence that there are two distinct
processes, masculinization and defeminization, comes from the generation of
adult animals that will display either male
or female reproductive behavior or no
sexual behavior when under the appropriate activational hormonal milieu
(Fig. 3). Generating these animals
requires either inducing masculinization
in females without simultaneously inducing defeminization, meaning they
retain their normal feminized phenotype, or conversely, disrupting masculinization in males without altering
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Figure 3. Masculinization, feminization, and defeminization. Study of animal
models reveals three distinct processes that are organized by gonadal steroids during a
developmental sensitive period. Feminization is the default pathway for brain development and will occur in the absence of any exposure to gonadal steroids. This active but
poorly understood process organizes the brain to support the expression of female sexual
receptivity in adulthood following activation by the proper sequence of hormonal
exposure. Masculinization is the process whereby the undifferentiated brain is organized
to support the expression of male sexual behavior in adulthood when testosterone levels
are sufﬁciently high. Defeminization is the active removal of the organized substrate for
feminized reproductive behavior. Empirical evidence proves this process is distinct from
masculinization as opposed to a by-product, as it is controlled by different cellular
mechanisms and neuronal populations.

defeminization. These individuals are
asexual as adults, displaying neither
male nor female behavioral patterns.
Whether the term defeminization can
be applied to other aspects of sexual
differentiation of the brain is a matter
of debate since by deﬁnition it requires
there be two distinct morphs that can coexist. The majority of sex differences in
brain and behavior do not involve true
sexual dimorphism but instead are a continuum along which males and females
may systematically differ to varying
degrees [McCarthy et al., 2012].

mediator of hormonally mediated masculinization of male sex behavior in
rodents is a prostaglandin allowed for
the treatment of females with a prostaglandin, and not a steroid, to thereby
induce masculinization but not defeminization [Todd et al., 2005]. A series of
subsequent studies determined that the
major brain region mediated masculinization is the preoptic area, whereas the
major sight of defeminization is the
mediobasal hypothalamus and the ventromedial nucleus. Both are part of a

The Cellular Mechanisms
Mediating Masculinization,
Feminization, and Defeminization
are Regionally Distinct and
Temporally Constrained

A series of subsequent studies
determined that the major
brain region mediated
masculinization is the preoptic
area, whereas the major sight
of defeminization is the
mediobasal hypothalamus and
the ventromedial nucleus.

The existence of three distinct process of
sexual differentiation of the brain was
established over 30 years ago but impossible to prove as truly distinct until the
cellular processes mediating the hormonal effects was elucidated. The surprising discovery that the downstream
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wider neural network which includes
reciprocal connections between them,
but these serve as key nodal points.
The brain region(s) mediating feminization of reproductive behavior have not
been clearly identiﬁed but almost assuredly involve the same regions as those
for male sexual behavior to some degree.
What has been established is that the
active feminization process occurs later
in development than masculinization,
involving a delayed hormonal surge,
presumably from the ovary, around the
second postnatal week [Bakker et al.,
2003]. This discovery raises the specter
of multiple sensitive periods with varying time courses and in distinct brain
regions.

THE ORGANIZATIONAL/
ACTIVATIONAL
HYPOTHESIS OUTSIDE OF
REPRODUCTION
Progressing directly from studies on the
hormonal organization of adult reproductive behavior and physiology was
exploration of non-reproductive endpoints that exhibited sex differences
and that may or may not have developmental origins. The hippocampus became an intense focus of attention
with the startling report that estradiol
increased dendritic spine synapse density
by 30% when given to hormonally deprived adult females [Gould et al., 1990;
Woolley and McEwen, 1992]. No previous physiological variable had been
found to have such a robust effect on
synaptic patterning and initial reports
were met with a high degree of skepticism. Several decades later the hormonal
modulation of the hippocampus
remains a dynamic and intense area of
investigation, revealing multiple novel
mechanisms of synaptogenesis, and
elucidating general principles that have
subsequently been applied to other brain
regions [Woolley, 2007].
The hippocampus is a brain region
of interest for two reasons. One is its
central role in feedback inhibition of
the stress response axes and evidence
that chronic or poorly controlled stress
responding can both damage the hippocampus and be an underlying cause in

ARTICLE

AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS)

the development of mood disorders
[Knable et al., 2004; McEwen, 2007].
The second is the essential role of the
hippocampus in learning and memory.
Both short-term and long-term memory consolidation require an intact hippocampus, particularly in regards to
spatial learning [Fortin et al., 2002;
Epp et al., 2007]. Males and females of
many species show different proﬁles of
stress responding as well as performance
on spatial learning tasks. It has been
presumed that sex differences in the
hippocampus underlie the divergent
responses of males versus females in stress
and learning paradigms. The world wide
female bias in depressive disorders has
further focused attention on the hippocampus. Directly associating sex differences in the hippocampus to sex
differences in physiological or psychological endpoints is difﬁcult, as it is with
any brain region, but one illustrative case
is that of eye-blink conditional learning.
In this task a rodent learns to blink its
eyes in advance of an aversive shock or
puff of air that it has associated with a
conditioned stimulus such as a tone.
Male and female rats perform equally
well at learning this task. However, if
rats are stressed in advance of the learning task, males will perform better than
unstressed males and show an associated
increase in hippocampal pyramidal neuron dendritic spine synapses while
stressed females do the opposite, they
perform worse and have a decrease in
dendritic spine synapses [Shors et al.,
2001; Shors, 2006]. This is an example
of a sex divergence, an instance in which
the sexes are the same under basal conditions but diverge in response to a challenge. Whether the deterioration in
performance of stressed females is due
to a heightened stress response compared
to males is unknown, as stress responding
is a complex, situational and experience
dependent phenomenon. What is
known, however, is that the hormonal
modulation of dendritic spine synapses
in the hippocampus is markedly different
in males versus females. As noted before,
the treatment of hormonally deprived
females with physiological levels of estradiol, that is, hormone replacement
therapy, increases dendritic spines

synapses by 30%. Depriving males of
hormones via castration also causes a
dramatic loss of hippocampal synapses
but despite high levels of aromatase
and estradiol in male brains, only androgen is capable of restoring the synaptic
proﬁle to that of the gonadally intact
male. Interestingly, females will respond
equally well to estrogens or androgens as
synaptogenic agents [Leranth et al.,
2004; MacLusky et al., 2006; Hajszan
et al., 2008]. The origins of the sex
difference in sensitivity may be developmental as there is a divergence in signaling pathways associated with activated
estrogen receptor in the hippocampus
and this is determined developmentally
[Meitzen et al., 2012]. At the cellular
level the mechanistic basis for this organizational sex difference in adult hippocampal synaptic plasticity has not been
established but is an active topic of
investigation.
A third related reason for the disproportionate interest in the hippocampus is the discovery of active adult
neurogenesis in the dentate gyrus, a
component of the hippocampal complex [Cameron and McKay, 1998].
Only two brain regions in rodents and
non-human primates retain the ability to
generate new neurons throughout life,
the subventricular zone (SVZ) and the
subgranular proliferative zone of the
dentate gyrus in the hippocampal formation. In humans, only the dentate
gyrus appears capable of continuing to
generate new neurons in adulthood
[Sanai et al., 2011]. Both stress responding and vulnerability to mood disorders
and learning and memory have been
functionally linked with adult neurogenesis [Hanson et al., 2011; Eisch and
Petrik, 2012; Marin-Burgin and
Schinder, 2012; Shors et al., 2012; Yao
et al., 2012], prompting inquiry into
potential sex differences in this process.
Adult female rats show higher rates of
cell proliferation in the dentate gyrus,
and this is largely due to the effects of
estradiol [Tanapat et al., 1998; McClure
et al., 2012]. However many variables
impact on adult neurogenesis, ranging
from stress to sexual experience to diet to
social defeat [Glasper et al., 2012]. Thus
hormones are only one variable, but
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certainly an important and confounding
one given that many of the other important parameters impacting neurogenesis
are also profoundly inﬂuenced by
steroids.
In the neonate it is easier to eliminate the many confounding variables of
adulthood, or at least to more carefully
control for them, and an emerging consensus agrees that developmental events
are antecedents to adult health and disease [Bale et al., 2010]. Brain areas critical to cognitive and other higher order
functions tend to develop later than
those involved in homeostatic control.
This includes the hippocampus and dentate gyrus in which neurogenesis continues well into the postnatal period.

Brain areas critical to
cognitive and other higher
order functions tend to develop
later than those involved in
homeostatic control. This
includes the hippocampus and
dentate gyrus in which
neurogenesis continues well
into the postnatal period.

In contrast to the adult where females
have a higher rate of new cell proliferation, neonatal male rats generate almost
twice as many new neurons per unit time
during the ﬁrst few days of life as females
(Fig. 4). The male bias in neurogenesis is
temporary, with both sexes dropping to a
low baseline by the end of the ﬁrst week
of life. Moreover, clearly the male must
experience compensatory cell death at
some developmental time point as the
adult hippocampus is not substantially
larger in males compared to females.
Nonetheless, the sex difference in neonatal neurogenesis is also hormonally
dependent. Treatment of newborn
females with a masculinizing dose of
either testosterone or estradiol increases
neurogenesis levels to that of males and
antagonizing estrogen action in males
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Figure 4. Sex differences and hormonal modulation of neurogenesis in the developing hippocampus. In the neonatal hippocampus
more new cells are born and these are destined to become neurons. The sex difference is directed by the dual actions of androgens and
estrogens, with the latter promoting neuronal precursor proliferation and the former enhancing the survival of the newly born cells until
they can be fully integrated into the neuronal network. The hippocampus is a critical brain region in the control of spatial learning and in
stress and anxiety responding. Both these parameters exhibit complex sex differences which are context and experience dependent and of
which the origins remain poorly understood. Whether early sex differences in neurogenesis contribute to the divergence in hippocampaldependent physiology and behavior in males and females remains to be determined.

has the opposite effect, reducing rates of
cell proliferation to below even that of
females [Zhang et al., 2008; Bowers
et al., 2010]. This raises the interesting
question of what is the function of double the rate of neurogenesis in newborn
male rat pups, particularly since it is
occurring during a developmental period characterized by little other than
sleeping and nursing, although olfactory
learning is certainly occurring. Intriguingly, there is a reappearance of the sex
difference in neurogenesis in juvenile
animals, several weeks after weaning
but also several weeks from sexual maturity. The reemergence of the sex difference is the result of epigenetic
imprinting during the early neonatal
period mediated by estradiol [Bannerjee,
McCarthy et al., unpublished observation], illustrating the power of hormones
to exert enduring effects on brain

and behavior. The interplay between
steroids, brain development and epigenetics is discussed in further detail
below.
The amygdala is another brain region involved in emotional and cognitive processes. Particular subdivisions are
critical to aspects of learning, especially
aversive learning or fear [Davis, 1997;
Blanton et al., 2010], while others are
essential to non-reproductive social
behaviors such as play or individual recognition [Meaney et al., 1983; Cooke
et al., 2000; Cooke and Woolley, 2005].
The amygdala is also notable for its sensitivity to androgens which persist
throughout life [Romeo and Sisk,
2001], with unusual plasticity being
maintained in the adult so that androgen
deprivation reduces the volume of the
amygdala while hormone replacement
restores it [Cooke et al., 1999]. This

has important implications for individuals diagnosed with XXY (KS) well into
adulthood.
The juvenile period of the majority
of mammalian species is characterized by
a high level of social interaction, sometimes referred to as ‘‘rough and tumble
play.’’ This name comes largely from the
fact that male juveniles, be they puppies,
lions, colts, rats, rabbits, or boys, exhibit
a higher frequency and greater intensity
of physical interaction with other males
than do females with other females. One
of the aspects that makes this sex difference so interesting is that it occurs in the
absence of any circulating gonadal steroid levels as it is during the quiescent
period between the perinatal hormone
surge and puberty. Thus the degree of
play is taken as an indicator of prior
hormonal inﬂuence. Androgens acting
in the amygdala during the perinatal
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sensitive period is a prerequisite for the
intense play shown by juvenile males,
and treating newly born females with
androgens will increase the amount of
rough and tumble play they engage in as
juveniles [Auger and Olesen, 2009]. Interestingly, treating newborn female rats
with an endocannabinoid agonist also
increases the level of play they exhibit
as juveniles, but has no effect on their
male littermates [Krebs-Kraft et al.,
2010]. Endocannabinoids are membrane derived signaling molecules that
rapidly and locally modulate synaptic
transmission. The name derives from
the ability of cannabis to activate endocannabinoid receptors, thus endocannabinoids being referred to as the brains
own marijuana. Assessment of endocannabinoid tone in the amygdala of development male and female rats reveals that
males have a higher overall tone, meaning more endocannabinoid available at
any given time. The higher endocannabinoid tone in males is correlated with
decreased proliferation of astrocytes,
specialized glia that play an essential
role in synaptogenesis, as well as other
vital functions. How a sex difference in
the number of astrocytes in the amygdala
might be determinant in the level of
rough and tumble play exhibited as a
juvenile is among the many unknowns
of neural control of complex behaviors.

detected in the circulation. Because
the levels of steroid in the blood stream
are so high and easily accessed and measured, there was little reason to consider
that steroids might originate from anywhere other than the gonads and adrenals. The ability of the brain to aromatize
androgens into estrogens was well
known, but the sole source of the androgens was considered to be the gonad.
However surprising observations of estrogen production by neurons cultured
in a dish, and thereby deprived of any
gonadally derived steroids, began to
change this view [Rune et al., 2002;
Prange-Kiel et al., 2003]. We now
know that, at the least, the hippocampus
and the cerebellum actively make estrogens de novo from cholesterol, possessing all of the requisite enzymes and
thereby also synthesizing detectable
quantities of androgens and progestins
[Hojo et al., 2004; Dean and McCarthy,
2008; Dean et al., 2012b]. The 5-alpha
reductase enzyme is found in abundance
throughout the brain, leading to local
synthesis of DHT as well [Melcangi
et al., 1988]. A broad survey of the developing rodent brain reveals marked
differences in the amount of testosterone, DHT and estradiol between brain
regions [Konkle and McCarthy, 2007].
As would be expected based on the
relative amount of aromatase, there is
10-fold higher levels of estradiol in the
reproductively relevant POA and hypothalamus compared to the hippocampus
and cortex, yet the estradiol found in
these regions is highly potent and exhibits clear patterns unrelated to circulating
steroid levels. There is a delayed (from
birth) peak in estradiol production in the
cortex and the timing differs by several
days in males versus females. There are
also late peaks in androgen production in
the cortex, and more interestingly, the
amount of androgen detected in the
hippocampus and cortex is equal to or
higher than that of the reproductively
relevant regions (Fig. 5). The function of
locally synthesized estradiol in the developing hippocampus is beginning to be
elucidated, as noted above in the discussion of neonatal neurogenesis, but the
role of androgens on the development of
these brain regions remains an active but

THE BRAIN AS A GONAD—
LOCAL STEROIDOGENESIS
IN DISCRETE BRAIN
REGIONS
The production of copious quantities of
steroids by the gonads is a key step to
integrating the entire body for purposes
of reproduction. The differentiation of
the reproductive track, development of
secondary sex characteristics, positive
and negative feedback control of gonadotropin secretion from the anterior pituitary, and direct stimulation of gamete
production in the case of males are all
essential functions of gonadal steroids.
The motivation to seek out mates and
the physical acts of copulation are also
behaviors controlled by steroids and the
expression of these behaviors is directly
correlated with the level of steroid
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understudied topic of investigation. In
the adult, locally synthesized estradiol
promotes learning [Vierk et al., 2012]
and acts presynaptically to regulate excitatory neurotransmission [Huang and
Woolley, 2012]. The variables that regulate local steroidogenesis are not well
understood although not surprisingly
there is an impact of neural excitation
and the subsequent calcium inﬂux
[Balthazart and Ball, 1998]. But by and
large this also remains an under explored
area.
The cerebellum is often studied in
isolation from telencephalic and diencephalic brain regions, although emerging
interest in its potential role in autism is
beginning to change that. The principle
neurons of the cerebellum, the Purkinje
cells, express high levels of androgen
receptor [Dean and McCarthy, 2008],
but the research emphasis to-date has
been on estrogens. Locally synthesized
estradiol regulates dendritic spine synaptogenesis [Abel et al., 2011] as well as
arborization of the dendritic tree [Dean
et al., 2012b] during the ﬁrst few weeks
of life. Here again there is a surprising
role for prostaglandins in that PGE2
stimulates aromatase activity within Purkinje cells and increases locally produced
estrogens. There is a basal level of estradiol production regulated by PGE2 but
this is also increased by inﬂammation
following LPS injection to neonatal rat
pups. If inﬂammation occurs during a
restricted sensitive period of Purkinje
neuron development, there is an enduring change in social play during the
juvenile period, but in this instance
only in males who exhibit reduced social
play and increased perseveration in attention to inanimate objects [Dean et al.,
2012a], characteristics consistent with
autism spectrum disorder in humans.

SEXUAL DIFFERENTIATION
OF THE PRIMATE BRAIN
When possible the fundamental principles of the Organizational/Activational
Hypothesis have been applied to primates, speciﬁcally the Rhesus Macaque
[Wallen and Baum, 2002; Wallen, 2005].
In general the principle holds with
two important variants. First is that
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Figure 5. Hormones direct epigenetic changes in the brain. The two dominant
forms of epigenetic modiﬁcation are changes to the chromatin via modiﬁcations of the
histones (H2A, 2B, 3, and 4) and direct methylation (Me) of cytosine residues in the
DNA. Steroid receptors such as androgen receptor (AR) and estrogen receptor (ER)
form complexes with other proteins that possess enzymatic activity that can directly
modify the histones, such as HAT (histone acetyltransferase) which leads to activated
gene expression, and indirectly by altering the activity of the DNMTs (DNA methyl
transferase) and MBDs (methyl binding domain) proteins. Together these epigenetic
modiﬁcations can induce enduring changes that may be a component of the underpinnings of the organizational effects of hormones on the developing brain.

masculinization of brain and behavior in
Macaques occurs entirely prenatally,
with no clearly identiﬁed role for postnatal hormones, although with the
caveat that the number of endpoints
assessed is limited by the cost and ethical
constraints of primate research. The second important difference is the capacity
of estrogens to masculinize the brain,
which is dominant in rodents and either
absent or greatly reduced in primates.
Instead, androgens, presumably directly
activating androgen receptors, are the
dominant masculinizing hormones in
primates. Some argue that this renders
the work in rodents meaningless as the
primary hormone mediating the process
is different. But this belies the fact that
hormones are only the initiators of a
signaling cascade and it is the subsequent
cellular processes that functionally differentiate the nervous system. Androgens and estrogens often converge on
similar signaling pathways, and thus

only by understanding the mechanisms
of hormone action, at the cellular and
molecular level, can we ask whether the
process of brain sexual differentiation is
indeed different in primates. The elucidation of mechanism is a process best
achieved in rodents. Again, in view of
the ethical constraints of research on
primates, translation of mechanism
will likely best be achieved by indirect
or inferential means, further increasing
the importance of precise determination
of signaling pathways in rodents.
Is the Human Brain Sexually
Differentiated?
This is a far more challenging question
than it ﬁrst appears. If we assume that as
just another species humans must be
subject to the same rules and regulations
as in others, then the answer would seem
to be an unqualiﬁed yes, of course the
human brain is sexually differentiated.
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But when we consider the enormous
impact of environment and experience
on the human brain, which in our particular case means cultural and societal
expectations that are unique to humans,
then we have to include these variables
in our analyses and recognize their impact. The truth probably lies somewhere
in the middle, there is a biological as well
as a cultural impact on brain and behavior in boys and girls, men and women.
Parsing out the relative contribution of
each is difﬁcult as we cannot conduct
controlled experiments and so must rely
on indirect evidence, but progress has
been made via so-called ‘‘natural experiments.’’ These are instances in which the
hormonal proﬁle of individuals is disrupted or altered in some way due to
genetic mutations or exogenous treatments intended for other purposes
(Table I). An example of the latter is
the now defunct practice of treating
pregnant women with the potent estrogen diethyl stilbestrol, or DES, in order
to maintain a healthy pregnancy. In addition to the focus on increased risk of
clear cell adenocarcinoma of the cervix
and vagina in females, emphasis here has
been largely on reproductive track abnormalities in males. Some hints of psychosexual and gender identity issues
have emerged from various patient interest groups, and there are reports of
small but signiﬁcant increases in bisexuality and homosexuality in DES exposed women [Ehrhardt et al., 1985;
Ehrhardt et al., 1989] but for the most
part the effects are small and inconsistent
and therefore not sufﬁcient to warrant
substantial investigations [Kebir and
Krebs, 2012]. That there are no profound effects of DES exposure on psychosexual development is consistent
with the view that androgens, not estrogens, are the dominant masculinizing
hormone in primates. There are several
examples of naturally occurring mutations that result in altered androgen exposure, the best characterized being: (1)
androgen insensitivity, (2) 5-alpha reductase deﬁciency, and (3) CAH or congenital adrenal hyperplasia. Androgen
insensitivity is the complete or partial
loss of response to endogenous androgens due to spontaneous mutations in

ARTICLE

AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS)

11

TABLE I. Conditions in Which Variations in Hormone Exposure or Sensitivity Allow for Assessment of the Biological
Contribution to Sexual Differentiation of the Human Brain
Condition
DES exposure in utero
Estrogen insensitivity

Hormonal impact

Effects on sexual differentiation of the brain

Elevated estradiol during brain development

Inconsistent or modest effects on
masculinization or feminization
Mild reduction in libido but otherwise normal

Congenital Adrenal
hyperplasia (CAH)

Exceedingly rare but recently discovered men with
mutations in the aromatase gene or estrogen
receptor
Spontaneous mutation of the androgen receptor
gene results in complete or partial loss of cellular
sensitivity to androgens
Reduced production of DHT leads to incomplete
masculinization of genitalia at birth,
masculinization proceeds at puberty
Elevated androgen exposure in utero, girls born
with partially masculinized genitalia

Klinefelter syndrome
(XXY)

Reduced androgen exposure in males throughout
life

Androgen insensitivity
syndrome
5-Alpha reductase
deficiency

the androgen receptor. When the loss of
sensitivity is complete an XY individual
develops as a phenotypic female and
psychosexual differentiation is also
completely female, which is also consistent with the notion that androgens are
the masculinizing hormone in primates,
including humans [Brown et al., 1990;
French et al., 1990; Cohen-Bendahan et
al., 2005]. Cases of 5-alpha reductase
deﬁciency are rare but occur with
some frequency in a small population
in the Dominican Republic. In this instance individuals make testosterone but
little to none of the highly potent metabolite dihydrotestosterone or DHT. As
a result, XY males are under virilized and
this can be sufﬁciently severe that they
are mistaken for females [Bertelloni
et al., 2007]. In the Dominican Republic
population there is sufﬁcient androgen
production at puberty that sexual differentiation proceeds to the degree that
most individuals become masculinized
and gender assignment is considered to
‘‘switch’’ from female to male. This was
initially viewed as evidence of the enormous plasticity of gender in humans and
argued against the notion that the human brain was sexually differentiated in
the same way as animals [Hines, 2002,
2004]. This conclusion has subsequently
been essentially retracted as it has

XY males develop as behaviorally phenotypic
females
Majority of XY individuals choose to live as
males post puberty
Small but significant increase in homosexuality,
significant shift towards male-typic behaviors
but within the normal range
Behavioral changes and significant deficits in
speech and language capabilities

become apparent that individuals with
5-alpha reductase deﬁciency in this population are generally identiﬁed at birth
and are considered more of a third phenotype as opposed to normal girls who
then become normal boys. This, combined with more recent reports on gender assignment and reassignment in
indivduals with 5-alpha reductase deﬁciency [Mendez et al., 1995] as well as
some spectacularly failed attempts to
gender reassign boys as girls based on
penis size (either microphallus or loss
due to damage), has led to the conclusion that any substantial progress down
the path towards masculinization in a
male should be completed rather than
reversed. However, the response to gender reassignment is not always predictable, leading to a movement to delay
such decisions as long as possible so
that the child can be an active participant
if possible [Meyer-Bahlburg, 2001].
The richest data set regarding human brain sexual differentiation comes
from the study of CAH girls. The dominant form of CAH is the result of
mutations in the 21-beta-hydroxylase
enzyme, a critical enzyme in the production of glucocorticoids and mineralocorticoids. The blockade of this
synthesis pathway leads to an excess of
precursors in the androgen pathway and

therefore over production of testosterone and DHT. In females this can result
in signiﬁcant virilization which is usually
not detected until birth. The psychosexual differentiation of CAH girls has been
the topic of intense study in populations
in the US, Japan, and Europe [Iijima
et al., 2001]. There is a small but signiﬁcant increase in the percentage of CAH
girls self-identifying as lesbian but the
overwhelming majority of CAH girls
identify as female regardless of sexual
preference [Meyer-Bahlburg, 2001].
Of particular interest, however, are
measures of psychological state. This
has been addressed in several ways but
the most compelling is the work conducted by Melissa Hines focusing on toy
choice. Play behavior peaks between the
ages of 3–6 and both the type of play and
choice of playthings varies in systematic
ways between boys and girls [Jadva et al.,
2010]. With the use of one-way mirrors,
Hines has been able to quantify the toy
selections of boys, girls and CAH boys
and girls when presented with an array of
items to choose from. Among the array
are toys that have previously been documented to be preferred by boys, and vice
versa, those preferred by girls. There is
also a selection of toys deemed gender
neutral, such as puzzles or picture books.
Testosterone measured in infancy
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positively correlates with bias towards
preference for boy toys in unaffected
boys and girls [Lamminmaki et al.,
2012]. The toy choice of CAH boys is
not different from unaffected boys, but
the choice of CAH girls is clearly skewed
away from girl-preferred toys and biased
towards boy-preferred toys, although
there is also an inﬂuence of parental
socialization on the toy choice of all
the children [Wong et al., 2012]. While
not without caveats, these observations
speak to the profound impact of prenatal
hormone exposure on the human brain
in a realm that is outside of reproduction
per se. What is particularly notable about
this approach is that children of this age
do not have circulating gonadal steroids
and thus any observed sex differences
are a reﬂection of past exposure, not
current.
XXY (KS) in the Context of Sexual
Differentiation of the Brain
XXY (KS) deﬁnes individuals with a sex
chromosomal polyploidy that involves
one Yand two or more X chromosomes.
Most males with XXY (KS) are infertile
and have reduced testicle size and an
associated reduction in androgen production which in turn generates a myriad of phenotypic alterations although
largely still within the normal range
[Groth et al., 2012]. There has been little
to no consideration of the role of sexual
differentiation of the brain in individuals
with XXY (KS) nor have the implications of both the syndrome itself and the
impact of hormone replacement therapy
to patients been considered in the context of evidence for sexual differentiation of the human brain. This may

There has been little to no
consideration of the role of
sexual differentiation of the
brain in individuals with
XXY (KS) nor have the
implications of both the
syndrome itself and the impact
of hormone replacement

therapy to patients been
considered in the context of
evidence for sexual
differentiation of the
human brain.
in large part be due to the enormous
variability in clinical presentation of the
syndrome, as well as late and under
diagnoses of the condition. Measures
of the psychosexual and cognitive capacities of adolescent boys with XXY (KS)
reveals striking analogies to girls with
CAH in that while there are signiﬁcant
differences in cognitive and psychosexual parameters, they remain within the
normal range and most males identify as
heterosexuals, although interest in girls is
reduced compared to that of XY boys.
On intelligence tests, the dominant variable reduced in boys with XXY (KS)
was verbal IQ, which may contribute to
some of the social discomfort often experienced by these boys. A recent comprehensive review of clinical ﬁndings
conﬁrmed that the dominant cognitive
impairment is in the area of language
processing and notes that many boys
with XXY (KS) require and beneﬁt
from speech therapy [Groth et al., 2012].
Reports of cognitive sex differences
in humans that generate the greatest
amount of interest, both positive and
negative, are those involving verbal abilities and mathematical abilities. It is not
possible to model mathematical abilities
in animals, and the interested reviewer is
referred to an excellent review on the
topic of human sex differences in cognitive abilities [Spelke, 2005]. Until recently there was also little opportunity to
model verbal abilities, other than in birds
which are considered the only species
besides humans that actively learns and
adapts their vocalizations. This situation
was changed by the discovery of a speciﬁc
gene, FoxP2, which is closely linked to
verbal abilities in humans [Graham and
Fisher, 2012] and has produced an explosion of interest in the biological basis of
language acquisition. The discovery
of the gene came from the geneology
of an extended family with devastating
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language and speech impairments [Lai et
al., 2001]. As a transcription factor, Foxp2
regulates both the repression and expression of a large number of genes, many of
which are associated broadly with brain
patterning and speciﬁcally with neurite
outgrowth, dendritic branching, and axonal morphology [Fisher and Scharff,
2009; Schulz et al., 2010; Mukamel
et al., 2011; Vernes et al., 2011]. The
Foxp2 gene is highly conserved across
species and has been associated with
song learning in birds and ultrasonic
vocalizations in rodents. Generation of
transgenic mice bearing the mutated
form of the human FOXP2 gene has
further advanced understanding of this
critical gene. We recently found a
sex difference in both the mRNA
and protein product of the FoxP2 gene
in the rodent in multiple brain regions.
By manipulating gene expression we
established a causal relationship between
the amount of gene product and sex differences in ultrasonic vocalizations by
neonatal rat pups. Interestingly, analyses
of FOXP2 mRNA and protein in samples
of human cortex in Brodmann’s area 44, a
language associated brain region, also
revealed a sex difference in 4–5-yearold boys and girls [Bowers et al., 2012].
Recent studies of a rare variant of KS
(49,XXXXY) revealed a signiﬁcant positive effect of androgen treatment of
infants and children on the speech and
language domain, gestural communication, and vocabulary development
[Samango-Sprouse et al., 2011, 2012].
A major implication of this work is the
importance of early androgen treatment
for enhancing cognitive development,
particularly related to speech and language. Studies in our animal models indicate the sex difference in FoxP2 is
mediated by androgens [Bowers et al.,
2012], leading to the question of whether
there is a connection between reduced
verbal performance in boys with XXY
(KS) and the FOXP2 gene.

EPIGENETICS AND SEXUAL
DIFFERENTIATION OF THE
BRAIN
There are two deﬁning features of brain
sexual differentiation which are shared
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with many other developmental effects:
(1) the process is restricted to a narrow
developmental window or sensitive period and (2) the effects endure into
adulthood. All multicellular organisms
consist of differentiated cells and the
maintenance of this differentiation is a
function of epigenetic silencing of large
numbers of genes. In this way a kidney
cell remains a kidney cell as opposed to
becoming a liver cell over time. Moreover, if a liver cell divides, it should give
rise to new liver cells and not a kidney
cell. The suppression of most genes is
achieved via epigenetic changes to both
the DNA and the surrounding chromatin. Together these serve the purpose of
preventing access of transcription factors
to the DNA and thus there is no gene
expression in that region. However
there are frequently instances in which
a gene needs to be temporarily turned on
or off, and this also can involve more
labile epigenetic modiﬁcations, particularly to the chromatin. The most frequent modiﬁcations are acetylation
and methylation which alter the charge
on key amino acids of the histones and
thereby constrain or relax the chromatin
and alter access of transcription factors
[Crews, 2008; Nugent and McCarthy,
2011]. Steroid hormones bind to nuclear
receptors which in turn associate with a
large number of co-regulatory factors,
many of which possess the enzymatic
activity capable of modifying the histones that form the core of nucleosomes,
thereby acetylating or deacetylating key
amino acids. Changes to the chromatin
are complimented by direct changes to
the DNA which largely involve methylation of cytosines that are located in
proximity to guanines, referred to as
CpG’s. The frequency of CpG’s in the
genome is lower than would be predicted by chance and when they are
found they tend to be in clusters in
the promoter regions of genes, leading
to the term CpG islands. Methylation of
CpG’s is considered an effective and often permanent means for suppressing
gene expression.
In recent years there has been a
surge of interest in the epigenetics of
the brain as a means to explain why
adverse or traumatic events can have

such enduring and devastating consequences. The emerging and somewhat
surprising consensus is that the brain is
particularly sensitive to epigenetic modiﬁcation and that even essential processes
such as learning and memory involve
changes to the chromatin and even
the DNA [Champagne, 2008, 2012].

The emerging and somewhat
surprising consensus is that
the brain is particularly
sensitive to epigenetic
modiﬁcation and that even
essential processes such as
learning and memory involve
changes to the chromatin
and even the DNA.
This, combined with the already established relationship between steroids and
histone modiﬁcations, made the question
of epigenetics in sexual differentiation
of the brain an obvious one to ask
[McCarthy et al., 2009]. There have
been two general approaches. The ﬁrst
is a descriptive approach, quantifying epigenetic modiﬁcations in speciﬁc brain
regions of males and females and then
determining if treatment of females
with male hormones during the perinatal
period shifts the epigenetic proﬁle to that
of males (Fig. 5). This has been found to
be the case for both chromatin modiﬁcations and methylation of DNA, and it has
also been found in both reproductively
relevant brain regions like the hypothalamus and those more associated with cognitive and emotional responses such as the
cortex and hippocampus [Tsai et al.,
2009; Schwarz et al., 2010]. The second
approach is to use pharmacological
manipulations to inhibit or stimulate
epigenetic modiﬁcations and determine
the impact on sexually differentiated brain
and behavior. This also has proven informative and conﬁrmed that indeed
steroid action early in life is permanently
altering the epigenome in the male
brain so as to maintain a masculinized
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phenotype through to adulthood and
beyond [Matsuda et al., 2011]. The nuances and complexities of the epigenetic
regulation of sexual differentiation of
the brain are still being worked out, and
whether the sensitive period can be extended or even eliminated by changing
epigenetic marks is an intriguing implication of these ﬁndings but one yet to be
established.

CONCLUSIONS
Sex differences in brain and behavior is a
topic that continues to garner great interest as well as considerable suspicion.
The suspicion is well placed in that history tells us that women are more likely
to be disadvantaged by any discussion of
innate abilities. Moreover, we cannot
over estimate the impact of external
expectations of gender appropriate behavior, which begin at the moment of
birth, on the development of the brain.
But there is pervasive evidence for a
biological underpinning to some components of human behavior that differ
on a systematic yet highly variable manner in boys and girls, women and men.
By understanding that biology we can
place it in appropriate context and make
informed decisions regarding either
gender assignment, as in the case of children with ambiguous genitalia or genital
injury, and in circumstances such as that
presented by XXY (KS) in which there is
a documented decrement in androgen
production. The more we understand
how, when, where, and why steroids
impact on the developing brain and
how that in turn endures to inﬂuence
adult brain and behavior, the better we
can design and administer effective hormone replacement.

REFERENCES
Abel JM, Witt DM, Rissman EF. 2011. Sex differences in the cerebellum and frontal cortex:
Roles of estrogen receptor alpha and sex
chromosome genes. Neuroendocrinology
93:230–240.
Auger AP, Olesen KM. 2009. Brain sex differences
and the organisation of juvenile social play
behaviour. J Neuroendocrinol 21:519–525.
Bakker J, Honda S, Harada N, Balthazart J. 2003.
The aromatase knockout (ArKO) mouse
provides new evidence that estrogens are

14

AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS)

required for the development of the female
brain. Ann N Y Acad Sci 1007:251–262.
Bale TL, Baram TZ, Brown AS, Goldstein JM,
Insel TR, McCarthy MM, Nemeroff CB,
Reyes TM, Simerly RB, Susser ES, Nestler
EJ. 2010. Early life programming and neurodevelopmental disorders. Biol Psychiatry
68:314–319.
Balthazart J, Ball GF. 1998. New insights into the
regulation and function of brain estrogen
synthase (aromatase). TINS 21:243–249.
Bertelloni S, Scaramuzzo RT, Parrini D, Baldinotti
F, Tumini S, Ghirri P. 2007. Early diagnosis of
5alpha-reductase deﬁciency in newborns.
Sexual development: Genetics, molecular
biology, evolution, endocrinology, embryology, and pathology of sex determination and
differentiation Sex Dev (Sexual Development) 1:147–151.
Blanton RE, Chaplin TM, Sinha R. 2010. Sex
differences in the correlation of emotional
control and amygdala volumes in adolescents.
Neuroreport 21:953–957.
Bowers J, Waddell J, McCarthy M. 2010. A developmental sex difference in hippocampal neurogenesis is mediated by endogenous
oestradiol. Biol Sex Differ 1:8.
Bowers JM, Perez Pouchoulen M, Edwards NS,
McCarthy MM. 2012. Foxp2 mediates sex
differences in ultrasonic vocalization by rat
pups and directs order of maternal retrieval. J
Neurosci (in press).
Brown TR, Lubahn DB, Wilson EM, French FS,
Migeon CJ, Corden JL. 1990. Functional
characterization of naturally occurring mutant androgen receptors from subjects with
complete androgen insensitivity. Mol Endocrinol 4:1759–1772.
Cameron HA, McKay R. 1998. Stem cells and
neurogenesis in the adult brain. Curr Opin
Neurobiol 8:677–680.
Champagne FA. 2008. Epigenetic mechanisms and
the transgernational effects of maternal care.
Front Neuroendocrinol 29:386–397.
Champagne FA. 2012. Interplay between social
experiences and the genome: Epigenetic
consequences for behavior. Adv Genet
77:33–57.
Cohen-Bendahan CC, van de Beek C, Berenbaum
SA. 2005. Prenatal sex hormone effects on
child and adult sex-typed behavior: Methods
and ﬁndings. Neurosci Biobehav Rev
29:353–384.
Cooke BM, Woolley CS. 2005. Sexually dimorphic synaptic organization of the medial
amygdala. J Neurosci 25:10759–10767.
Cooke BM, Tabibnia G, Breedlove SM. 1999. A
brain sexual dimorphism controlled by adult
circulating androgens. Proc Natl Acad Sci
USA 96:7538–7540.
Cooke BM, Chowanadisai W, Breedlove SM.
2000. Post-weaning social isolation of male
rats reduces the volume of the medial amygdala and leads to deﬁcits in adult sexual behavior. Behav Brain Res 117:107–113.
Crews D. 2008. Epigenetics and its implications for
behavioral neuroendocrinology. Front Neuroendo 29:344–357.
Davis M. 1997. Neurobiology of fear responses:
The role of the amygdala. J Neuropsychiatry
Clin Neurosci 9:382–402.
Dean SL, McCarthy MM. 2008. Steroids, sex and
the cerebellar cortex: Implications for human
disease. Cerebellum 7:38–47.

Dean SL, Knutson JF, Krebs-Kraft DL, McCarthy
MM. 2012a. Prostaglandin E2 is an endogenous modulator of cerebellar development
and complex behavior during a sensitive
postnatal period. Eur J Neurosci 35:1218–
1229.
Dean SL, Wright CL, Hoffman JF, Wang M, Alger
BE, McCarthy MM. 2012b. Prostaglandin
E2 stimulates estradiol synthesis in the cerebellum postnatally with associated effects on
purkinje neuron dendritic arbor and
electrophysiological properties. Endocrinology 153:5415–5427.
Ehrhardt AA, Meyer-Bahlburg HF, Rosen LR,
Feldman JF, Veridiano NP, Zimmerman I,
McEwen BS. 1985. Sexual orientation after
prenatal exposure to exogenous estrogen.
Arch Sex Behav 14:57–77.
Ehrhardt AA, Meyer-Bahlburg HF, Rosen LR,
Feldman JF, Veridiano NP, Elkin EJ,
McEwen BS. 1989. The development of
gender-related behavior in females following
prenatal exposure to diethylstilbestrol (DES).
Horm Behav 23:526–541.
Eisch AJ, Petrik D. 2012. Depression and hippocampal neurogenesis: A road to remission?
Science 338:72–75.
Epp JR, Spritzer MD, Galea LA. 2007. Hippocampus-dependent learning promotes survival of
new neurons in the dentate gyrus at a speciﬁc
time during cell maturation. Neuroscience
149:273–285.
Fisher SE, Scharff C. 2009. FOXP2 as a molecular
window into speech and language. Trends
Genet 25:166–177.
Fortin NJ, Agster KL, Eichenbaum H. 2002. Critical role of the hippocampus in memory for
sequences of events. Nat Neurosci 5:458–
462.
French FS, Lubahn DB, Brown TR, Simental JA,
Quigley CA, Yarbrough WG, Tan JA,
Sar M, Joseph DR, Evans BA. 1990.
Molecular basis of androgen insensitivity.
Recent Prog Horm Res 46:1–38; discussion
38–42.
Glasper ER, Schoenfeld TJ, Gould E. 2012. Adult
neurogenesis: Optimizing hippocampal
function to suit the environment. Behav
Brian Res 227:380–383.
Gould E, Woolley CS, Frankfurt M, McEwen BS.
1990. Gonadal steroids regulate dendritic
spine density in hippocampal pyramidal cells
in adulthood. J Neurosci 10:1286–1291.
Graham SA, Fisher SE. 2012. Decoding the
genetics of speech and language. Curr
Opin Neurobiol December 7, 2012. pii:
S0959-4388 (12)00178-X. DOI: 10.1016/
j.conb.2012.11.006 [Epub ahead of print].
Groth KA, Skakkebaek A, Host C, Gravholt CH,
Bojesen A. 2012. Klinefelter syndrome—A
clinical update. J Endocrinol Metab November 1, 2012 [Epub ahead of print].
Hajszan T, MacLusky NJ, Leranth C. 2008. Role of
androgens and the androgen receptor in
remodeling of spine synapses in limbic brain
areas. Horm Behav 53:638–646.
Hanson ND, Owens MJ, Nemeroff CB. 2011.
Depression, antidepressants, and neurogenesis: A critical reappraisal. Neuropsychopharmacology 36:2589–2602.
Hines M. 2002. Sexual differentiation of human
brain and behavior. In: Pfaff D, editors. Hormones, brain and behavior. London, UK:
Academic Press. pp 425–462.

ARTICLE
Hines M. 2004. Brain gender. New York: Oxford
University Press.
Hojo Y, Hattori TA, Enami T, Furukawa A, Suzuki
K, et al. 2004. Adult male rat hippocampus
synthesizes estradiol from pregnenolone by
cytochromes P45017alpha and P450 aromatase localized in neurons. Proc Natl Acad Sci
USA 101:865–870.
Huang GZ, Woolley CS. 2012. Estradiol
acutely suppresses inhibition in the hippocampus through a sex-speciﬁc endocannabinoid and mGluR-dependent mechanism.
Neuron 74:801–808.
Iijima M, Arisaka O, Minamoto F, Arai Y. 2001.
Sex differences in children’s free drawings: A
study on girls with congenital adrenal hyperplasia. Horm Behav 40:99–104.
Jadva V, Hines M, Golombok S. 2010. Infants’
preferences for toys, colors, and shapes:
Sex differences and similarities. Arch Sex
Behav 39:1261–1273.
Kebir O, Krebs MO. 2012. Diethylstilbestrol and
risk of psychiatric disorders: A critical review
and new insights. World J Biol Psychiatry
13:84–95.
Knable MB, Barci BM, Webster MJ, MeadorWoodruff J, Torrey EF. 2004. Molecular abnormalities of the hippocampus in severe
psychiatric illness: Postmortem ﬁndings
from the Stanley Neuropathology Consortium. Mol Psychiatry 9:609–620, 544.
Konkle ATM, McCarthy MM. 2007. Developmental time-course of estradiol and testosterone levels in the rat brain: Investigating the
importance of sex. submitted.
Krebs-Kraft DL, Hill MN, Hillard CJ, McCarthy
MM. 2010. Sex difference in cell proliferation in developing rat amygdala mediated by
endocannabinoids has implications for social
behavior. Proc Natl Acad Sci USA 107:
20535–20540.
Kudwa AE, Bodo C, Gustafsson JA, Rissman EF.
2005. A previously uncharacterized role for
estrogen receptor beta: Defeminization of
male brain and behavior. Proc Natl Acad
Sci USA 102:4608–4612.
Lai CS, et al. 2001. A forkhead-domain gene is
mutated in a severe speech and language
disorder. Nature 413:519–523.
Lamminmaki A, Hines M, Kuiri-Hanninen T,
Kilpelainen L, Dunkel L, Sankilampi U.
2012. Testosterone measured in infancy predicts subsequent sex-typed behavior in boys
and in girls. Horm Behav 61:611–616.
Leranth C, Hajszan T, MacLusky NJ. 2004. Androgens increase spine synapse density in the
CA1 hippocampal subﬁeld of ovariectomized female rats. J Neurosci 24:495–499.
MacLusky NJ, Hajszan T, Prange-Kiel J, Leranth
C. 2006. Androgen modulation of hippocampal synaptic plasticity. Neuroscience
138:957–965.
Marin-Burgin A, Schinder AF. 2012. Requirement of adult-born neurons for hippocampus-dependent learning. Behav Brain Res
227:391–399.
Matsuda KI, Mori H, Nugent BM, Pfaff DW,
McCarthy MM, Kawata M. 2011. Histone
deacetylation during brain development is
essential for permanent masculinization of
sexual behavior. Endocrinology 152:2760–
2767.
McCarthy MM. 2008. Estradiol and the developing brain. Physiol Rev 88:91–124.

ARTICLE

AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS)

McCarthy MM. 2010. How it’s made: Organisational effects of hormones on the developing
brain. J Neuroendocrinol 22:736–742.
McCarthy MM, Arnold AP. 2011. Reframing sexual differentiation of the brain. Nat Neurosci
14:677–683.
McCarthy MM, Auger AP, Bale TL, De Vries GJ,
Dunn GA, Forger NG, Murray EK, Nugent
BM, Schwarz JM, Wilson ME. 2009. The
epigenetics of sex differences in the brain. J
Neurosci 29:12815–12823.
McCarthy MM, Arnold AP, Ball GF, Blaustein JD,
De Vries GJ. 2012. Sex differences in
the brain: The not so inconvenient truth. J
Neurosci 32:2241–2247.
McClure RE, Barha CK, Galea LA. 2012.
17b-Estradiol, but not estrone, increases
the survival and activation of new neurons
in the hippocampus in response to spatial
memory in adult female rats. Horm Behav
October 12, 2012, DOI: pii: S0018506X(12)00246-2.10.1016/j.yhbeh.2012.09.
011 [Epub ahead of print].
McEwen BS. 2007. Physiology and neurobiology
of stress and adaptation: Central role of the
brain. Physiol Rev 87:873–904.
Meaney MJ, Stewart J, Poulin P, McEwen BS.
1983. Sexual differentiation of social play
in rat pups is mediated by neonatal androgen-receptor system. Neuroendocrinology
37:85–90.
Meitzen J, Grove DD, Mermelstein PG. 2012. The
organizational and aromatization hypotheses
apply to rapid, nonclassical hormone action:
Neonatal masculinization eliminates rapid
estradiol action in female hippocampal neurons. Endocrinology 153:4616–4621.
Melcangi RC, Celotti F, Ballabio M, Castano P,
Poletti A, Milani S, Martini L. 1988. Ontogenetic development of the 5 alpha-reductase in the rat brain: Cerebral cortex,
hypothalamus, puriﬁed myelin and isolated
oligodendrocytes. Brain Res Dev Brain Res
44:181–188.
Mendez JP, Ulloa-Aguirre A, Imperato-McGinley
J, Brugmann A, Delﬁn M, Chavez B,
Shackleton C, Kofman-Alfaro S, PerezPalacios G. 1995. Male pseudohermaphroditism due to primary 5 alpha-reductase deﬁciency: Variation in gender identity reversal
in seven Mexican patients from ﬁve different
pedigrees. J Endocrinol Invest 18:205–213.
Meyer-Bahlburg HF. 2001. Gender and sexuality
in classic congenital adrenal hyperplasia.
Endocrinol Metab Clin North Am 30:
155–171, viii.
Morris JA, Jordan CL, Breedlove SM. 2004. Sexual
differentiation of the vertebrate nervous system. Nat Neurosci 7:1034–1039.
Mukamel Z, et al. 2011. Regulation of MET by
FOXP2, genes implicated in higher cognitive

dysfunction and autism risk. J Neurosci
31:11437–11442.
Nugent BM, McCarthy MM. 2011. Epigenetic
underpinnings of developmental sex differences in the brain. Neuroendocrinology
93:150–158.
Phoenix, CH, et al. 1959. Organizing action of
prenatally administered testosterone proprionate on the tissues mediating mating behavior in the female guinea pig. Endocrinology
65:369–382.
Prange-Kiel J, Wehrenberg U, Jarry H, Rune GM.
2003. Para/Autocrine regulation of estrogen
receptors in hippocampal neurons. Hippocampus 13:226–234.
Romeo RD, Sisk CL. 2001. Pubertal and seasonal
plasticity in the amygdala. Brain Res 889:
71–77.
Rune GM, Wehrenberg U, Prange KJ, Zhou L,
Adelmann G, Frotscher M. 2002. Estrogen
up-regulates estrogen receptor alpha and synaptophysin in slice cultures of rat hippocampus. Neuroscience 113:167–175.
Samango-Sprouse CA, Gropman AL, Sadeghin T,
Kingery M, Lutz-Armstrong M, Rogol AD.
2011. Effects of short-course androgen therapy on the neurodevelopmental proﬁle of
infants and children with 49,XXXXY syndrome. Acta paediatrica 100:861–865.
Samango-Sprouse CA, Sadeghin T, Mitchell FL,
Dixon T, Stapleton E, Kingery M, Gropman
AL. 2012. Positive effects of short course
androgen therapy on the neurodevelopmental outcome in boys with 47,XXY Syndrome
at 36 and 72 months of age. Am J Med Genet
(in press).
Sanai N, Nguyen T, Ihrie RA, Mirzadeh Z, Tsai
HH, Wong M, Gupta N, Berger MS, Huang
E, Garcia-Verdugo JM, Rowitch DH,
Alvarez-Buylla A. 2011. Corridors of migrating neurons in the human brain and their
decline during infancy. Nature 478:382–
386.
Schwarz JM, McCarthy MM. 2008. Steroid-induced sexual differentiation of the brain:
Multiple pathways, one goal. J Neurochem
105:1561–1572.
Schulz SB, et al. 2010. Knockdown of FoxP2 alters
spine density in Area X of the zebra ﬁnch.
Genes Brain Behav 9:p. 732–40.
Schwarz JM, Nugent BM, McCarthy MM. 2010.
Developmental and hormone-induced
epigenetic changes to estrogen and progesterone receptor genes in brain are dynamic
across the life span. Endocrinology 151:
4871–4881.
Shors TJ. 2006. Stressful experience and learning
across the lifespan. Annu Rev Psychol 57:
55–85.
Shors TJ, Chua C, Falduto J. 2001. Sex differences
and opposite effects of stress on dendritic

15

spine density in the male versus female hippocampus. J Neurosci 21:6292–6297.
Shors TJ, Anderson ML, Curlik DM II, Nokia MS.
2012. Use it or lose it: How neurogenesis
keeps the brain ﬁt for learning. Behav Brain
Res 227:450–458.
Spelke ES. 2005. Sex differences in intrinsic aptitude for mathematics and science?: A critical
review. Am Psychol 60:950–958.
Tanapat P, Galea LA, Gould E. 1998. Stress inhibits
the proliferation of granule cell precursors in
the developing dentate gyrus. Int J Dev Neurosci 16:235–239.
Todd BJ, Schwarz JM, McCarthy MM. 2005.
Prostaglandin-E2: A point of divergence in
estradiol- mediated sexual differentiation.
Horm Behav 48:512–521.
Tsai HW, Grant PA, Rissman EF. 2009. Sex differences in histone modiﬁcations in the neonatal mouse brain. Epigenetics 4:47–53.
Vernes SC, et al. 2011. Foxp2 regulates gene networks implicated in neurite outgrowth in the
developing brain. PLoS Genet 7:e 1002145.
Vierk R, Glassmeier G, Zhou L, Brandt N, Fester
L, Dudzinski D, Wilkars W, Bender RA,
Lewerenz M, Gloger S, Graser L, Schwarz
J, Rune GM. 2012. Aromatase inhibition
abolishes LTP generation in female but
not in male mice. J Neurosci 32:8116–
8126.
Wallen K. 2005. Hormonal inﬂuences on
sexually differentiated behavior in nonhuman primates. Front Neuroendocrinol
26:7–26.
Wallen K, Baum MJ. 2002. Masculinization and
defeminization in altricial and precocial
mammals: Comparative aspects of steroid
hormone action. In: Pfaff D, editors.
Hormones brain and behavior. London,
UK: Academic Press. pp 385–424.
Wong WI, Pasterski V, Hindmarsh PC, Geffner
ME, Hines M. 2012. Are there parental socialization effects on the sex-typed behavior
of individuals with congenital adrenal hyperplasia? Arch Sex Behav July 19, 2012 [Epub
ahead of print].
Woolley CS. 2007. Acute effects of estrogen on
neuronal physiology. Annu Rev Pharmacol
Toxicol 47:657–680.
Woolley CS, McEwen BS. 1992. Estradiol mediates ﬂuctuation in hippocampal synapse density during the estrous cycle in the adult rat. J
Neurosci 12:2549–2554.
Yao J, Mu Y, Gage FH. 2012. Neural stem cells:
Mechanisms and modeling. Protein Cell 3:
251–261.
Zhang J-M, Konkle ATM, Zup SL, McCarthy
MM. 2008. Impact of sex and hormones
on new cells in the developing rat hippocampus: A novel source of sex dimorphism? Eur J
Neurosci 27:791–800.

