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Neuroscientists are likely to discover new sex differences in the coming years, spurred by the National
Institutes of Health initiative to include both sexes in preclinical studies. This review summarizes the cur-
rent state of knowledge of the cellular and molecular mechanisms underlying sex differences in the
mammalian nervous system, based primarily on work in rodents. Cellular mechanisms examined include
neurogenesis, migration, the differentiation of neurochemical and morphological cell phenotype, and cell
death. At the molecular level we discuss evolving roles for epigenetics, sex chromosome complement, the
immune system, and newly identified cell signaling pathways. We review recent findings on the role of
the environment, as well as genome-wide studies with some surprising results, causing us to re-think
often-used models of sexual differentiation. We end by pointing to future directions, including an
increased awareness of the important contributions of tissues outside of the nervous system to sexual
differentiation of the brain.

� 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The National Institutes of Health (NIH) in the U.S.A. recently
announced that grant proposals submitted after January, 2016
must include sex or gender in study designs, or explain why not
(NIH Notice Number: NOT-OD-15-102). When sex differences are
looked for, they are often found, so we are likely to be on the cusp
of learning about a host of new sex and gender differences in the
brain. Unraveling the underlying mechanisms will become a prior-
ity, and this is an opportune time to examine what research to date
has taught us about how neural sex differences develop and
change cellular function.

The NIH initiative came in response to observations that a dis-
proportionate number of pre-clinical studies have for many years
used only male subjects or cultured cells of unknown sex (Beery
and Zucker, 2011; Blanchard et al., 1995; Sechzer et al., 1994). Over
70% of the basic research articles published in key neuroscience
journals in a recent year used only males or did not specify the
sex of subjects (Beery and Zucker, 2011), despite overwhelming
evidence that there are important differences between male and
female brains. Although the most prominent sex differences are
often seen for reproductive functions, differences in other realms,
such as cognition, energy balance, and stress responsiveness, are
also well established (Bangasser and Valentino, 2012; Imwalle
et al., 2006; Kimura, 2002; Mauvais-Jarvis, 2015). Moreover, the
effects of some manipulations don’t just differ by sex, but may
push the brain and behavior in opposite directions in males and
females (e.g., Oomen et al., 2009; Shors et al., 2001; Veenema
et al., 2013; Waddell et al., 2008).

Several previous reviews on sexual differentiation of the mam-
malian brain and behavior are available (e.g., Forger et al., 2015;
McCarthy et al., 2009). Here, we focus on neural sex differences
for which the cellular or molecular mechanisms underlying the dif-
ference are known. By necessity, most of the evidence we present
comes from work on rats or mice, since rodent species have been
most amenable to studies at the cell and molecular level; when
possible, we indicate where results apply more broadly. We
attempt to present enough of the older and background material
for those who may be new to the field, and also emphasize the
most recent findings or those that illustrate a novel mechanism.

1.1. Agents of sexual differentiation

Broadly speaking, sex differences can be attributed to three
interacting factors: sex chromosomes, gonadal hormones, and the
environment. Although some neural sex differences develop under
the direct influence of genes on the sex chromosomes (see Sec-
tion 3), in most cases, effects of the sex chromosomes appear to
be indirect, and mediated by hormones produced by the gonads.
Only males inherit a Y chromosome from the father, and the
cite this article in press as: Forger, N.G., et al. Cellular and molecular mec
endocrinol. (2016), http://dx.doi.org/10.1016/j.yfrne.2016.01.001
sex-determining region of the Y (Sry) gene, in cooperation with
downstream genes, induces the initially ‘‘bipotential” embryonic
gonads to develop into testes (Kashimada and Koopman, 2010;
Koopman et al., 1991). The fetal testes begin secreting testosterone
within days after they differentiate (approximately embryonic day
(E) 14 in the mouse, E16 in the rat, and week 10 of gestation in
humans) and a wealth of data indicates that this hormone, or a
metabolite, is responsible for masculinization of the brain as well
as the periphery (Forger et al., 2015; McCarthy, 2011).

Testosterone can act via the androgen receptor, or may be con-
verted (aromatized) to an estrogen at target cells by the cytochrome
P450 aromatase enzyme, and subsequently act via estrogen recep-
tors (Naftolin, 1994; Roselli et al., 2009). Conversion of testosterone
to estradiol is required for full masculinization of many brain fea-
tures in rodents (but see Zuloaga et al., 2008), whereas androgens
are thought to play the dominant role in sexual differentiation of
the brain in primates (Thornton et al., 2009; Wallen, 2005).

Effects of gonadal steroid hormones have traditionally been
characterized as either ‘‘organizational” or ‘‘activational”
(Phoenix et al., 1959). Organizational, or programming, effects out-
last the hormone exposure: e.g., when hormone exposure early in
life induces an enduring, or permanent change. Activational, or
acute, effects are defined as those requiring the continued presence
of the hormone. In many cases, both programming and acute
actions of steroids are required. In the classic experiments by
Phoenix et al. (1959), for example, the exposure of female guinea
pigs to testosterone in utero permanently decreased female sexual
behavior and increased male sexual behavior in adulthood, but this
could only be seen when sex-specific copulatory behaviors were
‘‘activated” by treatment with the appropriate steroids in adult-
hood. Over 50 years later, most research in the field has shifted
to rats and mice, and substantial progress has been made in under-
standing neuroanatomical and neurochemical changes that corre-
late with the differentiation of behavior, as well as the cellular
and molecular mechanisms that may underlie these effects.

1.2. New(er) approaches to old questions

One puzzle presented itself early on in studies of sexual differen-
tiation of the rodent brain: since steroids in maternal circulation
can reach the fetus, why aren’t all fetuses masculinized bymaternal
estrogens? The proposed solution was that alpha fetoprotein (AFP),
an estrogen-binding protein that is highly abundant in fetal plasma,
sequesters peripheral estrogens and keeps them from reaching the
brain (McEwen et al., 1975). Other evidence, however, suggested
that AFP might instead be a carrier protein delivering estrogens to
the brain (Toran-Allerand, 1984). This issue was recently reexam-
ined by studying the brain and behavior of Afp knockout mice. For
most traits, female Afp �/� mice are convincingly male-like
(Fig. 1; Bakker et al., 2006; Gonzalez-Martinez et al., 2008),
hanisms of sexual differentiation in the mammalian nervous system. Front.

http://dx.doi.org/10.1016/j.yfrne.2016.01.001


Fig. 1. Female sexual behavior is eliminated and male sexual behavior is increased in female alpha-fetoprotein (Afp) knockout mice. (A and B) Lordosis quotients in three
consecutive tests of Afp�/� females of the CD1 strain (A) and their average (B). (C and D) Frequencies of mounts plus pelvic thrusting in three consecutive tests (C) and their
average (D). ⁄P < 0.05 compared to wild-type mice; #P < 0.05 compared to Afp+/�. The number of animals per group is indicated at the base of the bars in (B and D). Adapted
from Bakker et al. (2006) with permission of Nature Publishing Group.
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supporting the idea that AFP normally protects female fetuses from
circulating estrogens. There are some interesting exceptions, how-
ever: odor preferences and vasopressin immunoreactivity in the
brain remain female-typical in female Afp knockouts (Bakker
et al., 2006, 2007), suggesting that exposure to estrogens during
embryonic development is not sufficient to masculinize these traits
in mice. Although AFP is present in the plasma of fetal primates,
including humans, it does not avidly bind estrogens (Aussel and
Masseyeff, 1983), so is unlikely to protect the fetal brain from estro-
gen exposure. Other steroid binding proteins may play that role, or
no such protection may be needed, if sexual differentiation of the
brain and behavior in primates is primarily mediated by androgens
(Thornton et al., 2009; Wallen, 2005).

A second question concerns the relationship between levels of
gonadal steroids in the blood and those in the brain. Testosterone
secretion begins soon after testis differentiation, and a second
surge occurs at birth (Resko, 1985; Reyes et al., 1974; Weisz and
Ward, 1980). Brain levels of androgens and estrogens may not sim-
ply reflect plasma levels, however. A recent radioimmunoassay
study found that neural levels of androgens and estrogens vary
by age and brain region in complex patterns that do not correlate
with peripheral hormone levels and cannot be explained simply
by known levels of aromatase (Konkle and McCarthy, 2011). Even
more surprising, combined gonadectomy and adrenalectomy of
rats on the day of birth did not alter brain levels of estrogens or
androgens three days later (Konkle and McCarthy, 2011). The
answer to this puzzle may lie in the brain itself being capable of
steroid synthesis de novo (Robel and Baulieu, 1995). Many new
roles for neurosteroid production have been discovered in the last
decade (Krentzel and Remage-Healey, 2015; Micevych and
Sinchak, 2011), but mainstream theories of sexual differentiation
of the brain have not yet incorporated this concept, which makes
this an area ripe for investigation.
Please cite this article in press as: Forger, N.G., et al. Cellular and molecular mec
Neuroendocrinol. (2016), http://dx.doi.org/10.1016/j.yfrne.2016.01.001
2. Cellular bases of sex differences

While prenatal testosterone exposure differentiates the periph-
ery, the neonatal testosterone surge is most closely linked to sexual
differentiation of the brain and behavior in rodents. In principle,
gonadal steroids could cause sex differences by altering any of
the major neurodevelopmental events: neurogenesis, migration,
differentiation of phenotype, or cell death (reviewed in Forger,
2006, 2009). However, the majority of neurogenesis and cell
migration is complete prior to birth (i.e., before the neonatal
testosterone surge), which makes it less likely that hormones act
on these processes to differentiate the brain.

An exception is that many hippocampal neurons are generated
postnatally, and newborn male rats have a two-fold higher rate of
cell birth in the hippocampus than do females (Zhang et al., 2008).
The rate of hippocampal cell genesis in females can be increased to
male levels by neonatal treatment with either testosterone or
estradiol and, in the CA1 region, many of the newborn cells differ-
entiate into neurons (Bowers et al., 2010). Sex differences in the
size of the hippocampus in adults are subtle, however, so the sex
difference in the production of new cells may be offset by differ-
ences in cell loss at some point in development.

Evidence of a role for migration in sexual differentiation of the
brain comes from studies using live-cell fluorescent video micro-
scopy to study cell movements in slice cultures of the embryonic
brain (Henderson et al., 1999; Knoll et al., 2007). For example,
neurons in the preoptic area/anterior hypothalamus (POA/AH) of
E14 female mice move faster and more frequently than those in
males (Knoll et al., 2007). Administration of estradiol decreases
the rate of movement of dorsal POA/AH cells while increasing
the movement of cells located more ventrally (Knoll et al.,
2007). There is also a sex difference in the location of neurons
expressing estrogen receptor b (ERb) in the anteroventral
hanisms of sexual differentiation in the mammalian nervous system. Front.
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periventricular nucleus (AVPV) of the hypothalamus of rats, with
these cells located more medially in females than in males
(Orikasa et al., 2002). This sex difference is reversed by gonadec-
tomy of males and treatment of females with estradiol at birth
(Orikasa et al., 2002), confirming its dependence on neonatal
gonadal steroid exposure.

This last example raises an interesting conundrum, however.
The sex difference in cell position of ERb cells could be due to a dif-
ference in cell migration. But such a sex difference could also be
due to cell death (Section 2.1) or the differentiation of phenotype
(Section 2.3) if, for example, laterally located cells preferentially
die in females or are induced to express ERb in males. Distinguish-
ing between these possibilities is not straightforward, and as yet
there is no sex difference in the adult brain that has been defini-
tively linked to differential cell migration.
Fig. 2. Cell number in the principal nucleus of the bed nucleus of the stria
terminalis (BNSTp) of wild-type (Bax +/+) and Bax knockout (Bax �/�) mice. (A)
Photomicrograph of the mouse BNSTp (arrows) in a thionin stained tissue section.
(B) Cell number in the BNSTp is greater in wild-type males than in females. Deletion
of the Bax gene increases cell number in both sexes but more so in females than in
males. As a result, the sex difference is eliminated in Bax �/� mice. The number of
animals per group is indicated at the base of each bar. n.s., not significant. Adapted
from Forger et al. (2004) with permission of the National Academy of Sciences U.S.A.
2.1. The role of cell death

Neural development in all vertebrates is accompanied by wide-
spread cell death. In mammals, many neurons are eliminated
within hours of their birth, while still within proliferative zones
near the ventricles (Blaschke et al., 1998; Kuan et al., 2000), and
a second wave, known as ‘‘postmitotic cell death,” eliminates about
50% of the neurons that have migrated and begun to make axonal
connections (Kuan et al., 2000; Oppenheim, 1985). Postmitotic cell
death is controlled by members of the Bcl-2 family of proteins, and
its timing overlaps with the critical period for sexual differentia-
tion in rodents (Ahern et al., 2013; Roth and D’Sa, 2001). In contrast
to the limited evidence for neurogenesis or migration, a number of
studies support a role for the hormonal control of cell death in the
development of neural sex differences.

In several of the best-studied neural sex differences, males have
more neurons than females; these include the spinal nucleus of the
bulbocavernosus (SNB), principal nucleus of the bed nucleus of the
stria terminalis (BNSTp), and sexually dimorphic nucleus of the
preoptic area of the hypothalamus (SDN-POA). Although mainly
studied in rats and mice, each of these cell groups has homologous
nuclei (with similar male-biased sex differences) in other mam-
mals, including humans (Allen and Gorski, 1990; Byne et al.,
2000; Forger, 2009; Forger and Breedlove, 1986, and for a species
that presents exceptions, see Holmes et al., 2009).

Pre- or neonatally, rats and mice of both sexes have similar
numbers of cells in the SNB, BNSTp, and SDN-POA, but females
have more dying cells than males either around the time of birth
(SNB) or at the end of the first postnatal week (BNSTp and SDN-
POA) (Ahern et al., 2013; Chung et al., 2000; Davis et al., 1996;
Gotsiridze et al., 2007; Kato et al., 2012; Nordeen et al., 1985;
Wu et al., 2009). In mice in which the pro-survival protein Bcl-2
is overexpressed, or in which the pro-death gene Bax is eliminated,
sex differences in the SNB and BNSTp are reduced or eliminated
(Fig. 2; Forger et al., 2004; Jacob et al., 2005; Zup et al., 2003).
Neonatal female rats also have reduced Bcl-2 and increased Bax
expression in the SDN-POA compared to males, and estradiol treat-
ment of females on postnatal day 5 prevents these differences in
expression (Tsukahara et al., 2008, 2006).

Sex differences in the SNB, BNSTp and SDN-POA can be elimi-
nated by treating female rats or mice with testosterone around
the time of birth, with androgenic metabolites of testosterone
required for masculinization of the SNB (Breedlove and Arnold,
1981; Sengelaub and Forger, 2008), and estrogenic metabolites
for the BNSTp and SDN-POA (Arai et al., 1996; Chung et al., 2000;
Hisasue et al., 2010). Thus, the hormonal suppression of cell death
by either androgenic or estrogenic metabolites of testosterone
underlies masculinization of total cell number in the SNB, BNSTp
and SDN-POA.
Please cite this article in press as: Forger, N.G., et al. Cellular and molecular mec
Neuroendocrinol. (2016), http://dx.doi.org/10.1016/j.yfrne.2016.01.001
2.1.1. Site of hormone action
Although testosterone and its metabolites control the number

of cells in the SNB, BNSTp, and SDN-POA, it may not act directly
on those cell groups to do so. For example, SNB cells do not express
high levels of androgen receptors until after the perinatal period
when the hormone controls their survival (Jordan et al., 1991),
and androgens can rescue SNB cells that themselves never express
functional androgen receptors (Freeman et al., 1996). SNB
motoneurons innervate striated muscles associated with the phal-
lus, and these muscles express androgen receptors perinatally
(Fishman et al., 1990; Jordan et al., 1997). This, and other evidence
(e.g., Fishman and Breedlove, 1992), led to the suggestion that
androgens act at the muscles, with trophic factors from the mus-
cles promoting SNB cell survival (Forger et al., 1993, 1995).

Muscles are comprised of multiple cell types, however, includ-
ing myocytes (muscle fiber cells), satellite cells, and fibroblasts.
To test whether androgen action at myocytes could solely explain
effects on SNB cell survival, Niel and colleagues generated rats
expressing functional androgen receptors only in myocytes, and
inactive, mutant receptors in all other cells throughout the body
(Niel et al., 2008). SNB motoneuron number and target muscle size
was female-like in these animals, even after perinatal exposure to
androgens (Fig. 3; Niel et al., 2008). This suggests that androgen
hanisms of sexual differentiation in the mammalian nervous system. Front.
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action at muscle fibers alone is not sufficient for rescue of the SNB
neuromuscular system. Other cells within muscle tissue may be
important (e.g., satellite cells, Swift-Gallant and Monks, 2013), or
androgens may act at multiple sites within and outside of muscle.

It is sobering that even for the SNB, where the ‘site of action
question’ has been most intensively investigated, we still do not
know exactly where testosterone acts to control neuronal survival.
For the BNSTp and SDN-POA, the site of hormone action for
Fig. 3. Quantification of spinal nucleus of the bulbocavernosus (SNB) motoneuron
number in adult wild-type (WT) and androgen receptor mutant (AR�) male rats
with and without a transgene (tg) that restricts expression of functional androgen
receptors only to skeletal muscle cells. SNB motoneurons were more numerous in
WT males than AR� males, and there was no effect of the transgene. Different
letters over the bars indicate significant differences between groups. Data provided
by D.A. Monks and adapted for this review.

Fig. 4. Total cell number and the number of phenotypically identified subsets of cells i
knockout (Bax �/�) mice. (A) Total cell number determined by stereological cell counts
immunoreactivity (TH-ir); (C) the number of cells expressing kisspeptin (Kiss1) mRNA as d
in wild-type males in each case. Bax deletion eliminates the sex difference in total cell nu
sections through the AVPV processed for detection of kisspeptin mRNA by in situ hybri
permission of the National Academy of Sciences U.S.A.; (C and D) reproduced from Sem
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controlling cell survival is also not definitively known, although
the relevant receptors (estrogen receptors) are expressed in those
cell groups perinatally (DonCarlos, 1996; Kelly et al., 2013).
2.1.2. Novel molecular mechanisms in the hormonal regulation of cell
death

The AVPV is a small cell group located at the rostral extreme of
the third ventricle that critically controls the luteinizing hormone
surge required for ovulation (reviewed in Herbison, 2008). In con-
trast to the SNB, BNSTp and SDN-POA, AVPV is larger and contains
more cells in female rats and mice than in males (reviewed in
Forger, 2009). Nonetheless, hormone-regulated, Bax-dependent cell
death is implicated in this sex difference because estradiol increases
cell death, up-regulates Bax and down-regulates Bcl-2 protein
expression in the neonatal female rat AVPV (Arai et al., 1996;
Tsukahara et al., 2008). Moreover, the sex difference in total cell
number in AVPV is eliminated in Bax �/� and Bcl-2 overexpressing
mice (Fig. 4A; Forger et al., 2004; Zup et al., 2003). Thus, differentia-
tionofAVPVappears todependonestrogenic inductionof apoptosis.

To explore in greater detail the molecular mechanisms underly-
ing the sex difference in AVPV cell death, Petersen and colleagues
used targeted apoptosis microarrays and whole transcriptome
analysis (Del Pino Sans et al., 2015; Krishnan et al., 2009). The
microarrays identified a pathway that is important for controlling
cell death in the immune system as sex-specifically active in the
AVPV of rats: the tumor necrosis factor a receptor 2 (TNFaR2)/
n the anteroventral periventricular nucleus (AVPV) of wild-type (Bax +/+) and Bax
in a thionin stain; (B) dopaminergic cell number identified by tyrosine hydroxylase
etermined by in situ hybridization. Cell number is greater in wild-type females than
mber, but does not affect TH-ir or kisspeptin cell number. (D) Photomicrographs of
dization. n.s., not significant. (A and B) Reproduced from Forger et al. (2004), with
aan et al. (2010) with permission of the Endocrine Society.
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nuclear factor kappa-light-chain-enhancer of activated B cells
(NFjB) cell survival pathway is more active in AVPV of neonatal
females, likely because an inhibitor of this pathway is highly
expressed in males (Krishnan et al., 2009). In the transcriptome
analysis, they found higher expression of the gene CUG triplet
repeat, RNA binding protein 2 (Cugbp2) in the AVPV of newborn
male rats, and expression of this gene was increased in AVPV of
newborn females 18 h after estradiol treatment (Del Pino Sans
et al., 2015). As Cugbp2 has been implicated in promoting cell
death in other systems, this may be part of the molecular mecha-
nism responsible for defeminizing AVPV in males. Thus, while
the complete cascade linking testosterone (or an estrogenic
metabolite) to cell death is not known for any neural area, work
in AVPV has taken us closest to that goal.

2.2. Cell genesis after perinatal life

New neurons continue to be generated in some brain regions
after the perinatal period and glial cell generation is widespread
throughout life (Ninkovic and Gotz, 2013). The addition of new
cells, as measured by incorporation of the cell birth marker bro-
modeoxyuridine (BrdU), has been reported in the SDN-POA, AVPV,
and medial amygdala (MeA) of adolescent rats (Ahmed et al.,
2008). Although some of the BrdU labeled cells may reflect the
turnover of glia or endothelial cells, a subset labels with NeuN, a
marker of mature neurons (Ahmed et al., 2008). This challenges
the dogma that neurogenesis is a purely pre- or perinatal event
in the hypothalamus and amygdala. It is not known whether this
phenomenon is unique to adolescence, as other ages were not
examined. Sex differences in the total number of BrdU-labeled cells
in each region closely mirrored sex differences in the total cross-
sectional area of each nucleus. Thus, the number of new cells per
unit area in the SDN-POA, AVPV, and MeA appears to be similar
in both sexes, suggesting that the new cells may maintain sex dif-
ferences, rather than generating them. Nonetheless, perturbations
to this ‘‘late” cell genesis could affect sexually dimorphic functions.

2.3. Differentiation of phenotype

Differentiation of phenotype covers a lot of ground, and can
refer to differentiation of neurochemistry (e.g., expression of neu-
rotransmitters, peptides, or hormone receptors) or morphology
(e.g., soma size, dendritic complexity, number and type of
synapses). Many (perhaps most) sex differences in the nervous sys-
tem are examples of the differentiation of phenotype, even though
this term may not be explicitly used by authors discovering or
describing the differences.

2.3.1. Neurochemical phenotype
It can be surprisingly difficult to determine whether a given sex

difference is due to the differentiation of neurochemical pheno-
type. For example, there are more neurons expressing the neu-
ropeptide vasopressin in the BNST of males than in females
across many vertebrate species (De Vries and Panzica, 2006) and,
in rats, perinatal programming by gonadal steroids is one factor
that determines the number of BNST cells with the potential to
express vasopressin (Wang et al., 1993). This effect of hormones
might be due to differentiation of neurochemistry (e.g., if testos-
terone causes existing cells to commit to a vasopressinergic fate),
but alternatively could be due to cell death (e.g., if testosterone
enhances the survival of presumptive vasopressin neurons). A sim-
ilar puzzle arises when one tries to explain any sex difference in
the number of a particular type of cells.

Over 20 year ago, the differentiation of cell phenotype was pro-
posed as the underlying mechanism for sexual differentiation of
vasopressin neurons in the BNST (Planas et al., 1995), but a role
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for cell death could not be ruled out. To test this, we examined
the number of vasopressin neurons in Bcl-2 overexpressing and
Bax knockout mice. In both cell death mutants, the sex difference
persisted with no difference in magnitude compared to that in
wild-type siblings (De Vries et al., 2008). Although cell death inde-
pendent of Bcl-2 or Bax has been described (Kroemer and Martin,
2005), that explanation is unlikely here because Bax gene deletion
eliminates >95% of the naturally-occurring cell death (i.e., not
induced by insult or injury) throughout the developing forebrain
(Ahern et al., 2013; White et al., 1998). Thus, differential cell death
in males and females is unlikely to determine the proportion of
cells that becomes vasopressinergic in the BNST.

Similarly, in the POA, immunohistochemistry for the calcium
binding protein calbindin defines a cell group that is larger in
males and thought to be the mouse equivalent of the rat SDN-
POA (Edelmann et al., 2007; Orikasa and Sakuma, 2010). However,
the sex difference in the number of calbindin cells in the ‘‘mouse
SDN-POA” is completely unaffected by Bax gene deletion
(Gilmore et al., 2012), suggesting that this difference may be due
to the differentiation of phenotype rather than cell death. In the
AVPV, females have many more dopaminergic neurons and neu-
rons expressing kisspeptin than do males (Clarkson and
Herbison, 2006; Kauffman et al., 2007; Simerly et al., 1985), and
these sex differences, too, persist unchanged in Bax knockout mice
(Fig. 4B, C and D; Forger et al., 2004; Semaan et al., 2010).

Thus, although cell death may be responsible for sexual differ-
entiation of total cell number in the BNST, SDN-POA and AVPV
(Forger et al., 2004), it does not appear to determine the proportion
of cells that express specific markers. Throughout development,
cell phenotype ‘‘decisions” are based in large part on epigenetic
modifications that determine the subset of the genome that is tran-
scribed in a given cell. The sex differences in the number of cells
expressing vasopressin in the BNST, calbindin in the SDN-POA,
and dopamine or kisspeptin in the AVPV may be due to hormonally
controlled epigenetic modifications (see Section 5).

2.3.2. Morphological phenotype
Sex differences have been described in both glial and neuronal

morphology that are due to perinatal exposure to gonadal steroids.
In the arcuate nucleus of the hypothalamus, for example, astro-
cytes tend to have a bipolar morphology in female rats, but are
more stellate in males (Mong and McCarthy, 1999, 2002). Neonatal
treatment of females with testosterone or estradiol, but not with
the non-aromatizable androgen dihydrotestosterone permanently
masculinizes astrocyte morphology, indicating that the sex differ-
ence is due to programming effects of estrogens (Mong and
McCarthy, 1999, 2002; Mong et al., 2002). In this case, estrogens
appear to act on astrocyte morphology indirectly, by upregulating
GABA release from neighboring neurons. Inhibiting GABA synthesis
in the arcuate nucleus prevents the estradiol-mediated effects on
astrocyte morphology, while administration of a GABAA receptor
agonist in the first 2 days of life masculinizes female astrocyte
morphology (Fig. 5A; Mong et al., 2002).

Other examples come from the ventromedial nucleus of the
hypothalamus (VMH), which is 25% larger in male than that in
female rats, due to larger soma size and dendritic length of neurons
in males. These sex differences are not eliminated by acute manip-
ulations of gonadal steroids, indicating that they are programmed
early in development (Griffin and Flanagan-Cato, 2009; Madeira
et al., 2001), although the underlying cellular/molecular mecha-
nisms are not known. Neurons in the medial basal hypothalamus
(comprised of the VMH and adjacent structures) of male rats also
have a roughly 2-fold greater dendritic spine density than in
females (Schwarz et al., 2008), presumably providing a greater
number of sites for excitatory input. Here, the mechanism has been
investigated and is thought to involve estradiol-induced glutamate
hanisms of sexual differentiation in the mammalian nervous system. Front.
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Fig. 5. Mechanisms of estradiol-induced morphological changes in the rat hypothalamus. (A) In the arcuate nucleus (ARC), estradiol increases the expression of glutamic acid
decarboxylase (GAD), an enzyme required for GABA production, and increases GABA release. This causes increased astrocyte complexity. (B) In the ventromedial nucleus of
the hypothalamus (VMH), estradiol increases glutamate release through PI3 kinase (independent of protein synthesis), which causes increases in primary dendrite length of
postsynaptic VMH neurons. (C) In the preoptic area (POA), estradiol increases expression of cyclooxygenase-2 (Cox-2), which increases production of prostaglandin E2 (PGE2)
in both neurons and microglia (see also Section 4.2), increasing spine density on postsynaptic neurons. Estradiol may act via microglia, because inhibiting microglial
activation prevents effects of estradiol on spine density. [Original artwork by JAS, based on the work of Mong et al. (2002), Lenz et al. (2013) and Schwarz et al. (2008).]
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release around the time of birth. Specifically, estradiol treatment of
newborn females activates phosphatidylinositol 3-kinase in VMH
neurons, which in turn recruits proteins to the presynaptic mem-
brane that enhance exocytosis and glutamate release (Schwarz
et al., 2008). This effect is independent of protein synthesis, sug-
gesting that it does not rely on genomic actions of the estrogen
receptor. Glutamate receptor activation at the postsynaptic neuron
then activates MAP kinase, resulting in increases in spine density
and in spinophilin, a protein highly enriched in dendritic spines
(Fig. 5B; Schwarz et al., 2008).

The POA of rats exhibits what appears on the surface as a very
similar sex difference: a roughly 2-fold higher density of dendritic
spines in males, as measured by spinophilin protein expression
(Amateau and McCarthy, 2002). Here, however, neonatal estradiol
causes the sex difference by up-regulating cyclooxygenase-2, an
enzyme responsible for prostaglandin-E2 (PGE2) synthesis
(Amateau and McCarthy, 2004). PGE2 then binds to prostanoid
receptors in post-synaptic cells, which causes increased cAMP,
and activation of protein kinase-A (Wright et al., 2008; Wright
and McCarthy, 2009). This results in phosphorylation of AMPA-
type glutamate receptor subunits and increased insertion of gluta-
mate receptors into the membrane (Lenz et al., 2011). Although not
yet directly demonstrated, this may induce the formation and
stabilization of dendritic spines (Fig. 5C).

Thus, despite superficial similarities, sex differences in
morphology may have very different cellular and molecular
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underpinnings depending on brain region. Even for different com-
partments of the same cell, the mechanism underlying hormone
effects on morphology can differ, as demonstrated in the SNB neu-
romuscular system. Androgens increase both the size of SNB somas
and their dendritic arbors in male rats and mice (Breedlove and
Arnold, 1981; Forger and Breedlove, 1987; Kurz et al., 1986). Sur-
prisingly, however, the hormone acts at the target muscles to
increase dendritic extent (Rand and Breedlove, 1995), but directly
at SNB motoneurons to control soma size (Watson et al., 2001).
3. Gonad-Independent effects of the sex chromosomes

Until recently, the prevailing view was that although sex chro-
mosomes determine which gonad develops, hormones from the
gonad do the rest of the ‘‘work” as far as sexual differentiation is
concerned. It is now clear, however, that there are gonad-
independent effects of the sex chromosomes on the brain and
behavior.
3.1. The four core genotypes (FCG) mouse model

The FCG mouse model has been definitive in establishing
gonad-independent effects of sex chromosome complement on
the brain and behavior. In this model, the testis-determining gene,
Sry, is removed from the Y chromosome and inserted on an
hanisms of sexual differentiation in the mammalian nervous system. Front.
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autosome (XY� Sry). By mating XY� Sry males with normal
females, XX offspring with ovaries or testes, and XY offspring with
ovaries or testes are generated, allowing one to dissociate effects of
sex chromosome complement from effects of the gonads (see De
Vries et al., 2002 for further details of the model). Caveats of the
FCG model are that the XX males and XY� females are not fertile
and one can never completely eliminate the possibility of subtle
differences in hormone secretion by XX and XY testes (or XX and
XY ovaries), although none have so far been reported. In addition,
Sry itself has effects on the brain in rats (Dewing et al., 2006).

Results from the FCG mouse model confirm that many of the
best-studied sex differences in the nervous system depend on
gonad type, with no apparent contribution of sex chromosome
complement (De Vries et al., 2002). However, midbrain neurons
harvested from XY embryos show more expression of tyrosine
hydroxylase, the rate-limiting enzyme of dopamine production,
than do neurons from XX embryos, regardless of gonad type
(Carruth et al., 2002). This echoes earlier findings in rats suggesting
that sex differences in midbrain and diencephalic dopamine neu-
rons emerge during embryonic life prior to any sex difference in
plasma testosterone; in that case, however, it was genetic females
that had greater dopamine levels, TH activity and number of TH
immunoreactive cells (Beyer et al., 1992, 1991).

The sex difference in vasopressin innervation of the lateral sep-
tum also partly depends on sex chromosome complement because
FCG mice with a Y chromosome have more vasopressin than XX
mice, independent of whether they have ovaries or testes (De
Vries et al., 2002; Gatewood et al., 2006). Evidence for gonad-
independent effects of the sex chromosomes has also been found
for parental behavior, aggression, pain sensitivity, and social
behavior (Cox and Rissman, 2011; Gatewood et al., 2006; Gioiosa
et al., 2008).

Seney and colleagues recently used the FCG model to tease
apart effects of the gonads and sex chromosomes on sex differ-
ences in depression- and anxiety-like behaviors induced by chronic
stress. Only gonadal sex influenced depression-like behavior in
stressed FCG mice (Seney et al., 2013). For anxiety, however, both
the gonad type and sex chromosome complement contributed, and
they exerted opposing effects: having testes increased anxiety-like
behavior (independent of sex chromosome complement), but hav-
ing an XY genotype decreased anxiety (independent of gonad type;
Seney et al., 2013). This supports the prediction by De Vries (2004)
that, in some cases, circulating gonadal hormones act to compen-
sate for effects of genetic sex.

Another example of the complex interplay between gonadal
hormones and sex chromosome complement comes from a recent
study of sex differences in aromatase expression. Hypothalamic
neurons from male mice and rats have more aromatase expression
and aromatase activity than those of females as early as E15–E16
(Beyer et al., 1994; Negri-Cesi et al., 2001). Because this is prior
to the prenatal testosterone surge, a role for gonadal hormones
seems unlikely. Indeed, using the FCG mouse model, Cisternas
et al. (2015) find that XY embryos have higher aromatase expres-
sion than XX embryos in the stria terminalis and anterior amyg-
daloid region at E16, independent of gonad type. Because
aromatization is required for many effects of testosterone on brain
sexual differentiation, this suggests a scenario where sex chromo-
some complement works in concert with gonadal hormones, i.e., to
boost effects of testosterone in some brain regions.

For none of the gonad-independent effects of sex chromosome
complement mentioned above have the responsible gene(s) been
identified. Obvious possible candidates include Y chromosome
genes expressed in males, or a double dosage of X chromosome
genes (particularly those that escape X inactivation) in females
(Arnold, 2012). In one approach to address this issue, Cox
et al. (2015) recently demonstrated that mice with only one
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X chromosome (X0 or XY) have more vasopressin expression in
the amygdala and are less social than those with two X chromo-
somes (XX or XXY), pointing to the dosage of X chromosome gene
(s) as responsible for these effects. Because the X chromosome is
inherited asymmetrically (female offspring receive an X from both
the mother and father, whereas male offspring receive an X only
from the father), genes that are parentally imprinted, i.e. expressed
unequally from the maternal and paternal allele, are also possible
sources of neural sex differences (Davies et al., 2006).

3.2. Development in the absence of gonads

Another line of evidence for gonad-independent effects of the
sex chromosomes comes from mice lacking the gene for steroido-
genic factor 1 (SF1), in which no testes or ovaries form. These mice
provide an opportunity to examine the development of genetic
males and females in the absence of any gonadal hormones. As pre-
dicted by the classical view of hormone-dependent sexual differen-
tiation, many sex differences in the body, brain and behavior are
eliminated in SF1 knockout mice (Budefeld et al., 2008; Majdic
and Tobet, 2011). There are exceptions, however. For example, a
sex difference in neuronal nitric oxide synthase in the AVPV per-
sists in SF1 knockouts (Budefeld et al., 2008), indicating that this
difference is gonad independent. Limitations of the SF1 knockout
model are that the adrenal glands also do not form, and there are
brain abnormalities in the knockouts that are unlikely to be related
to the lack of gonads (Ikeda et al., 1995; Shinoda et al., 1995).
4. Role of the immune system

A decade ago, the immune system was unlikely to have been
considered in even a comprehensive review of sexual differentia-
tion of the brain. That has radically changed, with several novel
findings uncovering important roles for immune cells or immune
signaling molecules in aspects of brain sexual differentiation. In
the foregoing discussion we have already encountered at least
two examples: TNFaR2/NFjB signaling, usually associated with
cell death in the immune system, is implicated in sexual differen-
tiation of AVPV (Section 2.1.2), and PGE2, normally associated with
inflammation in the periphery, is required for sexual differentia-
tion of the POA (Section 2.3.2). As discussed below, sex differences
in the peripheral immune response may cause differences in the
brain, and additional findings point to an essential role for micro-
glia, the innate immune cells of the brain, in sexual differentiation.

4.1. Effects of the peripheral immune system on the brain

Males and females often exhibit differences in the peripheral
immune activation to a given stimulus, with females generally
having a greater response (see Mirandola et al., 2015 for review).
This may explain why women have a higher incidence of most
autoimmune diseases (Beeson, 1994; Whitacre et al., 1999),
including those that affect the brain such as multiple sclerosis
(MS). Female mice are also more susceptible than males in a rodent
model of MS (experimental autoimmune encephalomyelitis),
which is induced by injecting myelin basic protein and immune-
boosting agents near peripheral lymph nodes. In the initial phase
of disease induction, male mice produce fewer lymph node
immune cells than do females, and fewer reactive cells that pro-
duce inflammatory cytokines (Kim and Voskuhl, 1999). Even if T
lymphocytes from females are introduced into mice of both sexes,
males are still protected from disease onset (Voskuhl et al., 1996).
Thus, the periphery of male and female mice responds quite differ-
ently to the same disease trigger, which as a consequence exposes
the brain to different stimuli.
hanisms of sexual differentiation in the mammalian nervous system. Front.
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Sex steroids play an important role in both human MS and the
mouse model of the disease (reviewed in Spence and Voskuhl,
2012; Vegeto et al., 2008), but there are also important gonad-
independent effects, as demonstrated by studies using the four
core genotype mice (Section 3). XX mice show a more severe dis-
ease course in response to injection of myelin basic protein than
do XY mice, regardless of gonad type (Smith-Bouvier et al.,
2008). However, when the sex of immune system cells is held con-
stant (e.g., an XX immune system in an XX or XY animal), mice
with an XY nervous system show more severe pathology (Du
et al., 2014). This may be related to the clinical observation that
although MS is more prevalent in women, men have faster disease
progression (Voskuhl and Gold, 2012).

4.2. The brain’s immune response

As the principal immunocompetent cells of the central nervous
system, microglia constantly survey the parenchyma for any dis-
turbance and, when activated, transition from a highly ramified
to a more amoeboid morphology and increase the production of
pro-inflammatory molecules (Ransohoff and Brown, 2012; Town
et al., 2005). Astrocytes also produce pro-inflammatory signals in
response to an injury or immune challenge and are implicated in
the neuroinflammation accompanying many neurodegenerative
diseases (Ransohoff and Brown, 2012).

Rodent studies have recently demonstrated differences in the
in vitro responses of microglia and astrocytes depending on
whether they are harvested from males or females. For example,
in response to lipopolysaccharides (LPS), components of bacterial
cell walls that induce a robust immune response, mRNA levels of
pro-inflammatory cytokines are higher in astrocytes derived from
the cerebral cortex of neonatal male mice than females (Santos-
Galindo et al., 2011). Moreover, the inflammatory response is mas-
culinized in glia harvested from newborn females treated with
testosterone propionate 24 h earlier (Santos-Galindo et al., 2011).
It is not known whether this reflects permanent, programming
effects of testosterone, since longer delays after the hormone expo-
sure were not examined. In a study of similar design, microglia and
astrocytes harvested from male rat neonates showed a greater
increase in mRNA for the proinflammatory cytokine IL-1b in
response to an LPS challenge in vitro than did glia from females
(Loram et al., 2012). Additionally, estradiol exerted opposite effects
on glia harvested from male versus female rat pups: the hormone
produced an anti-inflammatory effect on glia frommales but a pro-
inflammatory effect on glia from females (Loram et al., 2012).

Differences in the number and morphology of brain immune
cells have also been reported. Perinatally, most microglia are
amoeboid or ‘‘stout” in morphology, suggestive of an activated
state (Lenz and McCarthy, 2015; Town et al., 2005). Sex differences
in microglial colonization are reported on the first day of life in
rats, with females having more microglia overall and greater num-
bers of amoeboid and stout microglia in several brain regions
(Schwarz et al., 2012). This trend reverses four days later, with
many more microglia overall and more amoeboid and stout micro-
glia in males. At postnatal day 30 and in adulthood, the sex differ-
ence again reverses, with females tending to have more microglia,
especially those with long, thick processes (Schwarz et al., 2012).
Sex differences in microglial gene expression in the absence of
any exogenous immune activation have also been reported, but
only on postnatal day 3 in mice (Crain et al., 2013).

The function of these shifting sex differences in microglial num-
ber, morphology, and gene expression are not known, but may be
related to masculinization of the POA. As mentioned above, male
rats have more dendritic spines on POA neurons and this sex differ-
ence depends on the production of PGE2 (Section 2.3.2; Amateau
and McCarthy, 2002). Males also have about a 25% higher density
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of microglia and twice as many amoeboid microglia than females
in the neonatal POA (Lenz et al., 2013). Production of PGE2, micro-
glial density, and dendritic spine density in the POA all increase in
response to neonatal estradiol (Amateau and McCarthy, 2004; Lenz
et al., 2013). Co-administration of a microglial inhibitor blocks
these effects of estradiol and prevents masculinization of several
measures of male sex behavior (Lenz et al., 2013), suggesting that
microglia are essential for masculinization of POA morphology and
function.

Microglia may also play a role in sex differences in adulthood.
Allodynia (mechanical pain hypersensitivity) resulting from a
peripheral nerve injury is dependent on a microglial pathway in
males, but a T-cell pathway in females (Sorge et al., 2015). In sup-
port, glial inhibitors dose-dependently reverse allodynia in gonad-
ally intact male, but not female mice (Sorge et al., 2015). Microglial
inhibition is no longer effective in preventing allodynia in males
after castration, indicating that the sex difference is due to acute
effects of gonadal hormones. Sex differences in the functioning of
microglia extends to allodynia caused by other conditions, such
as persistent inflammatory pain (Sorge et al., 2011), and perhaps
to disorders with a neuroinflammatory component, such as MS,
Alzheimer’s disease, depression, and chronic pain, all of which
are more prevalent in women than in men (Tonelli et al., 2008;
Watkins et al., 2007).
5. Role of epigenetics

The essence of epigenetic regulation is the control of gene activ-
ity through changes in the structure of chromatin (DNA and associ-
ated histone proteins). Based on this definition, one could argue that
steroid hormone action routinely involves ‘‘mini” epigenetic events.
After binding their respective ligands, steroid receptors recruit pro-
teinswith histonemodifying activity (Kininis et al., 2007; Kishimoto
et al., 2006; Spencer et al., 1997; Tetel, 2009); the histone modifica-
tions help to unwind the chromatin in the region of steroid respon-
sive genes, increasing gene transcription. On this basis alone one
might predict that hormone-mediated sex differences would
require epigenetic mechanisms. Epigenetic modifications are also
good candidates for any form of cellular ‘‘memory,” such as the long
term changes in gene expression that must underlie sex differences
in morphological or neurochemical cell phenotype in response to
gonadal hormone exposure (see Section 2.3).

The best-studied epigenetic marks include DNA methylation,
histone acetylation, and histone methylation. Recent work demon-
strates that each of these is required for sexual differentiation of the
brain during development, and/or differs between the brains of
males and females (for a more complete discussion, see Forger,
2016; McCarthy and Nugent, 2013). One of the earliest studies
examining sex differences in epigenetic marks found that neonatal
malemice havemore acetylation than do females on lysine residues
9 and 14 of histone 3, (H3K9/14Ac) and more trimethylation on
lysine 9 of histone 3 (H3K9Me3) in the neonatal cortex and hip-
pocampus (Tsai et al., 2009). Schwarz et al. (2010) found sex differ-
ences in DNA methylation of steroid receptor genes, some of which
could be reversed by neonatal estradiol treatment of females and
therefore likely due to programming effects of steroids. Below we
review studies examining the effects ofmanipulating histone acety-
lation or DNAmethylation on the development of sex differences, as
well as those reporting on sex differences in the distribution of
specific epigenetic marks across the genome.
5.1. Effects of manipulating epigenetic mechanisms

The best-understood histone modification is the covalent addi-
tion of acetyl groups to histone tails, which opens chromatin confor-
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mation and (usually) increases gene expression (Cosgrove and
Wolberger, 2005). Histone deacetylases (HDACs) remove acetyl
groups and generally are associated with gene repression. To deter-
mine whether the sex difference in volume and cell number of the
BNSTp (Section 2.1) requires histone acetylation, we gave subcuta-
neous injections of a histone deacetylase inhibitor tomice on the first
two days of life. Animals were sacrificed at weaning and their brains
examined. We found that neonatal HDAC inhibition prevented mas-
culinization of the BNST in both males and testosterone treated
females, while having no effect on control females (Murray et al.,
2009). In a study of similar design, intracerebroventricular adminis-
tration of an HDAC inhibitor to newborn rats blocked masculiniza-
tion of sexual behavior in adulthood (Matsuda et al., 2011). These
studies suggest that histone deacetylation (and hence, presumably,
the repression of some gene or genes) is required formasculinization
of BNST morphology and copulatory behavior in rodents.

DNAmethylation is usually associated with gene repression and
is catalyzed by a family of DNA methyltransferases. As described in
Section 2.3.2, dendritic spine density is greater in the POA of male
than of female rats and is masculinized in females treated neona-
tally with estradiol (Amateau and McCarthy, 2002). Nugent et al.
(2015) recently examined the effect of inhibiting DNA methyl-
transferases during the first two days of life on dendritic spine den-
sity and male copulatory behavior in rats. The transient blockade of
DNAmethylation increased spine density in the POA and male cop-
ulatory behavior in adulthood in females, with little to no effect in
males. This suggests that male-like development is normally
repressed in females by gene methylation (Nugent et al., 2015).
5.2. Sex differences in epigenetic marks across the genome

In another approach, several groups have recently reported on
the distribution of specific epigenetic marks across the genome
in the brains of males and females. Ghahramani et al. (2014) used
reduced representation bisulfite sequencing to examine sex differ-
ences and effects of neonatal testosterone on the DNA methylome
of the striatum and BNST/POA of mice. Although fewer than 100
genes were differentially methylated when comparing control
males and females on postnatal day 4, roughly 1000 genes were
differentially methylated in adulthood. A similar pattern was seen
when comparing control females with females given a single
injection of testosterone on the day of birth (Fig. 6). Because all
animals that were sacrificed as adults had been gonadectomized
pre-pubertally and given identical silastic capsules filled with
Fig. 6. Effects of neonatal treatment with testosterone on the DNA methylome of female
control females and females treated with testosterone on the day of birth. The striatum an
were examined at postnatal day (PN) 4 and PN60. DNA methylation of fewer than 100 gen
(B) Percentage of genes that exhibit testosterone-dependent hypo- or hyper-methylation
majority of genes with a difference in methylation were more methylated (blue) in fema
permission from BioMed Central Ltd.
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testosterone, the sex differences seen in adults cannot be attribu-
ted to acute effects of gonadal steroids, but instead reflect late-
emerging effects of neonatal hormone exposure.

In addition, there was a strong sex asymmetry in the distribu-
tion of the genes with differential methylation in males and
females: �90% of the differentially methylated regions across all
autosomes were more methylated in males (or testosterone-
treated females; Fig. 6; Ghahramani et al., 2014).

A second genome-wide study identified about 250 genes asso-
ciated with a significant sex difference in histone-3 lysine-4
trimethylation (H3K4me3; a modification often found at the tran-
scription start site of active genes) in the adult mouse BNST/POA.
The genes identified in this study also showed a sex bias, with
about 70% of them having more H3K4me3 in females (Shen
et al., 2015). In addition, in neither study was there a good correla-
tion between sex differences in the epigenetic modification and
gene expression (Ghahramani et al., 2014; Shen et al., 2015). This
accords with studies comparing gene transcription in males and
females, which reveal relatively few genes with sexually dimorphic
expression, at least in homogenates of heterogeneous brain areas
such as ‘‘hypothalamus” or ‘‘prefrontal cortex” (Weickert et al.,
2009; Xu et al., 2012). The implication of the DNA methylation
and H3K4Me3 studies is that even when gene expression is similar
in males and females, the epigenetic underpinnings of that expres-
sion may differ.
5.3. Sex chromosomes and epigenetics

By far the most pervasive sex difference involving epigenetics is
the process of random X inactivation. The silencing of one X chro-
mosome takes place in every cell of female mammals and in no
cells of males, and occurs via massive epigenetic modifications to
the inactivated chromosome. The generally accepted purpose of
X inactivation is to make gene expression more similar in males
and females by equalizing the dosage of X genes. However, the
inactivation state must continually be maintained (Csankovszki
et al., 2001; Yang et al., 2015), and this places an ongoing demand
on the epigenetic machinery in XX cells. Drosophila do not have X
chromosome inactivation, but large portions of the Y chromosome
are inactivated and this has been shown to affect the expression of
autosomal genes (Francisco and Lemos, 2014), perhaps because
elements of the epigenetic machinery (e.g., enzymes that place
inactivating marks on the Y) are in limited supply. As of yet, sex
differences in autosomal gene expression due to X chromosome
mice. (A) Number of genes where methylation was significantly different between
d bed nucleus of the stria terminalis/preoptic area of the hypothalamus (BNST/POA)
es were affected at PN4 and many more were affected at PN60 in both brain regions.
at each age in each brain region. At both ages and in both brain regions, the large

les that received testosterone on PN0. Adapted from Ghahramani et al. (2014) with
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inactivation have not been demonstrated in the mammalian brain,
but could well be in the future (Wijchers et al., 2010).

The complex interplay that is possible between epigenetic
mechanisms and sex chromosome complement is illustrated by
considering two X-linked genes: Kdm5c and Kdm6a. Both of these
genes escape inactivation in some mouse tissues, and have higher
expression in the brains of female mice than in males (Bonthuis
and Rissman, 2013; Shen et al., 2015; Xu et al., 2008). Genes that
escape X-chromosome inactivation are often associated with
increased H3K4me3 (Khalil and Driscoll, 2007) and, indeed, both
Kdm5c and Kdm6a were identified as having elevated H3K4me3
peaks in the female BNST/POA in the study mentioned above
(Shen et al., 2015). The plot thickens when it is recognized that
the protein products of these genes themselves alter histone
methylation. Kdm5c is a lysine demethylase that removes methyl
groups from the lysine 4 position of histone tails (Iwase et al.,
2007). Kdm6a, on the other hand, is a transcriptional activator that
removes repressive histone methylation marks at H3K27 (Hong
et al., 2007). Thus, this is a case where an activating histone mark
(H3K4me3) and sex chromosome complement combine to produce
a sex differences in the neural expression of two genes whose pro-
tein products, in turn, may alter the histone methylation associated
with a host of other genes.

6. Environment–brain interactions

An individual’s external environment can also play an impor-
tant role in the development of neural sex differences. Although
the possible environmental influences are limitless, here we
Fig. 7. Sex differences and effects of simulated maternal grooming on methylation of th
(POA). In the neonatal rat POA, ERa promoter methylation (red circles with letter M) is gr
protein are seen, with lower levels in males. Simulated maternal grooming (SMG) of fem
[Original artwork by ACR, based on the work of Kurian et al. (2010).]
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present three cases of environment–brain interactions that have
been studied in some detail and that offer different perspectives.
We examine how interactions with conspecifics can contribute
to sex differences in the nervous system using the example of
maternal care in rats (Section 6.1). We next consider how interac-
tions with other species may lead to sex-specific effects on the
brain and behavior by considering effects of the intestinal flora
on the brain (Section 6.2). Above (Section 4) we saw that response
to an immune challenge can vary by sex; in Section 6.3 we explore
several aspects of the response to other environmental stressors
that illustrate at the molecular level how male and female brains
may respond differently to an identical external stimulus.

6.1. Interactions with conspecifics – maternal care

Many sex differences in the brain are shaped early in postnatal
development, when most mammalian offspring are completely
dependent on maternal care for growth and survival. In rats,
anogenital licking is part of the maternal repertoire, and male pups
receive more licking than females, due to testosterone-regulated
olfactory cues present in the male urine (Moore, 1985). This
hormone-dependent difference in maternal stimulation is linked
to the development of cellular, molecular, and behavioral sex dif-
ferences in the offspring.

In the neonatal rat POA, for example, estrogen receptor alpha
(ERa) mRNA and protein levels are lower in males than in females,
and a corresponding sex difference in DNA methylation of the ERa
promoter region is seen, with greater methylation in males (Fig. 7;
Kurian et al., 2010). The sex differences in ERa expression and
e estrogen receptor alpha (ERa) promoter in the preoptic area of the hypothalamus
eater in males than in females, and corresponding sex differences in ERamRNA and
ales masculinizes the patterns of ERa promoter methylation and ERa expression.
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methylation are eliminated when simulated maternal grooming
(i.e., stroking the anogenital region with a paintbrush) is increased
in females (Fig. 7; Kurian et al., 2010). Similarly, ERa expression and
gene methylation patterns in the amygdala are masculinized in
female rats by increased simulated maternal grooming (Edelmann
and Auger, 2011). It is noteworthy that an earlier study on the
effects of natural variations of maternal care (low versus high
maternal licking) on adult female offspring found the opposite
effect; namely, female rats raised by high licking mothers showed
increased ERa expression in the POA together with decreased
methylation of the ERa promoter (Champagne et al., 2006). The dis-
crepancies between these reports may relate to differences in
experimental paradigm, age of subjects, or brain areas sampled.
Nevertheless, together these studies underscore the influential role
that early experience may play in regulating sex differences in the
brain.

Variations in maternal care also impact the development of sex
differences in the spinal cord. When anogenital licking is decreased,
the number, soma size, and dendritic length of SNB motoneurons
are reduced in male offspring (Lenz and Sengelaub, 2006; Moore
et al., 1992). The mechanisms underlying these effects are yet to
be determined but oxytocinmay play a role. Anogenital stimulation
induces oxytocin release from the hypothalamus into the lum-
bosacral spinal cord, where the SNB is located (Lenz and
Sengelaub, 2010). Oxytocin could alter SNB neuronal morphology
via effects on glutamatergic signaling (Lenz and Sengelaub, 2010)
because oxytocin stimulates glutamatergic neurons in vitro (Jo
et al., 1998), and in vivo blockade of NMDA glutamate receptors
reduces SNB dendritic length (Hebbeler et al., 2002).
6.2. Interactions with other species – the gut microbiota

Mammals live in symbiotic relationships with other species,
most intimately with the microbiota that populate all body sur-
faces that contact the outside world. The gut microbiota, the collec-
tion of microorganisms living in our intestines, releases molecules
such as short chain fatty acids, neurotransmitter precursors (e.g.
tryptophan), and neurohormones (e.g., serotonin), that may influ-
ence brain physiology and behavior (reviewed in Clarke et al.,
2014). Evidence for this comes from studies comparing mice with
a normal microbiota (conventionally colonized) with those devoid
of microbiota (germ free). Female and male germ free mice show
reduced anxiety-like behaviors and altered levels of stress hor-
mones compared to conventionally colonized mice, and these
effects can be reversed by fecal transfer from conventional to germ
free animals (reviewed in Foster and McVey Neufeld, 2013). Impor-
tantly, the microbiota of male and female mice may differ, even
when they are given the same diet and housing conditions
(Markle et al., 2013). This raises the possibility that some of the
observed sex differences in anxiety-like behaviors (see Section 6.3)
may be caused by the microbiota.

The microbiota present early in life also may contribute to the
masculinization of the hippocampal serotonin system. Adult
female mice have higher levels of serotonin and its main metabo-
lite, 5-hydroxyindoleacetic acid (5-HIAA), in the hippocampus than
do males (Clarke et al., 2013). Because serotonin decreases hip-
pocampal levels of glucocorticoid receptors (Semont et al., 2000),
this may contribute to the lower hypothalamic–pituitary–adrenal
(HPA) axis negative feedback sensitivity in females (Goel and
Bale, 2010). The sex differences in serotonin and 5-HIAA depend
on the microbiome because they disappear when mice are raised
germ free (Clarke et al., 2013). Microbiota transfer after weaning
in germ free animals does not alter hippocampal serotonin or 5-
HIAA levels (Clarke et al., 2013), suggesting that the exposure must
occur early in development.
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Preliminary results also suggest an effect of the microbiota on
the development of sex differences in vasopressin innervation of
brain regions involved in anxiety. For example, male mice normally
have more vasopressin immunoreactivity than females in the
mediodorsal nucleus of the thalamus, but this difference is signif-
icantly reduced in adult germ free mice (Peters et al., 2015). Similar
effects are not seen in other vasopressin projection areas (Peters
et al., 2015), suggesting that the microbiota may have region-
specific effects on sex differences in the brain.

Our understanding of the gut–brain axis is in its infancy, and
much still needs to be done to identify the mechanisms underlying
effects of the microbiota on sexual differentiation of the brain. The
regulation of steroid hormones is one potential mechanism, how-
ever, as microbiota can alter testosterone levels in host mice
(Markle et al., 2013; Yurkovetskiy et al., 2013), and a microbe com-
monly found in the human gut has been shown to synthesize at
least one androgen, i.e., 11b-hydroxyandrost-4-ene-3,17-dione
(Ridlon et al., 2013).
6.3. Sexually dimorphic responses to the same stimuli – the stress
response

Twice as many women as men are affected by stress-related dis-
orders such as anxiety and depression. These sex differences emerge
at puberty and are less prominent after menopause, suggesting a
role for sex steroid hormones (Bebbington et al., 2003; Kessler,
2003; Mechakra-Tahiri et al., 2010; Sonnenberg et al., 2000). In fact,
treatments that change the levels of gonadal steroids alter the sever-
ity of, and risk for, stress-related disorders (DiBlasio et al., 2008;
Miller et al., 2009). The study of stress-related neural substrates in
rodents has revealed that sex differences exist at the cellular and
molecular levels in key mediators of the stress response, including
the HPA axis, locus coeruleus, and hippocampus.
6.3.1. Sex differences in the HPA axis
The stress response starts with the release of corticotropin-

releasing factor (CRF) from the paraventricular nucleus of the
hypothalamus (PVN), which stimulates the release of adrenocorti-
cotropic hormone (ACTH) from the pituitary, and glucocorticoids
from the adrenal glands; the latter then limits the stress response
by negatively feeding back at the level of the hippocampus,
hypothalamus and pituitary. Stressors also induce the release of
CRF by the PVN and limbic regions into the central nervous system.
CRF and its receptor 1 (CRF1) are considered paramount mediators
of stress-related psychopathology because altered expression of
both have been linked to the development of conditions such as
post-traumatic stress disorder and major depression (Banki et al.,
1987; Bremner et al., 1997; Merali et al., 2004; Nemeroff et al.,
1984; Wang et al., 2008).

Sex differences in the HPA axis appear largely due to acute
effects of gonadal hormones. In rodents, males generally show
lower levels of ACTH and glucocorticoids under both basal and
stress conditions (Critchlow et al., 1963; Handa et al., 1994;
Kitay, 1961), but castration increases hypothalamic CRF secretion
and CRF neuron numbers in the PVN, and treatment with dihy-
drotestosterone (a non-aromatizable androgen) prevents these
changes (Bingaman et al., 1994). Conversely, estradiol treatment
of gonadectomized females increases ACTH and glucocorticoids
under basal and stress conditions (Burgess and Handa, 1992).
Estrogens may also inhibit negative feedback and termination of
the stress response (Burgess and Handa, 1992, 1993). Thus, andro-
gens and estrogens may regulate stress hormone levels in opposite
directions (Bao et al., 2006) and, by acting at different levels of the
HPA axis, circulating estrogens may make females more suscepti-
ble to stressors.
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The precise molecular mechanisms of gonadal hormone action
on the HPA axis are yet to be identified, but female rats have a
higher basal level of CRF mRNA in the PVN than do males
(Duncko et al., 2001; Viau et al., 2005). The promoter region of
the CRF gene has both estrogen and androgen response elements
(Bao et al., 2005; Vamvakopoulos and Chrousos, 1993), and CRF-
producing neurons in the PVN express androgen and estrogen
receptors (Bao et al., 2006, 2005). Thus, effects of gonadal hor-
mones on CRF production may be direct. Epigenetic mechanisms
may also contribute to sex differences in the HPA axis response
to stress: in the rat PVN, for example, chronic mild stress increases
DNA methylation of the CRF gene promoter region only in females
(Sterrenburg et al., 2011).

6.3.2. Locus coeruleus (LC) and hippocampus
The LC is the source of most norepinephrine in the brain. As a

key regulator of arousal and attention (reviewed in Aston-Jones
and Cohen, 2005), the LC is implicated in the hyperarousal often
observed in stress-related disorders (Gold and Chrousos, 2002;
Koob, 1999; Southwick et al., 1999). CRF-producing neurons in
the PVN project to the LC (Reyes et al., 2005), and CRF alters the fir-
ing of LC neurons in rats of both sexes (Curtis et al., 2006; Jedema
and Grace, 2004; Reyes et al., 2005). Morphologically, however, LC
neurons of females have more extensive and complex dendritic
trees, and receive more synaptic inputs, which may render them
more responsive to stress-related stimuli (Bangasser et al., 2011).
The expansive LC dendrites of females also spread beyond the LC
to regions that receive inputs from brain areas processing
Fig. 8. Sex differences in corticotropin-releasing factor receptor 1 (CRF1) signaling cascad
which biases signaling through G protein (G)-dependent pathways. In contrast, the CRF1
independent pathways. Because distinct signaling pathways are activated, different ce
physiological and behavioral outcomes in health and disease. The specific pathologies sh
substance abuse] have not yet been directly linked to the disparate molecular CRF1 signa
that are more prevalent in one sex than the other. Adapted from Valentino et al. (2013)

Please cite this article in press as: Forger, N.G., et al. Cellular and molecular mec
Neuroendocrinol. (2016), http://dx.doi.org/10.1016/j.yfrne.2016.01.001
autonomic input, emotion, and nociception, which could further
enhance the response of female LC neurons to arousal (Bangasser
et al., 2011).

Functional studies have identified sex differences in the LC that
are triggered or enhanced by stressors. For example, a sex differ-
ence in LC firing emerges following stress-related stimulation, with
female rats having a greater response to the same stimulus than
males (Curtis et al., 2006). A remarkable sex difference also exists
in trafficking of CRF receptors in response to stress. Under
unstressed conditions, CRF1 in LC neurons of male rats can be
detected in the cytoplasm and at the cell membrane, whereas in
females the receptor is restricted to the cytoplasm; stress drives
CRF1 from the cell membrane to the cytoplasm in males but has
the opposite effect in females (Bangasser et al., 2010; Reyes
et al., 2006). This difference in receptor trafficking may make
females more sensitive to further CRF signaling. b-arrestin 2 and
G protein receptor kinases are thought to regulate this sex differ-
ence by uncoupling CRF1 from membrane-associated G proteins,
thereby inducing internalization by endocytosis (reviewed in
Luttrell and Lefkowitz, 2002). Support for this mechanism comes
from immunoprecipitation studies using rat cortical tissue: under
basal conditions, there is no sex difference in the association of
b-arrestin 2 and CRF1, but stress increases this association in
males, with no change in females (Bangasser et al., 2010).

The association between CRF1 and b-arrestin 2 has important
implications because it leads to the activation of different receptor
signaling pathways by CRF under stress conditions (Fig. 8;
Valentino et al., 2013). As a result, different cellular responses
es. In female rats, there is a low level of association of CRF1 with b-arrestin 2 (b-arr)
receptor associates with b-arr in males, which results in a relative bias toward G-
llular responses are likely to be elicited, which in turn may lead to sex-specific
own [depression, post-traumatic stress disorder (PTSD), irritable bowel syndrome,
ling pathways in males and females, but are examples of stress-related pathologies
with permission of Elsevier Ltd.
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are elicited by stress in males and females, which in turn may lead
to sex-specific physiological and behavioral outcomes in both
health and disease (Fig. 8). The sex differences in the LC also
highlight how a common experience, such as a stressful event,
can induce sex-specific effects at the cellular level and molecular
levels. Even in cases where stress hormone levels and CRF recep-
tors do not differ between the sexes, the response to a stressor
may differ.

The hippocampal endocannabinoid system provides another
example of sex-specific molecular signaling in a system implicated
in the stress response (reviewed in Hill and Patel, 2013). Although
controversial, cannabinoid treatment is currently being used in
some parts of the United States to treat conditions such as post-
traumatic stress disorder (e.g., Greer et al., 2014). In rats, estradiol
suppresses GABAergic inhibitory synaptic transmission in hip-
pocampal slice cultures of females, but not of males, and does so
by altering postsynaptic endocannabinoid production, which in
turn suppresses GABA release by the presynaptic cell (Huang and
Woolley, 2012). Tabatadze et al. (2015) recently described the
molecular events underlying this sex-specific effect on neural
transmission. In females, estradiol induces an association between
ERa and the metabotropic glutamate receptor 1 (mGluR1), which
leads to the activation of phospholipase C, which in turn generates
inositol 1,4,5-trisphosphate (IP3), activates the IP3 receptor (IP3R),
and stimulates Ca2+ release, leading to endocannabinoid synthesis
and release from the postsynaptic cell. In males, the response of
this pathway to estradiol is greatly reduced (Tabatadze et al.,
2015). Interestingly, there is no sex difference in basal levels of
ERa, mGluR1, IP3, or IP3R (Tabatadze et al., 2015), again demon-
strating that even when key players in a signaling pathway are
expressed at similar levels in males and females, there may still
be a sex-specific response.
7. Uncomfortable revelations about our favorite models of
sexual differentiation

As may be clear from the previous sections, one of the most
common ways to test whether a given sex difference is due to pro-
gramming effects of gonadal steroids is to treat female rodents
with testosterone or estradiol neonatally. Recent studies, however,
reveal a discomforting truth: these treatments may not produce
anything close to a normal male at the epigenome or transcriptome
level. In the study by Ghahramani et al. (2014; Section 5.2), for
example, treatment of female mice with testosterone on the day
of birth masculinized the DNA methylome in the BNSTp and stria-
tum in adulthood. Although the effect was highly statistically sig-
nificant, the methylation status of less than half of the genes that
were affected by neonatal testosterone treatment of females (36%
and 47% for the BNST/POA and striatum, respectively) also differed
in methylation between normal males and females. At the tran-
scriptome level, Del Pino Sans et al. (2015) recently found 89 genes
that were expressed at different levels in the AVPV of neonatal
male and female rats, but >300 genes that were significantly
altered by neonatal estradiol treatment of females. More troubling,
there were only 6 genes in common between the two lists! In other
words, in terms of gene expression, fewer than 2% of the genes
altered by estradiol-treatment of females also differed between
the sexes.

On one hand, it is perhaps not surprising that a single injection of
estradiol or testosterone does not perfectlymimic the complex hor-
mone exposure of normal males, which begins prenatally, occurs in
two discrete peaks, and may involve a cocktail of gonadal secre-
tions. Moreover, the doses of steroid administered to newborn
females are often pharmacological, and any gonad-independent
contribution of the sex chromosomes will not be mimicked by a
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hormone injection. However, these studies reveal that masculin-
ized females may be more like a ‘‘third sex” than like males. It is
perhaps amazing that for so many dependent variables, neonatal
testosterone (or estradiol) produces a phenotype that does not dif-
fer significantly from normal males. This may be related to the
‘‘canalization” idea first proposed by Waddington (1959) and
adapted for sexual differentiation by McCarthy et al. (2015): devel-
opment is funneled, or canalized, into one of two binary outcomes –
male or female. With respect to the methylome and transcriptome
examples above, perhaps only a few key genes need to be appropri-
ately regulated in order to generate normal male development.
Such canalization could provide robustness in the face of environ-
mental or genetic variation.
8. Where do we go from here?

The foregoing discussion suggests several interrelated themes
that have emerged from recent studies and are likely to continue
to shape the field of brain sexual differentiation. These include
the roles of non-neuronal cells, the immune system, and the
environment.

Until recently, the only non-neuronal cells generally considered
when discussing brain sex differences were gonadal cells. Muscles
were sometimes included for those of us interested in the sexual
differentiation of SNB motoneurons (Section 2.1.1), and sex differ-
ences in the number or morphology of astrocytes have been
reported in multiple brain regions of rodents over the past 25 years
(e.g., Arias et al., 2009; Collado et al., 1995; Johnson et al., 2008;
Mong et al., 1996; Suárez et al., 1992). More recent is the report
of sex differences in microglia (Schwarz et al., 2012), and the evi-
dence that glia play essential roles in the development of sex dif-
ferences in neuronal morphology and behavior (Sections 2.3.2
and 4.2). Recent findings also suggest that glia are likely to underlie
sex differences in neuroinflammation and neuroinflammatory dis-
orders (e.g., Acaz-Fonseca et al., 2015; Loram et al., 2012).

In addition to immune cells residing within the brain, there
are sex differences in peripheral immune responses that can
affect normal brain function and the susceptibility to disease
(De Vries and Forger, 2015; Mirandola et al., 2015; Spence and
Voskuhl, 2012). Moreover, just recently, functional lymphatic ves-
sels were discovered that are embedded in the dura and drain to
cervical lymph nodes (Louveau et al., 2015). Although it is too
soon to know the implications of this finding for neural sex differ-
ences (or any brain function), it challenges the long-held belief
that the central nervous system lacks lymphatic vasculature,
and suggests we still have much to learn at the intersection of
brains and immunity.

However, this is just the start; many other tissues are likely to
be important contributors to neural differentiation. For example,
although we do not normally think of the liver or adipose tissue
as being very sexually dimorphic, the expression of 72% of all
genes surveyed in the liver and 68% of those in adipose tissue dif-
fer between adult male and female mice (Yang et al., 2006). These
organs have efferent and afferent connections with the central
nervous system, and produce hormones and other products that
reach the brain. All organs in the body are sexually differentiated
to some extent and the brain must operate in the resultant sexu-
ally dimorphic milieu. The whole body needs to be considered to
fully understand sexual differentiation of the brain and we have
recently (somewhat tongue-in-cheek) coined the term ‘‘the Sex-
Organome” to capture this idea (Fig. 9; De Vries and Forger,
2015). Future investigations may start to incorporate some of
these influences.

Factors from outside of the body, or at the interface of the
environment and the body such as the microbiome, also
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Fig. 9. The ‘‘SexOrganome” is defined as the sum total of all peripheral influences on sex differences in the central nervous system (De Vries and Forger, 2015), some of which
are shown here. The central nervous system is embedded in a sexually differentiated body. Solid arrows indicate a sex influence from one organ on another. Dashed arrows
indicate an influence inferred from circumstantial evidence, but not yet demonstrated (for further discussion see De Vries and Forger, 2015). Black arrows indicate neural
communication; red arrows indicate humoral communication. ‘‘XX XY” indicates organs in which sex chromosome complement has a demonstrated effect; in most cases, it is
not known whether the effect is mediated within that organ or indirectly via effects on other organs. The body, in turn, is embedded in an environment that affects the
individual in a manner that varies by sex. The small colored circles in the upper right are the many species of microorganisms living commensally in our gut or on our skin
(microbiota). On the left, vision, olfaction, touch, and taste may all be processed differently in males and females. Reproduced from De Vries and Forger (2015) with
permission from BioMed Central Ltd.
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sex-dependently influence the brain (Section 6). To the extent that
environmental effects are long-lived, the ‘‘memory” for these expo-
sures and experiences generally involve epigenetics, so it is likely
that we will see more roles for epigenetics in brain sexual differen-
tiation. The sex biases observed in genes with sex differences in
DNA methylation or histone modifications (Section 5.2) suggest
that stressors, experiences, drugs, or diseases that preferentially
target one type of epigenetic mechanismmay have different effects
in males and females.

Progress in the field of sexual differentiation may also depend
on moving beyond the traditional model species, i.e., mice and rats.
Although the study of these species has tremendously increased
our knowledge of cellular and molecular mechanisms underlying
sex differences in the brain, the inclusion of novel model organisms
could shed new light on questions that cannot be answered using
traditional models. Work in a highly social species, the naked
mole-rat, has already suggested that the ‘‘rules” of sexual differen-
tiation of the brain may differ depending on life history traits
(Holmes et al., 2009). Where our own species is concerned, it is
remarkable that we still have only a shaky understanding of such
basic questions as the relative contributions of estrogens and
androgens in the masculinization of the brain, based mostly on
case studies and inferences, but few direct tests.

These are some of the directions that can be predicted based on
recent thrusts in the field of sexual differentiation, but as men-
tioned in first paragraph of this review, we may be at a turning
point: as more neuroscientists include both sexes in their study
designs, we can anticipate a surge of new discoveries of neural
sex differences. Many of these are likely to be made by investiga-
tors new to the field, who will bring a fresh perspective and may
lead us in directions impossible to envisage today.
Please cite this article in press as: Forger, N.G., et al. Cellular and molecular mec
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