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Sex differences in the developing brain as a 
source of inherent risk
Margaret M. McCarthy, PhD

Introduction

	 Effective treatments for neuropsychiatric dis-
orders with origins in development remain as elusive 
today as at the beginning of the “decade of the brain” 
in 1990. Our understanding of brain development and 
how genetic and environmental factors contribute to a 
dysregulation of that development has certainly accel-
erated, but we remain relatively stymied in the avenue 
of new therapeutics and treatments. This is probably a 
combination of the complexity of developmental disor-
ders and our still-incomplete understanding of the key 
sources of vulnerability to the developing brain. One 
essential variable that has long been ignored is sex. Be-
ing male imparts a major risk for the development of a 
developmental neurological or neuropsychiatric disor-
der, whereas being female appears to afford some pro-
tection from the same. Identifying the biological origins 
of male vulnerability and female protection will gener-
ate novel targets for therapeutic intervention and pre-
vention. Animal models are essential to this effort not 
only because of the experimental advantages but also 
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Brain development diverges in males and females in 
response to androgen production by the fetal testis. 
This sexual differentiation of the brain occurs during a 
sensitive window and induces enduring neuroanatomi-
cal and physiological changes that profoundly impact 
behavior. What we know about the contribution of sex 
chromosomes is still emerging, highlighting the need to 
integrate multiple factors into understanding sex differ-
ences, including the importance of context. The cellular 
mechanisms are best modeled in rodents and have pro-
vided both unifying principles and surprising specifics. 
Markedly distinct signaling pathways direct differentia-
tion in specific brain regions, resulting in mosaicism of 
relative maleness, femaleness, and sameness through-
out the brain, while canalization both exaggerates 
and constrains sex differences. Non-neuronal cells and 
inflammatory mediators are found in greater number 
and at higher levels in parts of male brains. This higher 
baseline of inflammation is speculated to increase male 
vulnerability to developmental neuropsychiatric disor-
ders that are triggered by inflammation.   
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because we can divorce sex and gender as only humans 
possess a gender, a combination of self and societal per-
ception of one’s sex. This review focuses largely on les-
sons learned from animal models in a historical context 
with the goal of informing the design and interpretation 
of clinical research.

Historical overview

What seems inherently obvious today—that neuro-
anatomical substrates contribute to, and at times di-
rect, sex differences in brain and behavior—was not 
always the case. Pioneers in the burgeoning field of 
behavioral endocrinology in the 1950s contemplated 
the origins of sex differences in courtship, copulatory, 
and parental behaviors in animals and argued in favor 
of the view that it was somatic aspects of males and fe-
males that induced them to behave in particular ways. 
The brain was only there to execute the fixed-action 
pattern response that was dictated by the presence of 
primary and secondary sex characteristics such as gen-
italia and plumage coloration. This is not a particularly 
unreasonable view. The brain resides within a body af-
ter all, and that body is tremendously influenced by 
the sex of the individual. But the notion of the body 
directing behavior was gradually put to rest starting 
with an iconic publication in 1959 in which treatment 
of pregnant guinea pigs with testosterone resulted in 
daughters that showed the copulatory pattern of males 
as adults despite not having a penis1 (but note that this 
required that the females be supplied with additional 
testosterone in adulthood to activate the preprogram-
ming effects of the gestational exposure). The work 
of Phoenix and colleagues1 set the stage for conclud-
ing that the brain was the critical organ that had been 
modified by prenatal hormone exposure, but it did not 
close the case. Reports of subtle and limited sex differ-
ences in neuronal morphology in the rodent models in 
the 1960s hinted at the potential for neural substrates 
regulating sex differences in behavior, but it was not 
until the 1970s that irrefutable evidence convinced the 
world that male and female brains differed, at least in 
birds. Male canaries sing a complex and beautiful song, 
whereas females only twitter. Reasoning that this must 
have origins in the brain, Art Arnold and his mentor 
Fernando Nottebohm identified a nucleus of the song-
bird brain that was markedly larger in males than fe-
males.2 Shortly thereafter, a much less impressive but 

nonetheless reliable sex difference was found in the 
size of a nucleus in the rodent (rat) brain and given 
the lofty name of the “sexually dimorphic nucleus of 
the preoptic area,” or SDN for short.3 A star was born.
	 The discovery of the SDN spawned a cottage indus-
try of looking for and finding sex differences in the size 
(volume) of particular subregions of the brain, varying 
from small nuclei to entire hemispheres, and the size of 
major fiber tracks such as the corpus callosum. Early in 
the 1980s, the advent of the AIDS epidemic, combined 
with increasing interest in the potential biological ori-
gins of human homosexuality, created the opportunity 
to examine large numbers of postmortem brains from 
men, women, and homosexual men. A hypothalamic 
nucleus deemed analogous to the rodent SDN was 
found to be larger in heterosexual men than hetero-
sexual women and homosexual men.4 Interest in how 
the brain could impact complex behaviors differently in 
men and women was both at a fever pitch in some quar-
ters and completely ignored or denigrated in others. 
The suggestion that women’s brains were “different” 
was not a welcome message at a time when feminism 
was seriously taking hold. 
	 And so a funny thing happened—two things actu-
ally. The first was that sex differences in the brain were 
relegated to the arena of reproduction and the disci-
pline of neuroendocrinology, which became a poor 
cousin to the mothership of neuroscience. The second 
was a series of startling reports from the McEwen lab 
at Rockefeller University (the same place Arnold and 
Nottebohm had conducted their bird studies 20 years 
earlier) reporting that the dendritic synapse density of 
hippocampal pyramidal neurons varied by up to 30% 
across the female estrus cycle.5 Initially met with incre-
dulity but ultimately accepted in the face of overwhelm-
ing data, this finding had the effect of relegating females 
to the scientific bench as researchers sought to avoid 
variability, thus sealing the fate of the overwhelming 
majority of future studies on hippocampal physiology, 
which were conducted only in males. And so it has been 
for the past 25 years.6

	 Today, a perfect storm of increased awareness, new 
policies, and novel findings—some discovered by acci-
dent and others on purpose—have generated renewed 
interest in sex differences in the brain. Equally com-
pelling is the undeniable gender bias in most if not all 
neuropsychiatric and neurological disorders which de-
mands our attention. 
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Sex differences in brain versus 
sex differences in behavior

A primary goal of neuroscience is to understand the 
governing principles by which the brain directs behav-
ior. That this is a challenging goal is evident in the ini-
tial breakthroughs being those in the simplest organ-
isms with simple behaviors, such as the gill withdrawal 
refl ex of the marine snail Aplysia or swimming behav-
ior of the fl at worm Caenorhabditis elegans. But, ulti-
mately, we seek to understand emotion, cognition, and 
motivation, which together encapsulate every essential 
behavior, ranging from the drive to eat to the ability 
to send a man to the moon. But causally connecting 
specifi c neuroanatomical or physiological traits in the 
brain to those behaviors remains an elusive goal. This 
is equally true in the arena of sex differences in brain 
and behavior, but is a truism often forgotten. Even the 
most minor fi ndings of sex differences in the brain are 
often assumed to directly drive and determine sex dif-
ferences in behavior. More appropriate is to assume 
that sex differences in the brain create predispositions 

or differentially weighted valences for responding to 
specifi c stimuli that can shift the probability in favor of 
a particular behavioral response in one sex versus the 
other. But all complex behaviors are infl uenced by cur-
rent context and past experience, the infl uence of which 
can far outweigh that of an underlying neurophysiologi-
cal sex difference at any given moment.

Brain sex differences in context

The more we learn, the more we don’t know when it 
comes to sex differences in the brain. What is clear is 
that the types, origins, and impact of such differences are 
complex, multifactorial, and vary by species. It is useful to 
provide boundaries and operationally defi ned defi nitions 
of types of sex differences. In a recent “Circumspective” 
piece in Neuropsychopharmacology, Joel and McCarthy 
proposed four not–mutually exclusive dimensions along 
which sex differences can be defi ned.7 These are: (i) per-
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 Figure 1.  Conceptualizing sex differences. (A) The effects of sex on the 
brain organize along overlapping domains. Some sex differ-
ences are programmed early in life and persist throughout 
the life span, whereas others might also be programmed 
early but appear or disappear as a function of context (eg, 
age, circumstance, etc). Other sex differences are transient, 
which can be due to context or the result of the adult hor-
monal milieu, which differs in males and females and pro-
foundly effects brain and behavior. Many sex differences 
that are programmed early in life in response to hormones 
also require hormonal activation in adulthood in order to 
manifest. Many sex differences can be considered direct, ie, 
due to hormones or sex chromosome complement, whereas 
others are indirect. Indirect effects include different rearing 
of male versus female offspring, physical constraints due 
to somatic sex differentiation, and in the case of humans, 
the impact of sex.7 (B) Additional consideration in the study 
of sex is whether an end point is continuous or dimorphic. 
End points that are continuous can exhibit sex differences, 
meaning males and females vary on average along that 
continuum. Sometimes, both sexes are at the same point 
on the continuum at baseline but diverge in response to a 
challenge, such as stress. Other times, the two sexes con-
verge on the same point from divergent beginnings. This 
can occur as a consequence of the cost of the reproductive 
profi le of either sex, such as the lack of a natural induction 
of parenting behavior in males, which do not experience the 
hormonal profi le of pregnancy, parturition, and lactation. 
Lastly, there are some end points that take on two forms, 
one in males and one in females, and these are considered 
sexually dimorphic. 
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sistent versus transient; (ii) context-independent versus 
-dependent; (iii) dimorphic versus continuous; and (iv) a 
direct versus indirect consequence of sex. These dimen-
sions overlap in a classic Venn diagram fashion as they 
share some features but are unique in others (Figure 1). 

Sex-determined and sexually dimorphic differences

Sex-determined differences between males and females 
would be an example of a persistent difference that is 
established early in development by the programming 
effects of gonadal steroids and/or chromosome comple-
ment. Such end points are often sexually dimorphic, 
meaning there are two forms, one in males and one in fe-
males, and they may undergird behaviors that are highly 
sex-typic. For example, the neural circuitry controlling 
singing in songbirds is highly dimorphic in that some 
nuclei are only present in male brains, and only males 
of those species exhibit the complex songs of courtship. 
The song nuclei are differentiated early in development; 
however, they also show seasonal plasticity. So the sex 
difference is permanent, but there is a transience in the 
magnitude of that sex difference. As another example, 
most animals exhibit sex-typic forms of copulatory be-
havior that are determined by sexual differentiation 
of neural circuits. The circuit controlling mating differs 
between males and females in numbers of neurons, con-
nectivity, neurochemistry, and synaptic profile. However, 
in mammals, there is no evidence that separate neural 
circuits regulate male mounting behavior versus female 
receptivity. Instead, there is a single circuit for sexual be-
havior, but it is differentially weighted in its response to 
olfactory, auditory, and somatosensory cues in males ver-
sus females (see ref 8 for review). Sex-determined neuro-
anatomical or neurophysiological end points such as this 
are not expected to change significantly across the life 
span or to shift dramatically in response to context or ex-
perience, although the behaviors they are associated with 
might. Sexual behavior is only engaged in when the mo-
ment is right, meaning the right season, the right phase of 
the female reproductive cycle, and the right age, but the 
underlying neural circuits for both sexual motivation and 
engagement are always at the ready.

Sex differences and effects of sex

The term “sex difference” is most appropriately used 
when an end point varies along a continuum, and the 

mean is significantly different for males versus females. 
Important points for consideration are the magnitude 
of the difference in the means and the variance associ-
ated with each mean. For some end points, there can be 
a great deal of overlap in the response or measurement 
in males and females. In this scenario, there might be 
a statistically significant difference between a group of 
males and a group of females, but the measure is not 
necessarily predictive of sex. There can also be a circum-
stance where a percentage of the population of males is 
closer to one end of a continuous spectrum, whereas a 
much smaller percentage of females is, resulting in an 
overall population mean that is different, but the end 
point would be identical in large numbers of males and 
females and therefore not a very accurate predictor of 
sex. Some would argue that in cases such as this there 
is an effect of sex, not a sex difference per se.9,10 The im-
portant distinction being that sex is just one of many 
variables that has an impact on a response, and that 
others such as age, disease state, genetics, etc, may be 
equally or more important than sex. Conversely, there 
are other end points that can have markedly different 
means in males and females with relatively little over-
lap, due to low variance around the mean for each sex. 
In this instance, there would be a sex difference, and the 
end point may be a relatively reliable predictor of sex.

Transience and context dependence, convergence, and 
divergence 

Sometimes, sex differences emerge only under certain 
circumstances, or they may disappear under others. For 
instance, there is a robust and trans-species sex differ-
ence in the frequency and intensity of play behavior by 
juveniles.11,12 In what is referred to as rough-and-tumble 
play, young males will consistently engage more fre-
quently and more intensely than females. But this sex 
difference is both transient and context-dependent in 
that once the Rubicon of puberty has been crossed, 
both males and females stop playing as new behavioral 
repertoires involving male-male competition, sexual 
solicitation, mate guarding, and territorial aggression 
emerge. Thus, the sex difference only exists during a 
brief period of life. The neural substrate of play remains 
poorly defined, and whether it changes postpuberty is 
not known, but it is clear that hormonal influences early 
in development are essential to the sex difference.13 
Nonetheless, the magnitude, and even the direction, of 

364



Brain sex differences: a source of inherent risk - McCarthy	 Dialogues in Clinical Neuroscience - Vol 18 . No. 4 . 2016

the sex difference in play is strongly influenced by con-
text, ie, by prior social isolation, group size and compo-
sition, familiar partner versus stranger, and age.14 
	 Stress is one of the best examples of a contextual 
source for sex differences. There are hundreds of stud-
ies reporting sex differences in stress responses as evi-
denced by activation of the hypothalamic-pituitary-ad-
renal (HPA) axis, and an equal or greater number on 
anxious behavior as demonstrated by activity in an open 
field or elevated plus maze. But whether it’s the males 
or the females that show a greater stress response or 
higher anxiety varies widely and appears to be strongly 
influenced by the age at which the stressor occurs, the 
nature of the stressor, and past experience.15 Even the 
signal transduction pathways by which stress exerts its 
effects can differ in males and females.16 Thus, it can 
never be assumed that males and females will respond 
to a stressful situation in the same way, but generalities 
about sex differences in the stress axis and anxious be-
havior also cannot be made. 
	 Stress also provides us with one of the best examples 
of a divergence in responding between males and fe-
males during a particular context on a particular end 
point. In a series of elegant studies, Tracey Shors and 
colleagues have demonstrated that eye-blink condition-
ing, a learning and memory task, is strongly influenced 
by stress such that males improve at the task if stressed 
beforehand, whereas female performance deteriorates. 
Under nonstressful conditions, the two sexes perform at 
par. Shors further showed that a directional change in 
the density of dendritic spines on hippocampal neurons 
paralleled the change in performance, meaning males 
developed more dendritic spine synapses and learned 
better, whereas females did the opposite. But there is a 
caveat. The negative impact of stress on performance in 
females occurs only if they are under a particular hor-
monal state associated with the estrus cycle. If they are 
at another phase in the cycle or the ovaries are removed 
all together, the effect of stress, and therefore the sex 
difference, goes away.17 
	 The above is an example of divergence, meaning 
males and females start at the same baseline but fly 
apart in the face of a challenge, and thus an example of 
a contextual sex difference. Conversely, sometimes the 
two sexes converge on the same end point starting from 
different origins. This was most classically illustrated in 
the work of Geert de Vries in which he coined the term 
“compensation” to describe the phenomenon whereby 

males of a particular species of voles have a separate 
neural circuit from females that drives them to show 
parenting behavior toward their offspring.18 The rea-
soning is that males do not experience pregnancy, par-
turition, or lactation and therefore lack the associated 
neural circuits that normally mediate maternal behav-
ior. Biparental care must provide a fitness advantage 
in this species as males have evolved a distinct vaso-
pressinergic neural network that drives them to behave 
just like newly parturient females when their young are 
born.19

	 More recently, it has become evident that conver-
gence is also found at the cellular level and control of 
synaptic function. For reasons that remain mysterious, 
the control of both synaptic inhibition and potentiation, 
via γ-aminobutyric acid (GABA) and glutamate respec-
tively, is achieved via distinct cellular signaling path-
ways in the hippocampus of male and female rodents. 
Referred to as a “latent” sex difference, the end result 
on synaptic efficacy is the same, but the transduction 
pathway is different.20,21 Given that the physiological 
outcome is the same, one might say what does it mat-
ter? But as Woolley and colleagues point out, the signif-
icance is in the potential for markedly different effects 
of drugs, toxins, or nutrients that modulate specific com-
ponents of signal transduction pathways in males versus 
females. The potential for sex differences in response is 
essentially hidden (ie, latent), as when unperturbed the 
end point is the same, and highlights the fact that we 
can never assume there is no difference in males versus 
females.

Brain sex differences begin in the womb

The importance of developmental processes for adult 
sex differences in brain and behavior cannot be over-
stated, but is often overlooked. As discussed above, the 
original report suggesting that the brain might be the 
source of adult copulatory behaviors involved treat-
ment of pregnant guinea pigs and thereby established 
the principle of early organization (or imprinting or 
programming, depending on preference) of brain sex 
differences. Shortly after the studies of Phoenix and col-
leagues,1 the same principle was established for adult 
fertility in females: a single exposure to male hormones 
during a perinatal critical period rendered them inca-
pable of ovulation as adults by shifting the control of 
pituitary gonadotropin secretion to the male pattern.22 
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So, in the realm of reproduction, it is very clear that 
early-life programming dictates adult responding. But 
this is not as strongly established for nonreproductive 
parameters that are of great interest in the adult brain. 
This may be for two reasons, as follows: (i) the rules and 
regulations of sexual differentiation of nonreproductive 
end points may be distinctly different; and/or (ii) there 
is reluctance on the part of many researchers comfort-
able working in adult brains to engage in the neces-
sary studies to determine the role of developmental 
processes. Far easier is to determine if adult hormones 
are the source of any sex difference, and this is accom-
plished with a simple surgery to remove the gonads. If 
the sex difference goes away when either one or both 
sexes are deprived of steroids, then the source can be 
considered acute and due to hormones, that is as long 
as the behavior itself is not dependent upon steroids as 
in most reproductive behaviors. If, however, the sex dif-
ference doesn’t go away, then there are really only two 
options—either it was programmed in development 
during the process of sexual differentiation or the sex 
chromosomes are the source. 

Many brain sex differences are established during 
critical periods

Critical periods are defined as developmental windows 
during which a particular physiological or anatomical 
end point in the brain is established. Sensitive periods 
are related to critical periods in that they are times 
when development can be derailed by external or in-
ternal stimuli, such as toxic chemicals or inflammation. 
The establishment of many sex differences in the brain 
occurs during a critical period when the brain is sensi-
tive to the internal signal of gonadal steroids that are 
endogenously generated in males from the fetal testis. 
Females are also sensitive to testosterone, equally to 
males, but they normally are not exposed to sufficient 
testosterone to induce masculinization. We define the 
onset of the critical period as the time when testos-
terone production surges in the male testis, which is 
around embryonic day 16 in mice, day 18 in rats, and at 
the end of the first and beginning of the second trimes-
ter in primates. The offset of the critical period is de-
termined by finding the developmental stage at which 
females lose sensitivity to exogenous steroid treatment; 
in other words, they cannot be masculinized. The sensi-
tivity of males to manipulations that deplete steroids or 

block their action is not a good marker of the end of the 
sensitive period because of the in utero exposure, which 
is difficult to cleanly manipulate. Thus, females are an 
excellent “tool” for determining how long the sensitive 
window stays open. Evidence suggests that the window 
closes at different times for different end points (ie, 
closes early for reproductive versus nonreproductive 
end points, for instance), although no coherent rules 
are established. Moreover, an unanswered question is 
how the critical period window closes. Recent evidence 
strongly implicates epigenetic changes to the DNA as a 
means for both closing off the ability to become mascu-
linized and maintaining the masculinization phenotype 
for at least one neural phenotype and adult behavior.23 

Steroid hormones differentiate the male brain

As is obvious by now, most sex differences in the brain 
are either programmed by gonadal steroids during a 
developmental critical period or are induced acutely 
in the adult brain as a result of the different hormon-
al milieus of males and females. Developmentally, the 
brain is programmed by default to develop a female 
phenotype. A similar program exists for the ovary. The 
pivot point is expression of the sex-determining region 
Y (SRY) gene on the Y chromosome, which codes for 
a transcription factor called TDF or testis-determining 
factor.24 If TDF is expressed during its own critical pe-
riod, the bipotential gonad will divert from its path to-
ward an ovary and develop into a testis. In this way, the 
gonadal sex of an individual will match the brain sex, 
meaning the physiology and behavior of reproduction 
that is controlled by the brain will support the gonad. In 
females, this means the brain will initiate the generation 
of a surge in luteinizing hormone as a component of the 
estrus or menstrual cycle to induce ovulation and will 
induce sexual receptivity tied to the timing of ovulation 
(with the exception of humans). Presumably, there are 
numerous other behavioral patterns invoked that are 
associated with the ultimate goal of careful choice of 
a mate, pregnancy, parturition, and postpartum care of 
the young, often without the help of the sire. In males, 
the brain will support regular but pulsatile secretion of 
luteinizing hormone to induce continuous production 
of testosterone and thereby continuous interest in mat-
ing, along with the attendant behaviors of territorial de-
fense, male-to-male competition, and in some species, 
mate guarding. 

366



Brain sex differences: a source of inherent risk - McCarthy	 Dialogues in Clinical Neuroscience - Vol 18 . No. 4 . 2016

	 It is tempting to assume that every sex difference 
in the brain is geared toward maximizing reproduction; 
indeed, as Theodosius Dobzhansky wrote, “nothing in 
biology makes sense except in the light of evolution.” 
But as noted above, sometimes the two sexes are at-
tempting to converge in their physiology or behavior. 
There is a cost to continuously high testosterone, just 
as there is a cost to internal fertilization and extended 
parental care. In some species, there may be a benefit to 
males or females adapting behaviors or phenotypes that 
seem opposed to their presumed role. One of the most 
celebrated of these is the hyena, in which females have 
evolved a pseudopenis and develop strong social hier-
archies that rival the dominance status seen in males of 
any other species.25 Unfortunately, we know relatively 
little about the brains of this fascinating species.
	 Although the hormonal milieu of adult males and 
females is obviously different, it is often reduced to the 
simple characterization that males have high testoster-
one and females have fluctuating estrogens and pro-
gesterone. This is true, but lacks the nuance that males 
also make estrogens, particularly in the brain where the 
enzyme aromatase, which converts testosterone into es-
tradiol, is found at very high levels. And females also 
make androgens, both as a necessary precursor to estra-
diol and from the adrenal glands. Even more nuanced, 
however, is the emerging realization that the brain itself 
is capable of de novo steroidogenesis, meaning from 
cholesterol all the way through to the finished product 
estradiol (which takes seven to 10 enzymatic conver-
sions depending upon the route). This means that lo-
cally sourced steroid can have major impacts on neural 
functioning,26 and this can differ in males and females.27 
Technically, it is challenging to measure local steroido-
genesis and even harder sometimes to demonstrate its 
impact. To date, the best evidence exists for intrahippo-
campal steroidogenesis in the adult28 and intracerebel-
lar steroidogenesis in the neonate.29

Every cell in the brain has a sex-specific chromosome 
complement

Despite the overwhelming importance of hormones for 
establishing, maintaining, and acutely inducing sex dif-
ferences, the fact remains that every cell in the brain 
has a sex. Largely ignored for the first 40-plus years of 
research into sex differences in brain and behavior, the 
common sense notion that sex chromosomes matter30 

was forcefully brought to the fore by the efforts of one 
of the original pioneers of the field of hormonally in-
duced sex differences, Art Arnold at the University of 
California Los Angeles (UCLA). Using a clever tool 
in which mice could be made to be gonadally male but 
genetically female, and vice versa,31 he was able to inde-
pendently explore the importance of each variable. He 
achieved this by removing Sry from the Y chromosome 
and replacing it on an autosome, which allowed for XX 
females to develop testes and XY males to develop ova-
ries. The initial forays found little to no impact of this 
dramatic phenotype/genotype swap.31 But, the initial 
forays also focused on classic reproductive end points, 
such as sex behavior and parenting and the neural cir-
cuits that undergird them. Subsequent studies branched 
out into areas associated with emotion, cognition, and 
motivation; here, many effects were found. These in-
clude effects on habit formation, aggression, parent-
ing, body weight gain, and more (see refs 30 and 32 for 
review). It was generally expected that the key genes 
of the X or Y chromosome would be identified shortly 
thereafter, but this has proven far more elusive. A sur-
prise that is emerging is that it may not be specific genes 
per se but the number of X chromosomes that is key. 
	 There are two means by which the number of X 
chromosomes can matter. First, sexually reproduc-
ing species that have heterologous sex chromosomes 
(mammals, birds, some reptiles, and drosophila, to 
name a few), must solve the problem of dosage com-
pensation. In mammals, females have two X chromo-
somes, a large and resource-rich partner to the Y, which 
is depauperate by comparison, with a modest number 
of genes mostly related to spermatogenesis. The X chro-
mosome is also particularly enriched in genes associ-
ated with brain development and cognitive function.33 
Thus, to keep the dose of X chromosome genes rela-
tively even between males and females, one is inacti-
vated in females. But is it really? Not only is the X not 
completely inactivated, with upwards of 15% of genes 
capable of biallelic expression in humans,34 but there is 
also an impact of having the largely inactive X hang-
ing around the cell. The process of inactivation requires 
a coordinated recruitment of various enzymes that in-
hibit transcription by coating the associated chromatin 
and DNA with repressive markers.35 This turns out to 
be an expensive process and creates a “heterochro-
matic sink” that sucks up valuable resources that could 
otherwise be employed regulating the gene expres-
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sion of autosomes.36 Understanding the consequences 
of this under normal circumstances is challenging, and 
so much is to be learned from the extremes, individuals 
with sex chromosome aneuploidies. The most common 
is XXY, commonly referred to as Kleinfelter syndrome, 
but there are also individuals that are XXXY and even 
XXXXY, although this is relatively rare. Equally rare 
are those with XYY, which allows for investigation of 
the opposite question—does the number of Y chromo-
somes matter? Imaging studies of humans with these 
sex chromosome aneuploidies confirmed that increas-
ing numbers of X results in increasing distortion in the 
size and shape of striatum, pallidum, and thalamus, ar-
eas which are also different in XX versus XY women 
and men. Interestingly, and unexplainedly, increasing 
the number of Y chromosomes has similar effects.37 
These unexpected findings highlight that there is much 
research to be done but also demonstrate the power of 
sex chromosomes to impact brain structure. 

Convergence of hormones, genetics, and epigenetics to 
induce and maintain sex differences

As scientists, our goal is to isolate variables and inter-
rogate their relative importance to the whole. But in 
reality, there is always an interaction among variables. 
The frontier of research into sex differences in brain 
and behavior is to understand how all these variables 
interact to produce a coordinated whole. My research 
program has focused on the cellular mechanisms of 
steroid-mediated sexual differentiation using a region-
by-region approach, meaning we interrogate the hypo-
thalamus or the preoptic area or the amygdala and so 
on. In some cases, we have delved deep into the mo-
lecular and biochemical signaling pathway and identi-
fied specific genes, molecules, receptor subtypes, protein 
phosphorylation events, and so on to determine how 
steroids drive synaptic patterns, dendritic growth and 
branching, cell proliferation or differentiation, and nat-
urally occurring cell death. Along the course of this sys-
tematic approach, several surprises and unifying prin-
ciples have emerged. First is that when you understand 
how sex differences are established in one brain region, 
you understand how sex differences are established in 
only one region. There appear to be no generalities, no 
unifying principle that applies to brain sexual differen-
tiation, with the exception of the initiating signal being 
steroids. Each brain region has its own unique style, its 

own set of necessary and sufficient players for achieving 
the differentiated end point. This has important impli-
cations for how the brain develops. With so many differ-
ent systems engaged at the same time but in different 
regions, the potential for the degree of masculinization 
to vary across regions seems almost inevitable, like-
wise for feminization (Figure 2A). As a result, a single 
brain in a single individual will probably be a mosaic 
of relative “maleness” and “femaleness,” thus provid-
ing a nifty means by which nature ensures variability. 
There are no “Stepford wives” in nature. And although 
we don’t know about regional variation in mechanism 
in humans, on the basis of image analyses, the principle 
of mosaicism appears to apply.38

	 Despite regional variability in degree of “maleness” 
or “femaleness” within individuals, the brain still resides 
within a body that is diametrically either male or female 
(with rare exceptions). Thus, there are probably also 
forces that act to keep the brain within a narrow and 
uniform phenotype so that reproduction is not compro-
mised. This is most evident in the role of Sry, which dif-
ferentiates the testis, and then all hormonally mediated 
brain differentiation derives from that. An additional 
force above the genome is epigenetic changes induced 
by the gonadal hormones to ensure that the phenotype 
stays as intended. We discovered that the enzymes regu-
lating DNA methylation, a canonical epigenetic regula-
tor of gene expression, are downregulated by steroids 
in the male brain, thereby decreasing gene expression 
repression and leading to masculinization.23 Important-
ly, in the female, these same genes must be repressed 
continuously to prevent masculinization from emerg-
ing. But epigenetics also provides a degree of malleabil-
ity; unlike the genome, it can be undone. Under spe-
cific circumstances, including enduring exposure to high 
doses of steroid hormones typical of the opposite sex, 
behavior can be reversed in adults.39 Might this be due 
to hormonal unraveling of epigenetic repression? The 
experiment hasn’t been done but it seems likely. 
	 In the above-noted scenario there is a linear rela-
tionship between the gene determining gonadal phe-
notype, hormones, and epigenetics. But in other brain 
regions, we find there is a convergence such that hor-
mones mediate an end point, in this case cell prolifera-
tion, but there is no sex difference in the endogenous 
level of hormone.40 Instead, there is a divergent epi-
genetic regulation of cell proliferation that involves 
DNA methylation in males and histone acetylation in 
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females. For this to be achieved, there must be an origi-
nating source from the X or Y chromosome. This work 
is still preliminary, but a sex difference in microRNAs, 
some of which originate on the X chromosome, is a po-
tential source.41 MicroRNAs might play an additional 
role, which is to both constrain and hone the consisten-
cy of sex differences by creating a threshold for gene 
expression.42 This is a process analogous to canalization 
whereby phenotypic variation is constrained in order to 
protect species robustness43 (Figure 2B).
 Lastly, although the mechanism for sexual differen-
tiation is unique for each region so far examined, we 
have found a common theme in the requirement for 
multiple cell types, not just neurons, participating in the 
differentiation process. Of note is the importance of 
astrocytes and microglia,41 the latter being the brain’s 
innate immune system. We also fi nd that the signaling 
molecules that mediate masculinization are usually 
identifi ed with infl ammation, eg, prostaglandins and 
some cytokines. Excitation is also a hallmark of male 
brain development, including the depolarizing actions 
of GABA, which are stronger and endure longer in de-
veloping males than females.44,45 We conclude that the 
developing male brain is naturally in a state of both 
higher excitation and infl ammation and that this may 
be a contributing factor to the greater male vulnerabil-
ity to neuropsychiatric and neurological disorders with 
origins in development (Figure 3). 

Gender-biased disorders with origins in development

One of the most robust and easily identifi able risk fac-
tors for an early onset disorder is being male, and yet it 
is relatively unexploited as an exploratory tool in basic 
research. This is beginning to change for a variety of 
reasons, including the inability to explain many of the 
more complex disorders and diseases by either genet-
ic or environmental routes. Early onset disorders can 
be broadly divided into the neuropsychiatric (autism 
spectrum disorder, schizophrenia, and attention defi cit/
hyperactivity disorder being the most frequently mod-
eled in rodents), the neurological (Tourette syndrome, 
stuttering, and dyslexia, all diffi cult or impossible at this 
time to model in animals), and insult or injury (prena-
tal infection and hypoxic/ischemic stroke, which can be 
well modeled with some limitations). All of these are 
either more frequently diagnosed or more severe in 
symptomology in males, both clinically and when mod-

eled in rodents (see refs 46-50 for review). The most ro-
bust is the gender  bias in diagnosis of autism, and this is 
also the area in which the most traction has been gained 
due to a recent emphasis on the heuristic value of com-
paring males and females. A brief overview follows.
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 Figure 2.  Mosaicism and canalization. (A) Sexual differentiation of 
the brain occurs independently in multiple regions. Al-
though the same hormones (ie, testosterone and estradiol) 
induce sex differences, the cellular signaling pathways are 
unique for each region that responds. As a result, there are 
multiple nodes for modulation by genetic, environmental, 
and experiential factors, which prevent the development 
of a uniformly “male” versus “female” brain. Instead, the 
brain of any one individual is likely to be a mosaic of relative 
maleness, femaleness, and sameness, with the brain of no 
two individuals being exactly alike. This variability within the 
brain is countered by somatic sex, which is generally binary. 
(B) Canalization is a process both for constraining cell fate 
once differentiation begins and for maintaining species phe-
notypic robustness in the face of continuous challenge and 
insult. This same principle can be applied to sexual differen-
tiation of neuroanatomical end points, many of which vary 
along a continuum, but there is a clear separation on that 
continuum such that males cluster at one end and females 
at the other. This suggests there are biological forces that 
maintain a clear distinction between the sexes, for instance, 
by the generation of thresholds as in the case of microRNAs. 
But there are also forces that act to keep the sexes within 
range of each other as this is essential for ultimate reproduc-
tive success. Behavior is only loosely tied to neuroanatomy, 
and so effects of canalization are much less in evidence. 
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 Autism spectrum disorder (ASD) is among the most 
gender-biased of the early-onset syndromes, being di-
agnosed four to fi ve times more frequently in boys.50,51 
Acknowledgment of the importance of this bias was ar-
ticulated in the Extreme Male Brain theory of autism 
put forth by Simon Baron-Cohen.52 This theory proposes 
that autism is a continuation along a spectrum of fe-
maleness to maleness but into a range of dysfunction as 
manifested by excessive systematizing, low empathy, and 
poor social skills, including bonding.53 Attempts to sup-
port the theory have largely centered on measurement 
of steroid hormones in amniotic fl uid with the assump-
tion that autistic individuals would have higher androgen 
levels. Although there are some reported correlations in 
hormonal profi le in the amniotic fl uid and diagnosis of 
autism in boys,54 as well has higher rates of androgen-re-

lated disorders in women with autistic traits,55 overall the 
theory has fallen short in explaining the profound gen-
der  bias. An alternative view is that rather than males 
being more vulnerable, females are protected. This sce-
nario predicts that females can tolerate a greater level 
of insult before tripping over into dysregulation. Focus 
has been on genetic insult, and there is evidence to sup-
port the contention that females are protected,56 but 
again it does not explain the magnitude of the bias. More 
recently, extensive transcriptomic analyses of postmor-
tem tissue from autistic and nonaffected individuals was 
used to distinguish between the two following hypoth-
eses: (i) risk genes for ASD are expressed at higher levels 
in males; and (ii) genes involved in normal male brain 
development are more highly expressed in males with 
ASD.57 The latter was concluded, that rather than ASD 
risk genes being higher in males, it is the genes normally 
involved in male brain development that were being 
overexpressed. More importantly, many of these genes 
were disproportionately associated with neuroinfl amma-
tion. This is highly consistent with our observations of a 
key role for microglia and infl ammatory signaling mol-
ecules in the sexual differentiation of the preoptic area in 
rodents.41 But this is not consistent with another emerg-
ing approach, examination of genetic mouse models of 
ASD for sex differences. Both caspase 3 and neurexin 1 
(Nrxn1) are candidate ASD genes and deletion of either 
one in mouse models produces defi cits in males but not 
females.58,59 The latter was concluded; that rather than 
ASD risk genes being higher in males with ASD, it is the 
genes normally involved in male brain development that 
were being overexpressed in males with ASD. More im-
portantly, many of these genes were disproportionately 
associated with neuroinfl ammation. This is highly con-
sistent with our observations of a key role for microglia 
and infl ammatory signaling molecules in the sexual dif-
ferentiation of the preoptic area in rodents,41 and could 
be considered consistent with the Extreme Male Brain 
theory since it is genes associated with normal male brain 
development that are higher in ASD males. However, 
there is another emerging approach which is not consis-
tent with the Extreme Male Brain—the examination of 
genetic mouse models of ASD for sex differences. Both 
caspase 3 and neurexin 1 (Nrxn1) are candidate ASD 
genes and deletion of either one in mouse models pro-
duces defi cits in males but not females.58,59  In this case 
there is a loss of a gene that is normally high in males and 
leads to the ASD-like phenotype.  Lastly, the potential 
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 Figure 3.  Mechanisms of masculinization put males at risk. The cel-
lular mechanisms mediating sexual differentiation of specifi c 
regions vary, but there are unifying themes. Overall, males 
experience more excitation and more infl ammation. In some 
brain regions, developing males have more microglia, and 
they are in a more activated state. These innate immune 
cells produce excess prostaglandins and other infl amma-
tory mediators in males. Astrocytes are also more activated 
in developing males and are a source of increased gluta-
mate. γ-Aminobutyric acid (GABA) is an excitatory transmit-
ter early in development but is more excitatory and for a 
longer developmental duration in males than females. Two 
dominant features of neuropsychiatric disorders with origins 
in development are an imbalance of excitation and inhibi-
tion and exposure to infl ammation during a critical window. 
Thus, males may be more susceptible to dysregulation as a 
consequence of the natural mediators of brain masculiniza-
tion. ADHD, attention defi cit/hyperactivity disorder.



for differential diagnosis by physicians, as well as differ-
ential presentation of the disorder in boys versus girls, 
must also be incorporated into any consideration of how 
the male prevalence in ASD arises.6

Conclusion

In summary, new advances in elucidating the biological 
foundations of sex differences in the brain shed light 
on the potential source of male vulnerability to neuro-
psychiatric and neurological disorders with origins in 
development. Heightened excitation and neuroinflam-
mation may converge with environmental insult to in-
crease risk of dysregulation in developing males versus 

females.  But sex differences in physiology and behavior 
are found at every stage of the lifespan, and can vary 
profoundly with age, experience, and context.  Not all 
differences between the sexes are manifested in the 
same way, and attention must be given to the contribut-
ing variables, the magnitude of the differences, and the 
relative importance to a particular condition or disease 
state.  Ultimately, the study of sex differences provides 
a powerful heuristic tool for discovering novel regula-
tory processes and expands foundational principles of 
neurobiology to enhance the health of both males and 
females. o
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