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The inclusion of sex as a biological variable in research is absolutely essential for improving our understanding of disease mechanisms
contributing to risk and resilience. Studies focusing on examining sex differences have demonstrated across many levels of analyses and
stages of brain development and maturation that males and females can differ significantly. This review will discuss examples of animal
models and clinical studies to provide guidance and reference for the inclusion of sex as an important biological variable relevant to a
Neuropsychopharmacology audience.
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INTRODUCTION

An appreciation for sex as a biological variable (SABV) in
preclinical and clinical research is essential for our under-
standing of basic mechanisms contributing to disease risk
and resilience, especially in cases where there are known sex
differences in phenomenology, natural history, treatment, or
severity. Studies focusing on examining sex differences have
demonstrated across many levels of analyses and stages of
brain development and maturation that males and females
can differ significantly. From sex chromosomes that allow
for disparities in gene dosage and regulatory mechanisms, to
the important role of gonadal hormones across the life span,
our appreciation for the unique and highly mechanistic
insight that including SABV affords us has gained great
attention. This review will provide general oversight as to
animal models and clinical studies that have demonstrated
novel outcomes because both sexes were examined across
research areas and human health and disease relevant to a
Neuropsychopharmacology audience. This is by no means a
comprehensive review of all research in these areas, but
rather a selection of appropriate and representative examples
to provide guidance and reference for the inclusion of sex as
an important biological variable. In addition, we have
included several helpful out-takes as reference and citation
for the ‘benefits of’ and the ‘how to’ complete studies in this
area in preclinical and clinical research (Box 1; Figures 1
and 2). Finally, the role of developmental windows and

changes across the life span to the contribution of sex
differences in neuropsychiatric and cognitive disorders is
highlighted where appropriate and in Figure 3.

Defining Sex and Gender

Although all cells have a sex, designated by the presence and
dosage of X or Y chromosomes, which in most cases will be
XX (female) or XY (male), gender is a designated societal
determinant and therefore traditionally described only in
humans (Bachmann and Mussman, 2015). Of particular
importance for this discussion, rodents do not have a gender.
Discussed below are the primary contributions of gonadal
hormones and sex chromosomes in organizing the sexually
dimorphic brain, a key foundation throughout life where the
internal and external environments can provoke phenotypic
sex differences.
Importantly, the sexually dimorphic brain, similar to most

sex differences, does not fall into a hard binary readout—but
rather is on a continuum or spectrum with each cell and each
brain region comprised of varying degrees of ‘male’ and
‘female’ (Hines, 2005; Joel and McCarthy, 2016). This is
because the influences from very early neurodevelopmental
time points, and perhaps even earlier than fertilization, are
complex and multifaceted and frequently depend on the sex
chromosome compliment of the individual or the sex of the
parent contributing a given gene. Finally, the combination of
genetic sex and gonadal hormones alone can produce a
plethora of points at which subtle differences promote
dramatic trajectory changes in development.
An example of this is from Catherine Dulac’s group in

which they investigated the genetics of sex differences in the
brain by comparing parent-of-origin allelic gene expression
and found that imprinted genes inherited from maternal or
paternal origin were dependent on the offspring sex as
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well (Gregg et al, 2010). Within the neuroendocrine hypo-
thalamus, this study showed that there was an important
interaction at the level of epigenetic modifications in control-
ling gene expression patterns between parent and offspring sex.
At a very molecular level, this is an incredible example of
where the same parents, the same environment, and the same
gestational experience can yield significantly different out-
comes in brain development that may then predict long-term
sex differences in disease risk and resilience.
Also, critical to the discussion of sex and gender in the

human laboratory is the interaction between an individual’s
experiences, based upon society’s concept of their gender,
and the developing central nervous system (Borchers and
Gershwin, 2012; Springer et al, 2012). Examples of this
phenomenon include opportunities for education and

enrichment, exposures to particular types of trauma and
injury, and access to and uptake of behavioral health
treatment. It is well know that education is important to
long-term cognitive health and although women in the
United States now outnumber men with respect to graduate
degrees, women in some communities are not encouraged to
seek higher education and overall health status is adversely
impacted (Hendi, 2015). Likewise, females are more likely
than males to experience sexual abuse during critical periods
of brain development and maturation, particularly during
peri-adolescence when sub-cortical structures are vulnerable
to insult (Felitti et al, 1998). Although gender differences in
sports-related concussions vary by type of sport, females
show higher rates of concussion than males in gender-
comparable sports, and female sex is a risk factor for post-
concussion neuropsychiatric sequelae (Marar et al, 2012;
King, 2014). Finally, women are more likely than men to seek
medical care and to be exposed to pharmacologic treatment,
particularly psychotropic agents that may adversely impact
neurological, cognitive, and sexual function (Whitley and
Lindsey, 2009). These latter two examples of sports-related
concussions and medication utilization are particularly
relevant to the thesis of this review in that they illustrate
how behavioral factors under the rubric of gender interact
with sex with respect to health outcomes, suggesting that in
clinical research the role of both gender and sex are
frequently relevant.
The observation that female sex is a risk factor for a wide

range of adverse drug reactions bears additional discussion
given the readership and mission of this Journal with respect
to pharmacology (Parekh et al, 2011; Franconi et al, 2012;
Spoletini et al, 2012). Early limitations on recruitment of
women to randomized clinical trials and the delay in
considering SABV in drug studies have resulted in a number
of cautionary tales. Findings from the Physicians’ Health
Study that included over 20 000 male physicians studied in
the 1980s, indicated that low-dose aspirin was associated

Box 1 How to Examine the Estrous Cycle in Rodents

One simple way in which cyclicity can be examined is to collect vaginal
smears on the day of testing and used to determine cycle stage in females as
described previously (Nelson et al, 1982; Caligioni, 2009). Cycling should be
done immediately after or as soon as possible after the behavioral study is
completed such that you are not stressing the female before testing and you
are obtaining cycle information in as close time period to the behavioral
measure as possible. To obtain samples for cytological comparison by vaginal
lavage, use warmed saline to carefully triturate a small volume from a transfer
pipet placed just at the vaginal opening. Caution here, too vigorous of
trituration or placed too far inside the vagina can induce pseudopregnancy, so
be gentle. Transfer the fluid to a microscope slide, and allow the sample to
dry at room temperature. To identify the estrous cycle stage the female is in,
the types of cells present (cornified epithelial, nucleated epithelial, and
leukocytes) and ratio of these cells is determined by crystal violet staining of
the slides as previously described (Caligioni, 2009). Additional methods are
also available for confirmation of estrous cycle stage (Becker et al, 2005).

Figure 1 How to examine menstrual cycle impact in human studies.
Depicted is an idealized 28-day cycle, although studies for which menstrual
cycle length is considered frequently include women with regular cycles
from 25 to 34 days in length from day 1 (first day of menstrual flow) to day
1 (first day of menstrual flow) of the next cycle. If necessary, varying cycle
lengths can be modified statistically to conform to a standardized 28-day
cycle. However, the most straightforward way to assess changes in
outcomes across the cycle or between phases is to target when a given
women is likely to be in the hormonal and/or behavioral state of interest
(Epperson et al, 2007; Comasco et al, 2014; Timby et al, 2016). Many
women will have several days of spotting before experiencing a full flow.
Whether investigators choose to consider any spotting as day 1 or onset of
full flow as day 1 varies, but should remain consistent within a given study.

Figure 2 Sex differences in gonadal and pituitary hormones in middle-
and late-aged adults. Data depicting general fluctuations in reproductive
hormones across the life span from the typical age of late pre-menopause to
the late post-menopause in women and age-matched men (Moroz and
Verkhratsky, 1985; Liu et al, 2015). A rapid effect is indicated by two arrows.
A slow or moderate effect on gonadal and pituitary hormones is indicated
by one arrow.
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with a reduced risk of myocardial infarction and a slight
increased risk of stroke (1989). It was decades later that a
follow-up study conducted in 39 000 female participants
showed alarmingly disparate findings. In females, low-dose
aspirin was associated with a greater risk of stroke with no
overall effect on risk for myocardial infarction (Ridker et al,
2005). Although the 1993 NIH policy encouraging the
inclusion of women in clinical trials has contributed to a
more equal number of males and females in phase III trials,
examination of medication efficacy and adverse drug
reactions by sex are still lacking, leading to continued
evidence of increased risk for women (Mazure and Jones,
2015). Referable to this point, in 2013 the FDA-approved
labeling changes for dosing of zolpidem, a drug approved for
the short-term treatment of insomnia decades earlier. The
recommended starting dose was reduced in women, as
metabolism of the drug is slower in females, leading to
higher drug concentrations and morning drowsiness in
women compared with men. In fact, governmental reports
indicate that out of the 10 prescription drugs removed from
the US market between 1997 and 2001, 8 were found to have
greater adverse effects in women compared with men.
Although our understanding of SABV in many disease

states has been hindered by factors from limited financial
and physical resources to the belief that sex differences are
not important or do not exist (Cahill, 2014), research
examining how SABV applies to transgender populations is
nonexistent for most medical conditions. Although this topic
is of growing and critical importance, the current review
focuses primarily on SABV in organisms/individuals for
whom the gonadal hormonal milieu is consistent with their
chromosomal sex.

Sex Differences Related to Sex Chromosomes and
Hormones and the Importance of Timing

Importantly, the mammalian brain develops in the face of
combined and opposing forces contributing to resiliency or
vulnerability. The sexually dimorphic developing brain is
organized in large part by developmental hormone exposure,
with males experiencing elevated testosterone levels during
the process of normal testes development, largely in utero,
although the exact timing of this is species-dependent.
Aromatization of this testosterone to estradiol in the brain
drives masculinization, an active process affecting cell
differentiation and connectivity in the brain in rodents
(Figure 4; McCarthy, 1994; McCarthy, 2016). Estrogenic
involvement in cell death and cell birth in the developing
nervous system is a critical component in programming the
sexually dimorphic brain, as is the epigenetic process of
DNA methylation in feminization of the female brain
(McCarthy et al, 2009; Nugent et al, 2015). Aromatization
of testosterone to estradiol occurs in primates, including
humans, but does not necessarily have a major role in
masculinization of the primate brain. Instead, both testicular
production of testosterone and intact androgen receptors are
necessary to defeminize the human brain as evidenced by the
feminine phenotype of XY individuals with complete
androgen insensitivity syndrome and masculine phenotype
of those with aromatase dysfunction (Imperato-McGinley
et al, 1982; Grumbach and Auchus, 1999). Certainly,
evidence in humans also suggests a strong correlation
between fetal testosterone levels and steroidogenic activity
with neurodevelopmental disease risk and adult cognitive
and behavioral stress reactivity, supporting the importance of
the processes involved in establishing the sexually dimorphic

Figure 3 Sex and gender differences across the life span. Based on preclinical and clinical research: (a) maternal and paternal life experience can impact fetal
programming and offspring behavior in a sex-specific manner (Bale and Epperson, 2015; Rodgers and Bale, 2015). (b) Postpartum depression is associated with
behavioral differences in female and male infants and young children (Azak, 2012; Kingston et al, 2012). (c) Neuropsychiatric conditions are more common
among prepubertal males than prepubertal females. Limited early life stress may lead to resilience to depression among women (Zahn-Waxler et al, 2008).
(d) Onset of sex differences in affective disorders and female-specific mood disorders at puberty. Ovarian hormones modulate brain neurochemistry,
structure, and function (Shanmugan and Epperson, 2014; Hantsoo and Epperson, 2015). (e) Prenatal stress contributes to risk for diseases that exhibit sex
differences across the life span (Goldstein et al, 2014). (f) Mid-life is associated with marked hormonal shifts for women, but not men. Estradiol effects on stress
responses varies in pre- vs post-menopausal women (Dumas et al, 2012; Albert et al, 2015). (g) Females are at greater risk of dementia and adverse effects of
many pharmacologic agents used in the treatment of adult disorders (Parekh et al, 2011; Franconi et al, 2012; Spoletini et al, 2012).
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brain (Chura et al, 2010; Lombardo et al, 2012; Lombardo
et al, 2012; Baron-Cohen et al, 2015). Programming of
important regulatory brain regions, including the neuroen-
docrine hypothalamus, via such steroid hormone effects on
cell migration patterns during early development likely also
contributes to sex differences in how the individual responds
to environmental perturbations throughout life (Bale et al,
2010).
In rodent models, studies have been able to manipulate

this critical organizational window to mechanistically
examine its importance in sex differences in long-term stress
programming. For instance, adult sex differences in hippo-
campal expression of the glucocorticoid receptor, critical for
the negative feedback and modulation of the HPA stress axis,
was disrupted in females masculinized at birth by a single
injection of testosterone, supporting the importance of the
male testosterone surge in normal wiring of sex differences
in stress pathways (Bingham and Viau, 2008; Goel and Bale,
2008; Goel et al, 2011). In addition to this early critical period
of programming, the rise in gonadal hormones beginning in
puberty interacts with these organizational changes and
exerts modulatory actions on neurotransmitter systems
critical in regulation of sex differences in stress responsivity.
Ultimately then, this is an excellent example of how an
important coordination must occur between organizational
and activational periods of hormone exposure with addi-
tional factors from the sex chromosomes to orchestrate
a ‘normal’ stress phenotype for each sex. Therefore,
neuropsychiatric disease predisposition may result from a
mismatch between these processes due to perturbations
during early development (Karatsoreos and McEwen, 2013;
Karatsoreos and McEwen, 2013; Pembrey et al, 2014).
Not surprisingly, chromosomal sex also contributes to

brain development in a hormone-independent manner. The
four core genotype mice in which the testis-determining
gene, Sry, has been removed from the Y chromosome and is
now autosomal, are an interesting tool with which measured
outcomes can differentiate sex chromosome complement
from gonadal sex (Quinn et al, 2007; Arnold, 2009). The
‘four core genotypes’ refer to the production of mice that are
one of four genotypes—XXsry, XX, XYsry, and XY. Studies
using these mice have provided a unique and innovative
strategy by which labs with interests from addiction to
reproductive behaviors have been able to address important
questions regarding sex differences independent of gonadal
hormones. For example, Jane Taylor’s group, as discussed
below, has used these mice to uncover a critical role of sex

chromosomes in producing significant differences in food-
reinforced habit formation and goal-directed behaviors
dependent on the presence of two X chromosomes, and
independent of gonadal hormone status (Quinn et al, 2007;
Barker et al, 2010). Thus, from these animal studies, we
learned that behaviors relevant to diseases such as addiction
and obesity are affected by X-linked genes and can be
independent of gonadal hormones. Such findings are critical
to consider particularly in the context of hypogonadal states,
which characterize the prepubertal and postmenopausal
windows, or in the context of exogenous use of reproductive
hormones that are inconsistent with the individual’s
chromosomal sex.
Studies of individuals born with sex chromosome compli-

ments that do not conform to XX or XY have informed our
understanding of the individual role of the X and Y
chromosome in human brain development. Neuroimaging
studies comparing children in early puberty with Turner
syndrome (XO) and Klinefelter’s syndrome (XXY) to age-
matched controls, indicate a dose-dependency of the X
chromosome to decreased parieto-occipital and increased
temporo-insular gray matter volumes (Hong et al, 2014;
Hong and Reiss, 2014). A similar study also reported smaller
hippocampal volumes in XXY boys compared with age-
matched controls (Rose et al, 2004). Interestingly, XYY
karyotypes that do not present with a detectable phenotype
have normal behavior and cognitive abilities, and normal
serum testosterone levels, suggesting that, although the
dosage of X-linked genes is important in normal develop-
ment, this may not be the case for Y-linked genes. However,
it should be noted that it is inherently difficult to completely
dissect the gonadal hormone and sex chromosome effects on
the developing brain as both XO and XXY children are also
typically deficient in gonadal hormone production. Further,
the testis-determining factor, Sry, as discussed above, is a Y
chromosome gene and a necessary transcription factor for
the bipotential gonad to develop into a testis, a necessity for
testosterone production during neonatal and pubertal
developmental organizational periods (Capel, 1998).
We know that the timing or ‘critical periods’ of brain

development and maturation demarcate points where the
plastic brain undergoes marked changes that can be
distinctly feminine or masculine. It is within these sexually
dimorphic nuclei that cells are increasing or decreasing in
size, synapse and glia numbers changing, and dendritic
spines sprouting at a rapid rate—all of which point to a
robust and dynamic state. Therefore, sex-specific changes

XY Sry

Testes

T

T
Aromatase

E2

Figure 4 Masculinization of the male brain. In most mammalian species, testosterone is produced by the testes during testes development in late gestation.
The presence of testes results from the testis-determining factor, Sry, on the Y chromosome that determines the direction the bipotential gonad develops.
Circulating testosterone enters the brain and is aromatized to estradiol during this critical organizational window. Estradiol produces hosts of cellular effects to
then ‘masculinize’ the male brain.
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may present an opportunity where the normal trajectory
becomes most vulnerable to influences that can be redirected
or reprogrammed. For instance, in both humans and
rodents, several brain regions involved in stress and
corticotropin-releasing factor (CRF)-mediated HPA axis
regulation and emotional affect, such as the prefrontal
cortex (PFC), amygdala, and hippocampus undergo sig-
nificant maturation during childhood and adolescence.
These areas also demonstrate significant sex differences in
both structure and function into adulthood, and may be
related to varying rates of maturation between males and
females.
Recent findings from the Philadelphia Neurodevelopmen-

tal Cohort reveal significant nonlinear effects of sex and age/
pubertal development on cerebral perfusion with pre- and
peri-adolescent females having lower cerebral blood flow
(CBF), but by mid-adolescence (15–17 years old) males were
lower, and by late-adolescence (17–22 years old) CBF in
females began increasing with age (Satterthwaite et al, 2014).
These sex differences in CBF were most pronounced in the
default mode network, executive system, and regions critical
to affective processing. CBF, a critical property of basic brain
physiology, has been shown to vary by sex in older adults, is
linked to regional brain metabolism, is altered by cognitive
activity and load, and is abnormal in various neuropsychia-
tric conditions (reviewed by Satterthwaite et al (2014)). Sex
differences in such a fundamental aspect of brain physiology
emphasize the consideration not only of SABV but also of
developmental trajectories when conducting human neuroim-
aging research. Reproductive hormones have pronounced
impact on systemic and central vasculature and thus cerebral
perfusion, which is particularly important in research focusing
on CNS damage under conditions of ischemia (Sorensen et al,
2001). Considering the later end of the life span when cerebral
vascular disease and risk for ischemia are more likely,
McCollough, Arnold, and colleagues research using the four
core genotype mouse model (described above) indicates that
sex differences in ischemic stroke sensitivity is influenced
primarily by circulating gonadal hormones, not sex chromo-
some compliment (Manwani et al, 2015). Estradiol supple-
mentation was associated with robust CNS protection in an
ischemic stroke model in females, while the effect was muted
in males, suggesting that both organizational and activational
effects of reproductive hormones should be considered under
this context.
Similarly, structural neuroimaging studies in humans

emphasize the importance of considering SABV and
development when considering the integrity of critical limbic
structures such as the amygdala, hippocampus, and PFC.
Amygdala volume increases significantly more in adolescent
boys, whereas hippocampal volume increases faster in girls,
especially within the CA1 subfield (Satterthwaite et al, 2014).
Moreover, the thinning of frontal cortical gray matter
associated with adolescence occurs earlier in females, which
may be related to an earlier onset of puberty. Interestingly,
these same limbic and forebrain regions are also extremely
sensitive to stress (McEwen and Morrison, 2013). As
glucocorticoids are potent modulators of synaptic function
and plasticity, it is likely that exposure to stressors during
adolescence or impaired CRF pathway function could shape
these limbic brain areas critical to emotionality, possibly in a

sex-dependent manner given their different rates of matura-
tion (Goel and Bale, 2009).
Unfortunately, little is known regarding the ability of stress

across the pubertal transition to alter the developmental
trajectory of these brain regions in males and females. In
humans, studies have shown the impact of preadolescent
stress as being particularly critical for adult right amygdala
volumes, with adversity (abuse, neglect, and family stress)
occurring at age 11 years, contributing to a 3.5-fold effect
above adversity occurring at any other time from birth to 18
years of age (Pechtel et al, 2014). Numerous studies show
that alterations in amygdala volume are related to negative
emotionality (anxiety, depression, and neuroticism), which
characterize psychiatric conditions for which there are
prominent sex differences in prevalence, and natural history
(Drevets et al, 2008; Mincic, 2015). Unfortunately, sex
differences in these neuroimaging outcomes are under-
studied. As adolescence and young adulthood are periods of
increased presentation of mental health disorders, including
those that are female-specific such as premenstrual dyspho-
ric disorder and catemenial epilepsy, it will be imperative to
better identify and delineate interactions between adolescent
brain maturation, environmental influences, and sex to
identify points of vulnerability (Guille et al, 2008; Epperson
et al, 2012). To do so, neuroimaging studies must have
sufficient sample or effect sizes with respect to male and
female participants or outcomes, respectively, to address
these critical issues in normal and aberrant neurodevelop-
ment. Similar to rodent studies, human subject investigations
of stress effects on neurodevelopment would benefit from
greater consideration of the context and timing of environ-
mental perturbations.

Knowledge Gained by Including SABV in Studies of
Neurodevelopment and Neuropsychiatric Disorders

Translation of many of these preclinical findings to human
health and disease has been hindered for obvious reasons.
Although not as mechanistically revealing, the Avon Long-
itudinal Study of Parents and Children (ALSPAC, n= 14 551)
initiated in the United Kingdom in 1999 has reported several
sex differences with respect to maternal psychosocial distress
(anxiety and perceived stress) during pregnancy effects on
offspring behavior during infancy and childhood (prepu-
bertal window), and at the age of 18 (Capron et al, 2015).
Even when controlling for maternal postpartum affective
state and obstetrical factors, maternal anxiety late in
gestation was associated most robustly with hyperactivity/
inattentiveness in boys and total behavioral/emotional
problems in boys and girls assessed at 4 years of age
(O'Connor et al, 2003). Later in development, sex differences
with respect to maternal antenatal anxiety and cortisol
awakening response in a subgroup (n= 1000) of 15-year olds
from this cohort were less prominent (O'Donnell et al, 2013).
Interestingly, maternal, but not paternal, antenatal depres-
sion was associated with the increased risk of anxiety
disorders at age 18 years among those individuals who
remained in the ALSPAC (n= 4303), suggesting specific
effects of prenatal programming, in addition to environ-
mental and genetic factors, for a neuropsychiatric condition
that occurs two to three times more frequently in females
than males (Capron et al, 2015).
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Smaller studies focusing on brain imaging outcomes reveal
that maternal report and neuroendocrine evidence of
psychosocial distress during pregnancy is associated with
increased right amygdala volume among female, but not
male, offspring studied at 7 years of age. In this sample,
amygdala volume mediated the relationship between levels of
maternal cortisol during pregnancy and affective problems
during childhood (Buss et al, 2012). Similarly, intergenera-
tional transmission of parental experience of childhood
adversity has been reported for both females and males in
rodents and for female parents in humans (Moog et al,
2016). Maternal history of childhood trauma is associated
with higher levels of placental corticotropin-releasing factor
across pregnancy with a steeper rise in levels in the late
second trimester to parturition.
Taken together, clinical and basic science research suggests

that fetal exposure to environmental insults can alter the
trajectory of brain development. Without consideration of
offspring and parental sex, our understanding of the
intergenerational transmission of life experiences would be
greatly limited. We provide additional specific examples of
the importance of considering SABV in our discussion of
specific neuropsychiatric disorders below. It should also be
considered here that it is also the case that even if studies
including both males and females find no sex differences in
their outcomes, sex differences can exist at many levels.
Certainly, one can get to the same destination via different
routes. For instance, in neuropsychiatric diseases such as
autism, schizophrenia, or depression, although men and
women may be given a similar diagnosis, there exist
significant sex differences in overall rates, timing of onset,
symptom presentation, and treatment efficacy (Heim and
Nemeroff, 1999; Heim and Nemeroff, 2001; Sanchez et al,
2001; Goldstein et al, 2002; Heim et al, 2004; Bale, 2006;
Brown and Susser, 2008; Bale, 2009; Brown et al, 2009; Heim
et al, 2009; Bale et al, 2010; Heim et al, 2010; Brown, 2012;
Davis and Pfaff, 2014; Goldstein et al, 2014). Further,
mechanistic animal studies modeling endophenotypes of
these disorders have demonstrated robust sex differences in
the timing of susceptibility to insults to the developing brain
where males appear more vulnerable prenatally and females
postnatally (Mueller and Bale, 2006; Mueller and Bale, 2007;
Ivy et al, 2008; Kapoor et al, 2008; Mueller and Bale, 2008;
Kapoor et al, 2009; Ivy et al, 2010; Hsiao and Patterson,
2012). Therefore, although a male and a female may both be
diagnosed with the same disease, for instance autism, the
means by which that disease was programmed and presented
may be sex-specific.

Male-biased disorders. Recent studies have identified
gender-specific patterns and connectivity, suggesting that
the brains of boys and girls begin to develop very differently
at an early age, where the brains of boys are structured to
increase the connectivity between perception and coordi-
nated action, and that of girls to assist in connectivity
between analytical and intuitive processing (Satterthwaite
et al, 2014). These differences clearly begin during childhood
and are further increased by the hormones and maturational
processes occurring during adolescence, and as mentioned
previously, modified with during periods of dynamic hor-

monal change such as those occurring during the menstrual
cycle, childbearing, and the perimenopause in women.

Certainly, numerous neurodevelopmental disorders ex-
hibit strong sex biases, including autism spectrum disorder
with an overall sex ratio of 4 : 1 for boys:girls (as reviewed in
Newschaffer et al (2007), Davis and Pfaff (2014), and Gore
et al (2014)) as well as attention deficit hyperactivity disorder
with a male to female sex ratio of 3.2 : 1 (as reviewed in
Erskine et al (2013)). The age of onset of these disorders and
their male preponderance, suggests that intra-uterine factors
are involved in their pathophysiology. Although the onset of
schizophrenia peaks in both males and females after puberty,
males are more likely to be affected, to have earlier onset and
a more protracted course (Bale and Epperson, 2015). A male,
but not female, fetus exposed during the second trimester of
gestation to the stress of the 1940 invasion of The Nether-
lands had increased risk of schizophrenia later in life (van Os
and Selten, 1998). This relationship between prenatal
exposure to maternal psychosocial stress and risk for
schizophrenia in male, but not female, offspring has been
replicated in another study, but with first trimester exposure
(Khashan et al, 2008). Although there are likely multiple
factors contributing to sex differences in disease, sex-specific
responses to fetal antecedents occurring during gestational
sensitive windows may promote differences in programming
trajectories that underlie such disease biases.

Along these lines, functional magnetic resonance imaging
studies in men and women diagnosed with schizophrenia
confirmed that the expected sex differences in regional
volumes were disrupted, including the ratio of orbitofrontal
cortex:amygdala, where male schizophrenia patients have a
phenotypically more female pattern in these brain regions
(Cowell et al, 1996; Goldstein et al, 2002; Gur et al, 2004).
Hence, without consideration of outcomes by sex, vital
information regarding the origins of neuropsychiatric
conditions would be missed. Moreover, identification of
those at greatest risk of adverse consequences of maternal
psychosocial stress may improve outcomes.

Female-biased disorders. To our knowledge, there are few
studies examining the impact of maternal psychosocial stress
during discrete gestational windows on risk for affective
disorders, which occur more frequently in females. Perhaps,
this is due to the challenge of following cohorts from
gestation to post-puberty when the sex bias for affective
disorders in females is revealed. The ALSPAC study,
previously mentioned, did not address potential sex differ-
ences regarding gestational exposure to maternal anxiety and
depression on risk for affective disorders at age 18 years
(Capron et al, 2015), nor did an Australian longitudinal
cohort study (n= 3099) examine outcomes by sex of the
offspring assessed for internalizing and externalizing beha-
viors at age 21 years (Betts et al, 2015). Given the expense
and time associated with prospective cohort studies, we
would suggest mining existing databases, which may have
sufficient sample sizes to test targeted hypotheses about
potential sex or gender differences on risk for affective
disorders and other conditions that occur distal to in utero
life. Future prospective studies should consider sex and
gender in their study design to be compliant with new NIH
policies and to reduce missed scientific opportunities.
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The Myth of Increased Female Variability

Now that we appreciate the importance and value of
including SABV in research studies, questions frequently
arise as to how best to design studies that will detect sex
differences. We have included several out-takes (Box 1;
Figures 1 and 2) to provide an overview of the estrous and
menstrual cycles, and how an investigator can focus on or
control for particular hormonal and reproductive states in
rodents and humans. Our goal is to eradicate the notion and
unnecessary roadblock that has hindered many investigators,
namely, that females are ‘messy and add variability to results
due to their hormonal cycle’. Although there is an entire field
devoted to the importance of the female estrous (rodents) or
menstrual (primates) cycle on outcomes from dendritic spine
dynamics to cognitive processing, most neurobiological
measures where an actual sex difference is found are not
driven by changes in female cyclicity, the best evidence for
which comes from rodent models that we will focus on first.
Yes, estrogen and progesterone significantly change over

the estrous and menstrual cycles (Box 1; Figure 1) and across
the reproductive life span (Figure 2). And, yes, gonadal
hormones can promote significant changes in important
neurobiological measures when specifically examined. How-
ever, a comprehensive meta-analysis recently completed by
Zucker et al examining the variability within sex in 293
publications that included male and female mice showed
that, in fact, females were equally or even less variable in all
reported molecular, physiological, and behavioral measures
examined than were males (Prendergast et al, 2014). This
variability was similar between males and females whether
animals were single or group housed. This variability
comparison has now similarly been completed in rats as
well (Becker et al, 2016). In addition, many behavioral
studies have similarly reported that when estrous cycle stage
was included as a variable, no significant differences in
outcome measures were found, including for the Barnes
maze, tail suspension test, forced swim test, elevated plus
maze, light–dark box, and open-field tests (Mueller and Bale,
2007; Goel and Bale, 2008; Goel and Bale, 2009; Goel and
Bale, 2010; Goel et al, 2011). This is not to say that gonadal
hormones are not important in behavioral responses, but
rather that the variability within females when comparing
their outcomes to males does not explain sex differences.
Therefore, although the NIH and other funding agencies in

the United States, Canada, and the European Union have
now pushed forth the mandate to include SABV in all grant
proposal submissions, there remains confusion as to how to
best design and interpret results in which males and females
are both included. First, as discussed in the Circumspective
by McCarthy and Joel in this issue, to include SABV does not
suggest that the researchers are asking nor are they powered
to ask, if sex differences are present (Joel and McCarthy,
2016). Including both sexes and examining outcomes for
potential differences between sexes in the results should
provide insight as to whether major differences would be
present and if further studies are warranted. The NIH has
made it very clear that they are not requiring that everyone
study sex differences nor are they in a position to fund the
expenses for doubling of experimental numbers. But
including female comparisons in what has been for most
fields largely male-centric can only be seen as a benefit, as we

consider additional modes and mechanisms in disease risk
and resilience across the life span.
So, how then does an experimenter design their studies so

as to be inclusive of SABV without doubling their
experimental numbers? To start, knowing the literature as
to reported sex differences can be very helpful in how to best
go about including both sexes in your study or the
appropriate justification for focusing on one sex only.
Similarly, if you are expecting sex differences, knowing what
type of sex difference can make a big difference in your
experimental numbers and planned comparisons. For
instance, if you are running a Barnes maze behavioral test
and knowing that males and females use different strategies
to locate the hidden escape box, then you know that the
latency for both groups may be different, but the interpreta-
tion of the difference is not that females have decreased
spatial ability, but rather that their less risk-aversive serial
search strategy requires additional travel time (Mueller and
Bale, 2007). This is an example of a sexually dimorphic
outcome where the measure exists in two forms, one more
prevalent in one sex vs the other (ie, females using a serial
search strategy, males using a spatial navigation strategy in
this test; Joel and McCarthy, 2016). Knowing this, you might
design your study to ask about differences within sex for a
given manipulation rather than between sexes. As another
example, in post-puberty rodents, the HPA stress axis has a
significant sex difference in the amount of ACTH and
corticosterone produced in response to a given acute stressor
(Handa et al, 1994; Handa et al, 1994; Romeo et al, 2004;
Romeo and McEwen, 2006; Goel and Bale, 2007; Goel and
Bale, 2008; Goel and Bale, 2009; Handa et al, 2009; Weiser
and Handa, 2009). This would be an example of a sex
difference that is along a continuum, with females producing
the same hormones and in the same direction as males
(increased following stress), but just at higher levels (Joel and
McCarthy, 2016). In this example, one should be aware that
when designing studies comparing sexes, most biological
responses have floor and ceiling effects. So, although one sex
can increase (males) or decrease (females) their stress
response more than the other following a given manipula-
tion, this may not constitute an actual sex difference due to
the limitations of different starting points for each sex. Last,
if you detect high variability specifically in your female
groups and want to determine the potential impact of cycle
stage, we have included general information for a ‘how to’ in
Box 1. Most rodents will move through four stages of the
estrous cycle as follows: metestrus, diestrus, proestrus, and
estrus. Rats are more predictable in this 4-day cycle than
mice tend to be, although this can be strain-, age-, and
environment-specific (Caligioni, 2009). Females co-housed
together do not necessarily cycle together, but in mice, this
group housing can induce a ‘persistent estrus’ state. Estradiol
and progesterone levels are highest leading up to proestrus,
which promotes reproductive behaviors and ovulation, and
then remain relatively low across the remainder of the
estrous cycle.
Similarly in humans, consideration of the menstrual cycle

(Figure 1) and reproductive status (Figure 2) of the
individual may reduce overall noise in the data and enhance
the capacity to detect the outcomes between groups. As an
example, pre-pulse inhibition (PPI) of the acoustic startle
response, a measure of sensorimotor gating, is diminished
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among individuals with schizophrenia as well as in healthy
women during late pregnancy and the luteal phase of the
menstrual cycle (Braff et al, 2001). PPI response has
historically been considered a potential endophenotype for
schizophrenia, and a number of drug development studies
have focused on the capacity of a given drug to modulate the
PPI as a model for potential efficacy in the treatment of
schizophrenia (Braff and Light, 2005; Javitt et al, 2008).
Hence, investigations of PPI in the pathophysiology
and treatment of schizophrenia should take into considera-
tion the reproductive status of the individual as gonadal
steroids can modify PPI in both men and women. This
is but one example of an area of neuropsychiatric
research for which an investigator should consider SABV
or they risk obtaining a finding that is specific to
reproductive aged males only (before the age-related decline
in androgens; Figure 2).
How then do clinical and translational investigators know

when and how to consider SABV and design their
investigation in a manner to directly test for sex differences?
We would argue that all research focusing on normal
physiology and disease states or conditions which occur in
both sexes should be powered to detect a potential sex
difference in outcomes of interest or at the very least sex/
gender should be included as a covariate. If both sexes will
not be included in the investigation in question, the onus is
upon the investigator to justify the exclusion of one sex or
the other. This will be relatively simple when studying
conditions such as breast cancer, which occur in both sexes,
but 99% of cases are women, or pregnancy states for obvious
reasons. In contrast, coronary heart disease (CHD) is
roughly equal between men and women between the ages
of 40 and 59 years (Mozaffarian et al, 2015). Therefore, it
may be difficult to justify a male only study of CHD among
younger adults. Further, estradiol has the protective effects
against CHD among healthy young female adults, suggesting
that reproductive status, as well as age, is crucial to consider
when investigating CHD.
Figure 1 illustrates a typical menstrual cycle with respect to

length and reproductive hormone levels among premeno-
pausal women. If there is a reason to consider the potential
effects of gonadal hormones on an outcome of interest such
as PPI, it is most straightforward to study all female
participants in the early to mid-follicular phase when the
vast majority of women will have relatively low levels of
estradiol and progesterone as well as the progesterone
neurosteroid metabolite, allopregnanolone (ALLO). By day
8 of the menstrual cycle (with day 1 anchored to the first day
of menstruation), estradiol begins to rise but does not peak
until ovulation. Finally, the luteal phase of the menstrual
cycle is characterized by a more complex hormonal milieu
that is less predictable between cycles and between women.
Young adolescent girls and women with disorders such as
polycystic ovarian syndrome frequently have anovulatory
cycles, characterized by low progesterone levels. Such cycles
disrupt the normal hormonal milieu of the luteal phase as
well as the length of the cycle, making timing of an
investigation or procedure with respect to the desired phase
more challenging.
For investigators who wish to isolate the impact of

estradiol on outcomes of interest in naturally cycling women,
test days should occur during the first week of the onset of

menstruation and between days 12 and 15 of an idealized
28-day cycle. In this case, a within subject design is ideal.
However, some investigators such as Mohammed Milad and
his laboratory have been successful in examining sex,
reproductive hormones, and oral contraceptive pill (OCP)
effects on their outcomes of interest (primarily fear
conditioning and extinction) by studying men and women
without regard for the hormonal status of the female on a
given test day (Hwang et al, 2015). They parse the women
into groups based upon blood hormone levels or self-report
of timing of last menstrual period and report of OCP use.
This procedure is most effective when there are few
constraints on access to study equipment or facilities, but
may be less effective in costly neuroimaging studies if a
specific hormonal milieu is the goal. The gold standard for
defining menstrual cycle phase or effects of specific levels of
hormones on outcomes is to obtain blood samples for
hormonal staging on each test day.
For those who are interested in capturing the luteal phase

of the cycle, it is best to require participants to track their
menstrual pattern for at least one cycle and to determine the
timing of ovulation using urine luteinizing hormone (LH)
kits. These kits can be somewhat difficult to interpret, and
women should follow the instructions for a specific kit
closely. In our experience, women frequently question
whether a LH detection line is dark enough to be positive
and we now ask all women to take a cell phone picture of
their results to forward to our investigators for confirmation.

CONCLUSIONS

In summary, the NIH policy to consider SABV is a mandate
that impacts every investigator who plans to seek federal
funding for their research. However, we contend that the
most important reason to consider sex and gender in
biomedical research is that it improves the quality of the
science, and the safety and efficacy of treatments for human
disorders. In addition, there is great potential to gain
mechanistic insight from studies where sex differences are
identified. The antiquated myth that females are ‘messy’ and
make research more difficult is not supported by the
evidence, and articles such as this one, and those from other
investigators who have been considering sex and gender in
their research for decades, will help promote the inclusion
and importance of SABV in biomedical research (Bale and
Epperson, 2015; Miller et al, 2015; Becker and Koob, 2016;
Joel and McCarthy, 2016).
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