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Abstract——The classic view of estrogen actions in
the brain was confined to regulation of ovulation and
reproductive behavior in the female of all mamamalian
species studied, including humans. Burgeoning evi-
dence now documents profound effects of estrogens on
learning, memory, and mood as well as neurodevelop-
mental and neurodegenerative processes. Most data de-
rive from studies in females, but there is mounting rec-
ognition that estrogens play important roles in the male
brain, where they can be generated from circulating
testosterone by local aromatase enzymes or synthesized
de novo by neurons and glia. Estrogen-based therapy
therefore holds considerable promise for brain disor-
ders that affect both men and women. However, as in-
vestigations are beginning to consider the role of estro-
gens in the male brain more carefully, it emerges that
they have different, even opposite, effects as well as sim-

ilar effects in male and female brains. This review fo-
cuses on these differences, including sex dimorphisms in
the ability of estradiol to influence synaptic plasticity,
neurotransmission, neurodegeneration, and cognition,
which, we argue, are due in a large part to sex differ-
ences in the organization of the underlying circuitry.
There are notable sex differences in the incidence and
manifestations of virtually all central nervous system
disorders, including neurodegenerative disease (Par-
kinson’s and Alzheimer’s), drug abuse, anxiety, and de-
pression. Understanding the cellular and molecular ba-
sis of sex differences in brain physiology and responses
to estrogen and estrogen mimics is, therefore, vitally
important for understanding the nature and origins of
sex-specific pathological conditions and for designing
novel hormone-based therapeutic agents that will have
optimal effectiveness in men or women.

I. Introduction

The last decade has seen a revolution in our under-
standing of the actions of estrogen in the body. More
than 60 years ago, estrogen, produced by the ovaries,
was identified as “the woman’s hormone,” leading to its
use as hormone replacement therapy (HRT?) for meno-

! Abbreviations: 6-OHDA, 6-hydroxydopamine; AB, 8 amyloid pep-
tide; ACh, acetylcholine; AD, Alzheimer’s disease; AGT, antenatal glu-
cocorticoid treatment; APP, amyloid precursor protein; AR, androgen
receptor; ArKO, aromatase knockout; AVP, arginine vasopressin; CA,
cornu ammonis; CNS, central nervous system; CREB, cAMP response
element binding protein; CRH, corticorelin; DA, dopamine/dopaminer-
gic; DA, dopaminergic; DHEA, dehydroepiandrosterone; DHT, dihy-
drotestosterone; ER, estrogen receptor; ERE, estrogen response ele-
ment; ERK, extracellular signal-regulated kinase; GC, glucocorticoid;
GnRH, gonadotropin-releasing hormone; HPA, hypothalamic-pituitary-
adrenal; HPG, hypothalamic-pituitary-gonadal; HRT, hormone replace-

pausal/postmenopausal symptoms (hot flashes, night
sweats, and vaginal dryness and atrophy). Along the
way, scores of anecdotal and retrospective case studies
fuelled its reputation to combat diseases of aging (at
least in women), including cardiovascular disease (Sul-
livan and Fowlkes, 1996), osteoporosis (Riggs and Mel-

ment therapy; KO, knockout; LH, luteinizing hormone; MA, metham-
phetamine; MAPK, mitogen-activated protein kinase; MLLDA, mesolimbic
dopaminergic system; mPFC, medial prefrontal cortex; mPOA, medial
preoptic area; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
N.Acc, nucleus accumbens; NMDA, N-methyl-D-aspartate; NSDA, nigro-
striatal dopaminergic; pCREB, phosphorylation of CREB; PD, Parkinson’s
disease; PFC, prefrontal cortex; PISK, phosphoinositide 3-kinase; POA,
preoptic area; PR, progesterone; PVN, paraventricular nuclei; SERM,
selective estrogen receptor modulator; SNc, substantia nigra pars com-
pacta; TH, tyrosine hydroxylase; TH-IR, tyrosine hydroxylase immuno-
reactive; vIVMN, ventrolateral subdivision of the ventromedial nucleus;
VMN, ventromedial nucleus; VTA, ventral tegmental area.
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ton, 1995), and Alzheimer’s disease (Sherwin, 2002;
Brinton, 2004). This spawned a billion-dollar industry in
HRT and opened up the prospect that tissues other than
the female reproductive tract, particularly the brain, are
important targets for estrogen’s actions. Our perception
of the roles of estrogen in the male has also expanded
with the realization that it can be synthesized locally
from steroid precursors, including circulating testoster-
one, by aromatase enzymes in many tissues (Sharpe,
1998; Jones et al., 2006). This includes the brain, where
estrogen may act via its classic nuclear receptors, which
are widely distributed in the brains of males as well as
females, or via rapid membrane actions (Toran-Aller-
and, 2005; Balthazart and Ball, 2006; Brann et al., 2007;
Micevych and Dominguez, 2009).

Today estrogens remain the recommended active com-
pound for the short-term treatment for menopausal
symptoms (American College of Obstetricians and Gy-
necologists Women’s Health Care Physicians, 2004), but
links to cancer (especially breast and uterus) and the
unexpected finding that current HRT regimes exacer-
bated rather than ameliorated susceptibility to stroke
and heart attacks in postmenopausal women (Rossouw
et al., 2002; Murphy et al., 2003; Wise et al., 2009) led to
a precipitous fall in the rate of prescribing estrogen-
based replacement therapies (Mandavilli, 2006; Lewis,
2009). However, this shock has stimulated a heightened
interest in the extraordinary, cell-specific nature of the
effects of estrogen, its metabolites and natural isomers
in diverse tissues throughout the body. In particular,
research into the actions of estrogen in the brain alone
has produced an average of almost two publications a
day for the last couple of years. These document the
profound effects and multiple mechanisms of action of
estrogen on memory, mood, mental state, and neurode-
velopmental and neurodegenerative processes, provid-
ing mounting support for the views that estrogen is
neurotrophic, neuroprotective, and psychoprotective
(Fink et al., 1996; McEwen and Alves, 1999; Gillies et
al., 2004; Craig et al., 2005, 2008; Cahill, 2006; Brann
et al., 2007; Craig and Murphy, 2007a,b). Estrogen-
based therapies therefore hold enormous promise for
brain disorders that affect both men and women
(Rochira et al., 2002; Jones et al., 2006). However, the
overwhelming proportion of experimental investigations
of estrogen effects in the brain have been performed in
females, which contrasts starkly with the majority of
basic neuroscience research that uses males (Cahill,
2006; Luine, 2007).

There is now a growing literature to suggest that, in
addition to similarities between male and female brains,
there are marked sex dimorphisms in brain morphology,
neurochemistry, hard-wiring, and functional outcomes
(De Vries and Boyle, 1998; Simerly, 2005; Cahill, 2006;
Cosgrove et al., 2007). Moreover, increasing evidence
suggests that estrogen can have different (sometimes
opposite) effects as well as similar effects in male and
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female subjects, probably because of underlying brain
dimorphisms that occur in some brain processes but not
others. These observations come from diverse areas of
the literature ranging from neuroscience and neurode-
generation to cognitive and reproductive behaviors.
Therefore, the purposes of this review are as follows:

¢ to assimilate evidence from some major brain areas,
such as the hypothalamus, midbrain, hippocampus,
and prefrontal cortex.

e to document sex dimorphisms in the neural sub-
strate in experimental species and humans, where
it is known.

e to analyze evidence that estrogen plays important
roles in the male as well as female brain, with a
particular focus on studies involving both male and
female subjects in which the actions of estrogen
have been directly compared.

e to question the origin of these differences (arising
developmentally or in adulthood), which has great
significance for understanding the foundations of
sex differences in the prevalence, progression,
and/or severity of many of the common neuropsy-
chiatric and neurodegenerative diseases, including
Parkinson’s disease, Alzheimer’s disease, drug ad-
diction, and schizophrenia.

These discussions constitute a strong argument for
the urgent need for a better understanding of brain sex
dimorphisms, as well as sex-specific responses to estro-
gen/estrogen mimics. Such knowledge of the physiologi-
cal and pharmacological relevance of estrogen actions in
the brain is essential if we are to realize the full trans-
lational potential of this ubiquitous steroid for promot-
ing human health and wellbeing. Furthermore, it will
highlight the importance of adopting a sex-specific ap-
proach to treating highly debilitating neurological and
neuropsychiatric conditions, the prevalence of which is
increasing (Szpir, 2006; Becker and Hu, 2008; Mayes et
al., 2008; Williams et al., 2008).

I1. Definitions, Concepts, and Why Brain Sex
Dimorphisms Are Important

Throughout this article, the term sex will be used to
distinguish male or female subjects according to the
reproductive organs and functions that derive from the
chromosomal complement (individual organisms bear-
ing the male XY or female XX sex chromosomes seen in
most mammals). This is distinct from the term gender,
used to refer to a human subject’s self-representation as
male or female (Wizeman and Pardue, 2001). In addi-
tion, although male and female are traditionally used
only as adjectives, they will sometimes be used as nouns
to avoid convoluted language.

There are hundreds, if not thousands, of original ar-
ticles in the scientific literature that address topics that
pertain to this review. Therefore, we shall refer wherever
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possible to many excellent reviews by experts in their
fields, rather than the original manuscripts, which would
be too copious.

A. Sex Dimorphisms Are Widespread in Animal and
Human Brains and Are Not Restricted Only to
Reproductive Functions

For several decades it was a generally held belief that
differences in male and female brains were the sole
privilege of the hypothalamus, the brain region regulat-
ing the production of reproductive hormones and mating
behaviors in all mammalian species. Early evidence for
sex differences in learning and cognition (Carey, 1958)
were largely attributed to environmental and sociocul-
tural factors. However, the last decade has seen an
exponential increase in evidence for structural, cellular,
and molecular sex differences in the brain that can be
described as true dimorphisms, defined as the occur-
rence of two forms in the same species. These include
regions of human and animal brains that are important
for cognition, memory, and affect, such as the hippocam-
pus, amygdala, and cortex (Kelly et al., 1999; Baron-
Cohen et al., 2005; McCarthy and Konkle, 2005; Cahill,
2006; Cosgrove et al., 2007; Wilson and Davies, 2007),
and for regions controlling sensorimotor and reward sys-
tems (Becker, 1999; Dewing et al., 2006; Cantuti-Castel-
vetri et al., 2007; McArthur et al., 2007a). Indeed, post
mortem studies, as well as evidence from new technolo-
gies for in vivo imaging, are adding rapidly to the view
that sex differences in the human brain may be the norm
rather than the exception (Madeira and Lieberman,
1995; Allen et al., 2003; Kruijver et al., 2003; Swaab et
al., 2003; Luders et al., 2004; Mechelli et al., 2005;
Cosgrove et al.,, 2007; Ishunina and Swaab, 2008;
Swaab, 2008).

B. Origins of Sex Differences and Dimorphisms:
Activational versus Organizational Effects and
Hormonal versus Genetic Influences

1. Activational versus Organizational Effects. The
predominant circulating gonadal sex steroid hormones
after puberty are estrogens in females and testosterone
in males. Thus, sex differences in a biological response
could be the result of differences in the prevailing levels
of gonadal hormones in adulthood, with no presumptive
sex differences in the underlying biological substrate.
For example, in humans and in species used in research,
administration of androgens to females may induce as-
pects of male-typical behavior that revert to normal once
hormone treatment ceases; the cyclical rise and fall in
levels of ovarian hormones in women and animal species
used in research also influences many behaviors (Kelly
et al., 1999; Halpern and Tan, 2001; Cahill, 2006; Gold-
stein, 2006; Wilson and Davies, 2007). These are tradi-
tionally called activational (reversible) effects (Arnold
and Breedlove, 1985; Williams, 1986) or hormonally
modulated responses (McCarthy and Konkle, 2005),

GILLIES AND MCARTHUR

which dictate sex differences at molecular, cellular, and
functional levels but are not in themselves true dimor-
phisms. However, not all features of adult brain activity
that exhibit sex differences are trans-sexual; that is,
they cannot be equalized if an equivalent hormonal en-
vironment is created experimentally in both sexes by the
administration of sex hormones to gonadectomized ani-
mals. Estrogen treatment of adult castrated rats cannot
feminize all male CNS functions and androgen treat-
ment of adult ovariectomized rats cannot masculinize all
aspects of female CNS function because of permanent
(irreversible) sex-specific organization of the brain dur-
ing development (see also section IV). The classic con-
cept of sexual differentiation of the brain, originating
from work on the hypothalamus, states that once forma-
tion of the fetal testes is established by the Sry gene (sex
determining region of the Y chromosome), sexual differ-
entiation of the brain is a hormone-dependent process
(Arnold and Gorski, 1984; Morris et al., 2004; Simerly,
2005; McCarthy, 2008). The key factor is the masculin-
izing/defeminizing effect of testosterone, produced by a
transitory activation of the testes during a critical de-
velopmental window, lasting from the late embryonic
period to the first week of life in rats (Huhtaniemi, 1994)
(Fig. 1A). Testosterone freely enters the brain and, per-
haps surprisingly, in certain regions its ability to sculpt
the male brain relies principally on its conversion to
estradiol by local aromatase enzymes. Estrogen receptor
(ER)-dependent influences on processes such as neuro-
genesis, apoptosis, and migration then ensue to imprint
enduring sex differences in the number of cells and their
distribution within specific regions or nuclei. In addi-
tion, influences on neurite extension/branching, synap-
togenesis, and establishment of neurochemical pheno-
type establish sex differences in projection pathways,
innervation density, connectivity, and neurotransmitter
control in specific brain regions (Simerly, 1989; De Vries
and Simerly, 2002; Simerly, 2005; Wilson and Davies,
2007; Forger, 2009; Tobet et al., 2009). In addition to
producing sex dimorphisms in the “hard-wiring,” peri-
natal exposure to testosterone (after aromatization) can
also program sexually dimorphic patterns in ER expres-
sion in selected adult brain regions, which can have
profound effects on the way a cell or pathway responds
to estradiol (see sections IIT and IV and Table 1). Many
advances have been made recently in the cellular and
molecular mechanisms by which testosterone/estradiol
engenders a sexually differentiated brain, and both clas-
sic nuclear and non-nuclear mechanisms that are active
in the adult brain play a role. These are thoroughly
reviewed elsewhere (McCarthy and Konkle, 2005; Wil-
son and Davies, 2007; McCarthy, 2008) and are of par-
ticular interest not only for understanding the actions of
estrogens in the developing brain but also for possibly
providing clues about estrogenic actions in the injured
brain, in which certain developmental processes may be
recapitulated in attempts to protect, repair, and recover.
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Fic. 1. Patterns of hormone exposure throughout life: a biological basis for sex differences in the brain. In male rats (A) and humans (C), a
transitory activation of the testes during a critical developmental window means that the brain develops in a different hormonal environment in males
and females, which establishes irreversible sex dimorphisms in specific neural circuits. After puberty, the rise in gonadal steroids in males and females
activates the sexually dimorphic circuitry; the rodent (A) and human (C) male brain is exposed to a relatively steady level of the main gonadal steroid,
testosterone, for most of adult life. In contrast, the rodent (B) and human (D) female brain is exposed to a cyclical pattern of the main gonadal steroid,
estradiol, for a certain period of adult life, until levels fall precipitously at reproductive senescence or menopause.

Unlike the testes, activation of steroidogenesis in the
ovaries is not detectable until later in development, not
before 5 days after birth (Weniger et al., 1993) (Fig. 1B).
In addition, a-fetoprotein sequesters circulating estro-
gens in early life, so systemic sources cannot access the
brain (Bakker et al., 2006). Hence, male and female
brains develop under the influence of very different hor-
monal environments; indeed, it is believed that without
exposure to testosterone, animal and human brains de-
velop along essentially female lines. Together, these
forces ensure that there is a biological basis for sex
differences in the brain. Once in adulthood, the sexually
imprinted brain may then be further differentiated by
the activational actions of gonadal steroids. Sex differ-

ences may therefore be engendered by the perinatal
surge of testosterone, but they are not necessarily func-
tionally manifest until puberty, when the relevant, pre-
formed neurocircuitries are activated by the changing
gonadal hormone environment. This is exemplified by
our studies on the sexual differentiation of the hypotha-
lamic somatostatin neuron populations in the periven-
tricular nucleus, which control growth hormone release.
From postnatal day 5, there is evidence for sex differences
in the biosynthetic capacity and GABAergic regulation of
these neurons, but this circuitry is not activated until the
rise in pubertal hormones, when the sexually dimorphic
profile of growth hormone secretion emerges to regulate
not only growth patterns, which occur at a faster rate in
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TABLE 1
Summary of the major findings on ER distribution in the adult brain

The diversity of approaches taken when investigating ER distribution in the brain are illustrated. Some studies present data throughout the brain, whereas others focus on
specific areas, with variations in the use of intact and gonadectomized rodents and the sex of the subjects under investigation. Along with difficulties inherent in the absolute
quantification of immunoreactivity (IR) and in situ hybridization (ISH) signals, this complicates direct comparisons between studies. Overall, however, there is a strong
consistency for the anatomical organization of ERs in the brain: it is clear that across species, ERe and ERB are widely distributed in brain regions that are and are not
principally associated with reproductive functions. Although overlapping in many brain regions, ER« and ERB have distinct patterns of distribution. In humans and rodents,
the hypothalamus (especially the VMN) and amygdala emerge as ERa-dominant regions (Shughrue et al., 1997; Osterlund et al., 2000a,c), providing neuroanatomical
evidence for a role in regulating neuroendocrine, autonomic, emotional, affective, and motivational responses. Both ERa and ERB are found in the hippocampus in rodents
and humans, ERB being the dominant form in the human subiculum (where information leaves the hippocampus to influence amygdala, cortical, and subcortical structures).
ERs are thus well placed to influence learning and memory. The basal ganglia are notable by their relative lack of classical ERs. The distribution patterns of ERs are
remarkably similar in adult male and female brains. However, sex differences are present in the relative levels of expression in hypothalamic subnuclei involved in
reproductive processes, which may be determined early in life (Khiinemann et al., 1994; Orikasa et al., 2002; Tkeda et al., 2003). In the human hypothalamus, sex differences
were also revealed by closer analysis of their subcellular distribution to the nucleus, cytoplasm, and nerve terminals (Kruijver et al., 2002). In contrast, a lack of overall sex
differences in ER expression levels was notable in the hippocampal regions, where estradiol-responsiveness is known to be sexually dimorphic (Weiland et al., 1997). Sex
differences are also absent in the cortex (Kritzer, 2002), but finer analysis revealed that males and females did exhibit differences in the cytoarchitectural localization of ERs in the

mesocortical neurons supplying different regions of the PFC (Kritzer and Creutz, 2008).

Species Protein/Immunoreactivity mRNA (In Situ Hybridization)
ERa

Rat Gonad-intact, male and female cerebral cortex: wide Twelve days post-OVX: exclusively in the VMN and subfornical
neuronal distribution (distinct from ERpB); no sex organ; also in perikarya in cerebral cortex and hippocampus
differences (Kritzer, 2002). (weak compared with ERB), as well as other brain regions,

including the BNST, medial and cortical amygdaloid nuclei,
POA, lateral habenula, periaqueductal gray, parabrachial
nucleus, LC, NTS, spinal trigeminal nucleus, superficial laminae
of the spinal cord (Shughrue et al., 1997).

Gonad-intact, male and female dopaminergic neurones of Intact males and females; olfactory cortex, hippocampus, amygdala,
the mesocortical system: no overall sex differences, but septum, BNST, thalamus, POA, AVPV, SCN, ARC, PeN, SNc,
sex differences revealed at cytoarchitectural level NTS, LC, midbrain raphe nuclei; no sex differences (Laflamme et
(Kritzer and Creutz, 2008). al., 1998).

Mouse Two weeks post-OVX; widely distributed throughout brain; CX; widely expressed throughout brain; few positive cells in
predominant subtype in hippocampus, POA, and most of striatum; none in SNc¢ (Shughrue, 2004).
the hypothalamus; sparse or absent from cerebral cortex
and cerebellum (Mitra et al., 2003).

CX: concentrated in many brain regions, especially
hypothalamus (POA, ARC, VMN), BNST, amygdala;
scattered positive cells in striatum; few in lateral SN,
not SNc (not located in dopamine neurons) (Shughrue,

2004).

Monkey OVX; present in hippocampus and hypothalamus at a RT-PCR; widely distributed in males and females; exclusive

relatively high ERB/ER« ratio (Register et al., 1998) subtype in frontal cortex, caudate nucleus and cerebellum; no sex
differences (Pau et al., 1998).

Human Hypothalamic region; 5 men and 5 women (20-39 years Forebrain (three men, two women); abundant in amygdala and
old); strong sub-regional sex differences in staining hypothalamus, lower in cerebral cortex and hippocampus; similar
intensity and cellular location (nuclear, cytoplasmic, in monkey (two males) but differs in part from rat (Osterlund et
nerve terminals) (Kruijver et al., 2002) al., 2000c).

Forebrain (seven men, two women) alternative ERa promoter
expression in distinct forebrain populations; suggests multiple
promoter usage may underlie differentiated regulation of
expression (Osterlund et al., 2000a).

Dominates in amygdala, hypothalamus (Ostlund et al., 2003).

ERB
Rat Twelve days post-OVX brain; nuclear IR in neurons colocalizes Twelve days post-OVX hypothalamus; dense expression in mPOA

with mRNA,; includes the olfactory nuclei, laminae IV-VI of
the cerebral cortex, medial septum, POA, BNST, SON, PVN,
Z1, medial and cortical amygdaloid nuclei, cerebellum, NTS,
VTA, and spinal trigeminal nucleus (Shughrue and
Merchenthaler, 2001).

Gonad-intact, male and female cerebral cortex; wide
neuronal distribution; distinct from ERea; no sex
differences (Kritzer, 2002).

Similar wide distribution in male and female rat brains,
including cerebral cortex, LC (high); SN, amygdala
(moderate); hypothalamic subnuclei (weak): sex
differences in IR intensity in hippocampus (female
dominant) and BNST, mPOA, LC (male dominant); also
sex differences in intracellular (nuclear, cytoplasmic,
terminal) distribution (Zhang et al., 2002).

VMN: females have significantly more IR cells than males at
postnatal days 5-14; sex difference was not significant by
P21; confirmed by ISH; remarkably higher expression
levels in neonatal VMN compared with adult (Ikeda et al.,
2003).

and BNST (similar to ERe mRNA), PVN and SON (vs.
little/negligible ERa); weak in ARC, VMN (vs. abundant ERa)
(Shughrue et al., 1996).

Twelve days post-OVX brain; exclusively in neurons of the olfactory
bulb, SON, PVN, SCN, tuberal nuclei, ZI, VTA, cerebellum
(Purkinje cells), laminae III-V, VIII, and IX of the spinal cord,
and pineal gland. Also in perikarya in cerebral cortex and
hippocampus, as well as other brain regions, including the
BNST, medial and cortical amygdaloid nuclei, POA, lateral
habenula, periaqueductal gray, parabrachial nucleus, LC, NTS,
spinal trigeminal nucleus, superficial laminae of the spinal cord
(Shughrue et al., 1997).

Intact males and females; exclusive to SON and PVN
magnocellular and autonomic subdivisions; also in olfactory
cortex, hippocampus, amygdala, BNST, substantia inominata,
POA, AVPV, ARC, SN¢, NTS, cerebellum; no sex differences
(Laflamme et al., 1998).

Sex differences in AVPV and mPOA from first week of birth to
adulthood; confirmed by ICC (Orikasa et al., 2002).

continued
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TABLE 1—Continued.

Species Protein/Immunoreactivity mRNA (In Situ Hybridization)

Gonad-intact-intact female brain: compared with young rats (10
weeks), numbers of ERB mRNA-positive cells were reduced in the
olfactory bulb, cerebral cortex, hippocampus, N.Acc, parts of the
amygdala and raphe nuclei in middle-age (12 months), but did not
decline further in aged animals (24 months); by contrast, numbers
in hippocampus, striatum, claustrum, SN and cerebellum did not
change by middle-age, but decreased in old rats: age-dependent
changes are region specific (Yamaguchi-Shima and Yuri, 2007).

CX males; widely expressed throughout brain; no positive cells in
striatum or SN (Shughrue, 2004).

Mouse Two weeks post-OVX; widely distributed throughout brain;
primarily in cell nuclei in select regions of the brain,
including the olfactory bulb, cerebral cortex, septum, POA,
BNST, amygdala, PVN, thalamus, VTA, SN, dorsal raphe,
LC, and cerebellum. Extranuclear-IR detected in several
areas, including fibers of the olfactory bulb, areas CA3 and
CA1 of the hippocampus, and the cerebellum. (Shughrue,
2004); CX males; concentration of positive cells in POA,
BNST, PVN, amygdala; no positive cells in striatum or SN
(Mitra et al., 2003).

Monkey OVX: present in hippocampus and hypothalamus at a

relatively high ERB/ER« ratio (Register et al., 1998).

RT-PCR: more widely distributed in female brains, including
putamen, hippocampus and PVN, which lack mRNA in males (Pau
et al., 1998).

Human Five men, five women (20-39 years old); subregional sex Eight men and two women; most abundant in hippocampus,
differences in IR intensity and cellular location (nuclear, claustrum, and cerebral cortex; low in hypothalamus and amygdala
cytoplasmic, nerve terminals) (Kruijver et al., 2003). (distinct from ERa) (Osterlund et al., 2000b).

Sex differences: 50-fold more IR neurons in the AVP- Dominates in hippocampal formation, entorhinal cortx, thalamus
containing region of the dorsolateral SON in young women (Ostlund et al., 2003).
compared with men; no sex differences in ERa (Ishunina et
al., 2000).
GPR30 (proposed G protein-coupled receptor for estradiol)

Rat Adult males and females; Island of Calleja, striatum (high Adult males and females; PVN (particularly magnocellular region),
density), PVN, SON, hippocampus, SN, brainstem SON (Hazell et al., 2009).
autonomic nuclei (Brailoiu et al., 2007)

Mouse Adult males and females; cortex, hypothalamus, Adult males and females; PVN (particularly magnocellular region),

hippocampus, pontine nuclei, LC, trigeminal nuclei and
cerebellum; distinct from ER«a and ERB; no sex differences
(Hazell et al., 2009).

No distinction between ERa or ERB

Rat Males and females; mRNA (ISH) widely distributed in
hypothalamus and cortex; also in lateral septal nucleus,
amygdala, hippocampus, BNST; no sex differences (Simerly
et al., 1990).

Gonad-intact male and female midbrain; ER-IR absent in
SNc and present in subpopulations of VTA and retrorubral
field; no sex differences (Kritzer, 1997).

Gonad-intact male and female hippocampal CA1 region; sex
differences in estradiol responsiveness, but ER-IR levels in
showed no sex differences (Weiland et al., 1997).

Quantitative in vitro autoradiography in developing rat
hypothalamus; sex differences in some sub-regions are
present around birth (mPOA), others emerge at 1-2 weeks
(VMN), and persist into adulthood. Note well: Using ISH,
sex differences in ER in mPOA disappear by postnatal day
10 (DonCarlos and Handa, 1994; Khiinemann et al., 1994).

ER transcriptional activity in the ERE-luciferase reporter
mouse; no sex differences at diestrus; sex differences at
proestrus (high estradiol) (Stell et al., 2008).

SON (Hazell et al., 2009).

Mouse

ARC, arcuate nucleus of the hypothalamus; AVPV, anteroventral paraventricular nucleus of the hypothalamus; BNST, bed nucleus of the stria terminalis; CX, castrated
adult male; GPR30, proposed G protein-coupled receptor for estradiol; LC, locus ceruleus; NTS, nucleus tractus solitarius; OVX, ovariectomized adult female; PeN,
periventricular nucleus of the hypothalamus; RT-PCR, reverse transcription-polymerase chain reaction; SCN, suprachiasmatic nucleus of the hypothalamus; SN, substantia
nigra; SON, supraoptic nucleus of the hypothalamus; ZI, zona incerta.

male rats, but also sexually dimorphic expression of key
liver enzymes and metabolic processes in adulthood (Simo-
nian et al., 1998; Murray et al., 1999a,b,c).

The aromatization hypothesis of sexual differentia-
tion of the brain is based on investigations in the hypo-
thalamus. With increasing attention on the sexually
dimorphic nature of other brain regions, it is now appar-
ent that the critical period for hormonal influences on
sex differentiation may extend later into development

and may involve androgen- as well as estrogen-depen-
dent mechanisms. In particular, pubertal hormones may
exert organizational influences on structures such as the
hippocampus and amygdala as well as hypothalamic
regions, including the anteroventricular periventricular
nucleus and sexually dimorphic nucleus of the preoptic
area (POA), where sex differences in regional volumes
and the addition of new cells have been identified in
humans and animals used in research (Williams, 1986;
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Ahmed et al., 2008; Neufang et al., 2009). The full im-
plications for the onset of many psychiatric disorders
that display sex differences and emerge in adolescence,
such as schizophrenia, depression, and anorexia/bulimia
(Paus et al., 2008), remain to be determined, and impli-
cations for Parkinson’s disease (PD) are discussed fur-
ther in section V.B.2.

Although the basic processes of neural development
are identical in rodents and humans, a significantly
greater proportion of brain development occurs after
birth in rats. The rat brain in late gestation is therefore
believed to approximate the human fetal brain at mid-
gestation, which also coincides with a peak in testoster-
one production in the male of both species (Kelly et al.,
1999; Wilson and Davies, 2007) (Fig. 1C). Along with
evidence from clinical conditions involving disturbances
in hormonal activities during development, this sup-
ports the view that sex hormones play a significant role
in masculinizing/defeminizing the brain in humans just
as they do in other mammalian species (Gorski, 2002;
Morris et al., 2004; Swaab, 2004). However, the extent to
which this involves androgen- or estrogen-dependent
mechanisms remains unclear.

2. Hormonal versus Genetic Influences. For many
years, the organizational and activational influences of
gonadal hormones were thought to be the only biological
factors that determine sexual differentiation of the brain
and other tissues. Emerging evidence shows that genetic
factors must also be incorporated into the equation, es-
pecially the influence of sex-specific genes on the sex
chromosomes (De Vries et al., 2002; Arnold and Bur-
goyne, 2004; De Vries, 2005; Bocklandt and Vilain, 2007,
Quinn et al., 2007). Sex chromosome effects may be due
to a direct action of Y chromosome genes or differential
expression of X chromosome genes arising either from
gene dosage differences (i.e., not all genes on the second
X chromosome in XX females are perfectly silenced) or
sex differences in the genomic imprint of X chromosome
genes (Federman, 2006; van Nas et al., 2009). Our un-
derstanding of these influences, and how they interact
with gonadal hormone programming of sex dimorphisms, is
in its infancy, so the focus of this review will remain on
hormonal actions.

One could logically argue that, once formed, sex di-
morphisms in the brain substrate signify differences in
function. Although this is often true (as illustrated in
section IV), recent evidence supports the emerging con-
cept that certain sex dimorphisms may exist in an at-
tempt to preserve critical brain functions that have an
evolutionary advantage (De Vries, 2004; Cahill, 2006).
For example, sex differences in the patterns of brain
activity during tests of memory have been identified
when there were no differences in performance of the
memory task in men and women (Shaywitz et al., 1995;
Grabowski et al., 2003; Piefke et al., 2005). This may not
be so unexpected if one considers that in both sexes, the
brain strives to achieve equally optimal performance in
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cognitive functions, but this has to be attained in very
different hormonal and genetic environments, both dur-
ing development and in adulthood, that have to exist to
ensure procreation and survival of the species. The un-
derlying sex dimorphisms in nonreproductive functions
may thus enable the individual to achieve the same goal
but by different mechanisms in male and female brains
(De Vries and Boyle, 1998).

C. Impact of Sex Dimorphisms on Our Understanding
of Brain Disorders: a Role for Estrogens

Whether the ultimate endpoint is to achieve func-
tional differences (for reproductive success) or similari-
ties (such as cognition), it is clear that male/female
brains operate under very different constraints that may
manifest at genetic, molecular, cellular, and systems
levels, as discussed throughout this review. Although
these biological sex differences are clearly important
from a physiological point of view to maintain homeosta-
sis, if the system is challenged by external factors, such
as stress and disease, different organizations in circuit-
ries in male and female brains will respond differently to
environmental challenges (endogenous or exogenous)
and emerge as different vulnerabilities to behavioral
and neurological disorders. Conditions that differ mark-
edly in their prevalence, progression, and/or severity
between the sexes include PD, attention deficit/hyperac-
tivity disorder, and schizophrenia, all of which show a
greater prevalence in men and involve the midbrain do-
paminergic systems (Swaab, 2004; Gillies and McArthur,
2010). In contrast, in Alzheimer’s disease (AD), involving
cognitive brain regions such as the hippocampus, post-
menopausal women fare worse than men (Swaab, 2004).
Without doubt, estrogen has been pinpointed as a criti-
cal protective factor in females that gives them the ad-
vantage in diseases prevalent in men, whereas its rapid
decline after menopause may forfeit this advantage. Al-
though there is hot debate in the literature as to why the
protective effects of estrogen therapy for postmeno-
pausal women have not yet been realized clinically
(Mandavilli, 2006; Toran-Allerand, 2006; Brann et al.,
2007), in theory, estrogen holds great clinical potential
for CNS disorders because of its proven neuroprotective
and neuroactivating properties (McEwen and Alves,
1999; Wise et al., 2001; Brann et al., 2007; Garcia-
Segura, 2008). However, as discussed in detail in the
remainder of this review, there is mounting evidence
that estrogen may have opposite effects in male and
female brains which we propose is due principally to
differences in brain organization. Despite these striking,
significant findings, studies that make direct compari-
sons of estrogenic actions in male and female brains are
relatively small in number because the vast majority of
studies focus solely on females, despite the fact that the
diseases that they are modeling may predominate in
males. Therefore, in this review, we aim to use these
examples of sex differences in the actions of estrogen in



SEX-SPECIFIC ESTROGEN ACTIONS IN THE BRAIN

the brain to highlight the importance of understanding
sex differences in brain organization, which is critical if
we are to develop optimal therapies for the many com-
mon brain disorders that differentially affect men and
women.

IT1. Estrogen Synthesis and
Signaling Mechanisms

A. Peripheral and Central Sites of Synthesis of
Estrogens in Males and Females

In all mammalian species, the gonads and adrenal
glands synthesize and release estrogens into the gen-
eral circulation in both sexes. This accounts for rela-
tively low circulating levels, except in females in the
phase lasting from the end of puberty to the beginning
of reproductive senescence, during which time the
ovaries synthesize and release much greater amounts
of estrogens in a cyclical fashion, which maintains
ovulation and reproductive capacity. In nonpregnant
females, the principal and most potent circulating
estrogen is 17B-estradiol; estrone and estriol are
present at lower concentrations. The gonads and ad-
renal glands also synthesize and secrete androgens in
both sexes, but the much greater levels of circulating
testosterone produced by the mature testes generates
and maintains the sexual phenotype in males, just as
estrogens do in females. However, mounting evidence
points to the importance of estrogens as the active
factors in mediating many of the effects of testoster-
one in target tissues in males, where aromatase en-
zymes, encoded by the CYP19 gene, are responsible for
the local synthesis of estrogens from circulating an-
drogens (Sharpe, 1998; Jones et al., 2006). Circulating
testosterone therefore acts as a precursor for estro-
gens, which then act in a paracrine fashion in a large
number of tissues expressing aromatase in the periph-
ery and the brain. It is not surprising, therefore, that
in the small number of clinical cases that have been
identified with inactivating mutations in the CYP19
gene, several physiological disturbances have been
identified in men, including skeletal, metabolic, and
reproductive impairments (Sharpe, 1998; Rochira et
al., 2002; Jones et al., 2006). Studies in aromatase
knockout (ArKO) mice generally recapitulate these
sequelae in peripheral physiology and, in addition,
reveal important functions of estrogens in both male
and female brains, thereby highlighting the ubiqui-
tous distribution and function of aromatase enzymes
in peripheral and central tissues (Lauber et al., 1997,
Simpson et al., 2002; Roselli et al., 2009).

In the adult brain, the highest levels of aromatase
activity are found in the hypothalamus of all species
studied, especially the POA and ventromedial nucleus
(VMN), where the enzyme is regulated by gonadal ste-
roids and found at higher levels in males than in females
(Roselli et al., 2009). In rodents, this reflects the fact
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that the sex-specific reproductive behaviors governed by
these nuclei are activated by estradiol in males (where
circulating testosterone up-regulates aromatase and,
hence, its own metabolism to estradiol) as well as in
females. Significant levels of aromatase are also found in
other brain regions, including the amygdala, hippocam-
pus, midbrain, and cortical regions in rodents, nonhu-
man primates, and humans, where its expression is
steroid-independent and not significantly different in
males and females (MacLusky et al., 1994; Abdelgadir et
al., 1997; Sasano et al., 1998; Stoffel-Wagner et al., 1999;
Hojo et al., 2004; Yague et al., 2008; Roselli et al., 2009).
Although this provides neuroanatomical evidence in
support of a role for estrogens in regulating nonrepro-
ductive behaviors, it suggests that any sex differences
are not likely to be dependent on differences in local
aromatase activity.

Bilateral gonadectomy with or without hormone re-
placement is clearly an important experimental ap-
proach for manipulating circulating hormone levels to
investigate the effects estrogen or its potential precur-
sor, testosterone, in various tissues. Studies with ER-
null mice also provide valuable insights into the roles of
estrogens in males as well as females (Ogawa et al.,
1997, 1998, 1999; Wang et al., 2003; Weiser et al., 2008).
However, it is now known that in addition to aromatase,
the brain possesses the full complement of enzymes re-
quired for the de novo synthesis of steroids from choles-
terol and not just from gonadal and adrenal precursors
present in the circulation (Garcia-Ovejero et al., 2005;
McCarthy and Konkle, 2005; Rune and Frotscher, 2005;
Balthazart and Ball, 2006; Garcia-Segura, 2008). This
adds a level of complexity to interpreting the role of
systemic steroids in CNS function. As discussed further
below, we also know that central actions of estrogens
may occur via ER-independent mechanisms, which
would persist in ER-null mice. Therefore, because the
ArKO mice lack the classic ability to synthesize both
peripheral and central estrogens, they have provided
some novel insights into the CNS roles of estrogens.
These include the intriguing observations that in the
absence of estrogen synthesis, apoptosis of dopaminergic
neurons occurs spontaneously in the adult male, not
female, hypothalamus, whereas apoptosis of pyramidal
neurons in the frontal cortex occurs spontaneously in the
adult female but not male brain (Hill et al., 2004, 2009).
This highlights a notable sex dimorphism in the require-
ment and/or ability of estrogen to maintain specific neu-
ronal populations in different brain regions. Although
the underlying mechanisms and the functional conse-
quences of these morphological changes are unknown,
sex- and age-specific behavioral deficits have been iden-
tified in ArKO mice (van den Buuse et al., 2003; Hill et
al., 2007) and support the concept that estrogens play a
sexually dimorphic role in the CNS.
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B. Nuclear and Extranuclear Mechanisms for Genomic
and Rapid, Nongenomic Mechanisms of Estrogen
Signaling in the Brain

The last decade or so has seen very rapid advances in
our understanding of the mechanisms of action of estro-
gen in the brain, as evidenced by many excellent reviews
(McEwen and Alves, 1999; Toran-Allerand et al., 1999;
Green and Simpkins, 2000; Lee and McEwen, 2001;
McEwen, 2001; Wise et al., 2001; Maggi et al., 2004;
Brann et al., 2007; Raz et al.,, 2008; Micevych and
Dominguez, 2009; Tetel, 2009). Here we summarize
some basic background information on cellular signaling
mechanisms and ER expression patterns where these
may have bearing on sex differences in response to es-
trogen, which will be highlighted in later sections.

1. Classic Estrogen Receptors. Classic ERs are lo-
cated in the nucleus and cytoplasm of the cell and belong
to the nuclear receptor superfamily, members of which
act as nuclear ligand-gated transcription factors, bind-
ing to estrogen response elements (EREs) within specific
genes to alter their rate of transcription (Mangelsdorf et
al., 1995). The two known isoforms, ERa and ERB (also
termed NR3A1l and NR3A2, where NR3 has been
adopted as nomenclature for steroid receptors) are coded
by separate genes and are located throughout the brain,
but have a differential distribution (Table 1). ER«
mRNA is widely distributed in many brain regions, in-
cluding the hippocampus, hypothalamus, amygdala, and
brainstem nuclei, and colocalizes with ERB mRNA in
many regions. ERB has a more restricted distribution
and is found in particular abundance in human, nonhu-
man primate, and rodent hippocampus and selected hy-
pothalamic nuclei, especially the supraoptic and para-
ventricular nuclei (PVN) (Shughrue et al., 1997, 1998;
Register et al., 1998; Gundlah et al., 2000; Osterlund et
al., 2000a,b; Mitra et al., 2003; Ostlund et al., 2003;
Merchenthaler et al., 2004; Suzuki and Handa, 2005;
Gonzélez et al., 2007; Weiser et al., 2008). The two forms
of ER are structurally and functionally distinct, each
regulating unique sets of target genes in a tissue- and
cell type-specific manner (Kian Tee et al., 2004). This
may be the net effect of homo- or heterodimerization of
ERa and ERB. Steroid receptor-mediated transcription
is also modulated by coregulators (activator and repres-
sor proteins and protein complexes). There are vast
numbers of these coregulator proteins, and various se-
lective combinations associate with ERs and critically
determine the region and cell-type specificity of the ef-
fects of ER ligands, as well as potential interactions of
ER with other nuclear receptors, such as those for pro-
gesterone (PR), testosterone, androgen receptors (AR),
and glucocorticoids (Tetel, 2009). The recent discovery in
rodent and human brains of ER splice variant proteins,
which alter gene transcription in a promoter- and li-
gand-dependent fashion, adds further diversity to ER
signaling mechanisms (Chung et al., 2007; Ishunina and
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Swaab, 2008). Moreover, work with the ERB2 splice
variant, which is expressed in a region- and cell-specific
manner, provides evidence for ligand-independent inter-
actions with ERE, suggesting that it may be a constitu-
tive activator of transcription (Weiser et al., 2008). As
well as acting directly through EREs, ligand-activated
classic ERs can also modulate gene transcription indi-
rectly at alternative response elements by influencing
the activity of other transcription factors. Specifically,
estradiol can activate transcription via the activated
protein-1 response element in the presence of ERa but
fails to do so when liganded with ERB (Paech et al.,
1997; Kushner et al., 2000). The expression, coexpres-
sion, and ratio of ER&/ERB and their splice variants, as
well as the presence of any given combination of coregu-
latory proteins in any given cell, will therefore greatly
influence the estrogen response.

2. Membrane Signaling. In addition to classic
genomic actions, it is now recognized that estrogens
can initiate rapid signaling via actions at the cell
membrane in many brain regions. Because there is no
clear consensus on the molecular identity of the mem-
brane receptors, it is not possible to define their expres-
sion patterns in the brain. However, pharmacological
and emerging ultrastructural evidence demonstrates
that classic “nuclear” ERa and ERB, and probably other
novel receptors (such as GPR30; Table 1), can also be
localized at the cell membrane to effect rapid activation
of intracellular brain signaling pathways and modula-
tory proteins within seconds to minutes of exposure to
steroid (McEwen and Alves, 1999; Toran-Allerand et al.,
2002; Gorosito et al., 2008; Kawata et al., 2008;
Prossnitz et al., 2008; Raz et al., 2008; Vasudevan and
Pfaff, 2008; Dennis et al., 2009; Mermelstein, 2009;
Micevych and Dominguez, 2009). These include effects
on calcium channels and intracellular stores to increase
intracellular [Ca®"], which may lead to activation of
calcium-calmodulin-dependent kinases, and activation
of other protein kinases in 1) the cAMP/cAMP-depen-
dent protein kinase pathway, 2) the mitogen-activated
protein kinase (MAPK or extracellular signal-regulated
kinases, ERK) pathway (also named MEK), and 3) the
phosphoinositide 3-kinase (PI3K)/Akt (also termed
PKB) pathway. In parallel or in series, these pathways
may interact and converge, finally to affect gene tran-
scription and protein synthesis via the rapid down-
stream activation of transcription factors, such as the
cAMP response element binding protein (CREB) or nu-
clear factor kB (Boulware et al., 2005; Vasudevan and
Pfaff, 2008; Mermelstein, 2009). Thus, although referred to
as nongenomic mechanisms to distinguish them from the
classic mode of action, it is now understood that actions
initiated at the plasma membrane may also ultimately
affect gene transcription.

The mechanisms by which activated membrane ERs
elicit cellular responses are not yet understood, but in-
teractions with other cell-surface receptors and their
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associated molecules, such as G-proteins, insulin-like
growth factor 1, and metabotropic glutamate receptors
(which are linked to G-proteins) have emerged as means
by which membrane ERs can trigger intracellular sec-
ond-messenger signaling systems and affect cellular re-
sponses (Garcia-Segura et al., 2001; Wyckoff et al., 2001;
Mermelstein, 2009). Estrogen-activated signaling path-
ways can also increase mitochondrial efficiency and lead
to a reduction in free radical generation in the brain and
mitochondrial-dependent apoptosis (Nilsen et al., 2007;
Brinton, 2008; Chen et al., 2009). Furthermore, mem-
brane-initiated and genomic actions of hormones may be
coupled, so the distinctions are not as clear-cut as was
first thought (Vasudevan and Pfaff, 2008). It is notewor-
thy that most of the cellular mechanisms described for
estrogen actions, especially MEK/ERK and PI3K/Akt
signaling and mitochondrial function, have important
roles in cell survival, apoptosis, function, and neurode-
velopment and may subserve the critical neuroregula-
tory, neurotrophic, and neuroprotective effects of estro-
gens in brain physiology and pathological conditions of
the brain. There is, however, no simple rule to predict
which mode of estrogenic action will prevail and
whether estrogens will exert positive/enhancing or neg-
ative/suppressing influences on any given signaling
pathway because, notoriously, these vary between neu-
ral phenotype and brain region.

3. Potential for Brain-Selective Estrogen Receptor-
Modifying Compounds. The foregoing discussion illus-
trates the exceptional diversity and complexity of the
mechanisms that mediate estrogenic signaling in the
brain. Although estradiol has the capability to activate
all these pathways, and ERa and ERB have very similar
ligand-binding domains and relative binding affinities
for estradiol, other ligands have very different relative
binding affinities and relative potencies in transcrip-
tional assays (Patchev et al., 2008; Weiser et al., 2008).
Likewise, the particular signaling pathway involved in
any given cell type also seems to dictate the nature of
response to ER ligands. For example, transfection stud-
ies indicate that tamoxifen is an antagonist of ER-me-
diated transcriptional activation when this occurs via
ERE-dependent mechanisms, but when ER interacts
with the activated protein-1 pathway, tamoxifen is an
effective agonist (Kushner et al., 2000). Selective estro-
gen receptor-modifying compounds (SERMs), such as
tamoxifen, can also activate nongenomic ER-mediated
signaling pathways (Wessler et al., 2006). These obser-
vations are highly pertinent for the well known tissue-
selective agonist/antagonist actions of tamoxifen in pe-
ripheral tissues. Its antiestrogenic and antiproliferative
actions in breast tissue are of great clinical benefit in the
treatment of breast cancer; likewise, its positive estro-
genic effects in bone and the cardiovascular system in
postmenopausal women are beneficial, whereas its pro-
liferative estrogenic actions in the uterus are unwanted.
Other SERMsS, such as raloxifene, retain beneficial es-
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trogenic activity in bone and lack unwanted proliferative
actions on the uterus, but seem to have antiestrogenic
cardiovascular actions (Cheskis et al., 2007). There are
considerable precedents to fuel efforts to develop SERMs
with selectivity for the brain, and not peripheral targets,
which could eliminate unwanted peripheral actions of
estrogens, including their feminizing actions, thereby
making them accessible for men as well as women. How-
ever, how SERMs can be estrogenic in some cells and
antiestrogenic in others is not clearly understood
(Cheskis et al., 2007; DonCarlos et al., 2009). This will
require far greater knowledge about how estrogens sig-
nal in specific pathways in the brain, and a recently
proposed set of criteria for demonstrating a dissociation
of CNS and systemic effects of ER ligands should aid in
this goal (Patchev et al., 2008).

4. Sex Differences. The overall distribution patterns
of ERa and ERB in the brain provide some broad neu-
roanatomical clues for their involvement in specific
brain functions (Table 1), which may be supported by
functional studies. For example, studies with ER-null
mice have indicated that ER«a, not ERB, is vital for
neuroendocrine reproductive function (Ogawa et al.,
1998), although ERB does have important roles in repro-
duction (Kudwa et al., 2006; Antal et al., 2008). On the
other hand, CNS actions of ERB are gaining interest for
the improvement of mood and affect (Weiser et al., 2008;
Solomon and Herman, 2009). However, an often-ignored
variable is sex. Although ERa and ERB have a similar
distribution in male and female brains, there are numer-
ous reports of sex differences in their relative expression
levels in various regions (see Table 1, and sections IV—
VI). It is important to note, however, that some studies
used gonadectomized animals, and in many brain re-
gions, ER expression is regulated by gonadal steroids.
Although sex differences in overall mRNA or protein
levels may not be apparent in some brain regions, it is
also noteworthy that more subtle analyses can reveal
sex differences (Table 1). For example, subcellular dis-
tributions of ER to the nucleus, cytoplasm, dendrites,
and nerve terminals have been reported to be different
in male and female human hypothalami (Kruijver et al.,
2002). Although the functional consequences of this re-
main to be determined, this could indicate differential
effects on processes such as neurite extension, synaptic
plasticity, and mitochondrial energy regulation via mi-
tochondrial ERs (Romeo et al., 2004; Chen et al., 2009).
In addition, the distribution of ER-positive neurons (al-
though not their overall numbers) forming the mesocor-
tical system, which probably reflects their functional
connectivity, was found to be sexually dimorphic
(Kritzer and Creutz, 2008). As will be discussed in the
relevant sections later, there is also evidence for sex
differences in the mechanisms of intracellular signaling
(Abraham and Herbison, 2005; Swamydas et al., 2009),
in the expression of coregulatory proteins (Bousios et al.,
2001), and in the response of the brain ER/aromatase
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system to injury (Westberry et al., 2008). Together, such
sex differences would theoretically have considerable
influence on response to estrogens, although this re-
mains to be investigated thoroughly.

Sex differences in ER signaling and expression, as
well as aromatase expression, in the brain may also be
age-dependent, different roles being played out during
development, adulthood, and aging (Lauber et al., 1997;
Gonzaélez et al., 2007; McCarthy, 2008). It is also impor-
tant to consider whether estrogen signaling mechanisms
are the same or different in healthy and damaged
brains. In this respect, it is noteworthy that aromatase
and ER expression may be induced within glial cells, but
not neurons, at sites of injury in the adult CNS, whereas
in the healthy brain, constitutive aromatase expression
has been reported to be primarily neuronal (Garcia-
Ovejero et al., 2005; Garcia-Segura, 2008). Much of our
knowledge of estrogen signaling comes from studies in-
volving cell lines, and evidence is building to corroborate
these mechanisms in vivo. However, appreciation that
mechanisms could be different in male and female
brains requires whole-animal studies, which will be in-
valuable for more effective targeting of potential novel
therapies.

IV. Lessons from the Hypothalamus

Sex dimorphisms were first noted in the hypothala-
mus, where a subregion of the rodent brain, appropri-
ately named the sexually dimorphic nucleus, was found
to be 3 to 7 times larger in males than in females (Arnold
and Breedlove, 1985); an analogous region of the human
brain was subsequently identified (Swaab et al., 2003).
It was soon recognized that an overt difference in nu-
clear size was not the only salient feature to differ in
male and female brains; subsequently, many more sub-
tle dimorphisms in neuronal phenotype, fiber density,
neurochemistry, and cytoarchitecture have been discov-
ered (Kelly et al., 1999; Cahill, 2006; McArthur et al.,
2006, 2007a; Cosgrove et al., 2007; Wilson and Davies,
2007). Most importantly, sexually dimorphic responses
to estrogen, which are a key focus of this review, were
first characterized in the hypothalamic circuitry regu-
lating reproductive hormonal and behavior patterns. In-
terest in this phenomenon remains as active as when it
began 3 decades ago (Raisman and Field, 1971; Mac-
Lusky and Naftolin, 1981; Naftolin et al., 2007) and
continues to provide important insights into brain struc-
ture-function relationships as well as clear examples in
which specific structural and functional sex differences
in the brain can be linked with sexually dimorphic be-
haviors. Therefore, we shall first use the hypothalamus
as the prototype to illustrate these dimorphisms and,
where possible, consider the findings of experimental
studies in context with what we know about the human
hypothalamus. Subsequent sections will be devoted to
male/female differences in specific neurological or psy-
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chiatric diseases and/or brain regions primarily associ-
ated with their underlying pathology and will consider
the applicability of what we understand about the na-
ture and origins of hypothalamic sex dimorphisms to the
rest of the brain.

As noted in section II.B, sexual differentiation of the
developing hypothalamus by testosterone (aromatized to
estradiol) involves both masculinization and defemini-
zation. These are thought to be separate processes in-
volving distinct neuronal populations, although their
precise identity remains elusive (Kudwa et al., 2006;
McCarthy, 2008). It has been proposed that ERa may be
predominantly responsible for masculinization and ERB
for defeminization (Kudwa et al., 2006). Masculinization
has been defined as the organization of a neural sub-
strate permissive to the expression of male sexual be-
havior, which is manifest in rats as mounting, thrusting/
intromission, and ejaculation in the presence of a
female. Defeminization involves the loss of capacity as
an adult to display female sexual behavior, namely lor-
dosis in rats, a stereotypic posture that signals receptiv-
ity to males (Pfaff and Schwartz-Giblin, 1988). Because
exposure to estradiol, followed by progesterone, is essen-
tial for priming lordosis in female rats, defeminization
has also been defined as the loss of capacity to respond to
the activational effects of estradiol and progesterone to
induce female sexual behavior (Schwarz and McCarthy,
2008). Sex differences in the ability of underlying cir-
cuitry to respond to estrogens are therefore fundamental
to sexual differentiation of the brain. These definitions
are clearly predicated on functions that are controlled
primarily by the hypothalamus, which serves well to
illustrate sex dimorphisms in the response to estradiol.
Subsequent sections of this review will discuss how the
concept that sexual differentiation by the perinatal hor-
mone environment relates to brain regions outside the
hypothalamus, although distinctions between masculin-
ization and defeminization have not yet been made.

A. Estradiol Activates Specific Hypothalamic Circuitry
in Female Species but Not Males

Robust functional sex differences have been identified
in hypothalamic circuitry regulating reproductive func-
tion. Of particular biological importance are the neural
mechanisms controlling ovulation, which exhibit unique
sensitivity to estradiol. The key trigger to ovulation in a
host of mammalian species, from rodents and sheep to
nonhuman primates and humans, is the mid-cycle surge
in luteinizing hormone (LH), a gonadotropin. The re-
lease of LH from the anterior pituitary gland (Fig. 2), in
turn, is regulated by neurons scattered throughout the
hypothalamus that produce gonadotropin-releasing hor-
mone (GnRH) (Herbison, 1998; Kelly et al., 1999; Nafto-
lin et al., 2007; Wilson and Davies, 2007). For approxi-
mately 90% of the time, circulating estradiol exerts a
negative feedback on the GnRH neurons in the female
hypothalamus, but this converts briefly and dramati-
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Fic. 2. Adult sexually dimorphic circuitry is imprinted by neonatal hormone action. In the adult male HPG axis (A), GnRH is released from
hypothalamic neurons in a pulsatile manner to stimulate the release of LH and follicle-stimulating hormone (FSH), which in turn stimulate
testosterone (T) production and spermatogenesis. T exerts a negative feedback (-ve) at hypothalamic and pituitary levels to maintain a steady state
in the hypothalamo-pituitary-gonadal axis. In females (B), estradiol (E,) and progesterone (P) produced by the ovaries also exert a negative feedback
in the early follicular phase and luteal phase, respectively, of the menstrual cycle, but in the late follicular phase, as E, levels peak, this converts to
a positive feedback (+ve), which augments GnRH release and triggers an LH surge and ovulation at mid-cycle. In gonadectomized female rats (C),
activation of the LH surge can be induced experimentally by the injection of E, followed 48 h later by P. In male rats gonadectomized as adults (D),
the hypothalamic circuitry, and hence the LH surge, fails to respond to hormonal priming, whereas the LH surge can be induced in adult male rats
if they were gonadectomized as newborns (E). These and related studies demonstrate that early exposure to T, after its aromatization to E,, suppresses

the circuitry responsible for the positive feedback of E, on GnRH release.

cally to a positive feedback before ovulation, leading to a
massive, coordinated release of GnRH, then LH (Herbi-
son, 1998; Naftolin et al., 2007) (Fig. 2B). An important
experimental paradigm used to investigate this phenom-
enon involves the priming of ovariectomized female rats
with an injection of estradiol followed by progesterone to
mimic hormonal patterns over the first half (follicular
phase) of the estrous cycle to trigger the GnRH/LH surge
(Kelly et al., 1999; Wilson and Davies, 2007) (Fig. 2C). In
male rats, the distribution and numbers of hypothalamic
GnRH neurons are similar to those seen in females, but
the pattern of LH release in males is tonic, or acyclical,
leading to a steady rate of release of testosterone, which,
in turn, always exerts a negative feedback on GnRH
release. However, if exposed to same hormone environ-
ment as females (that is, by gonadectomy in adulthood),
followed by the same priming regime with estradiol that
triggers LH release in females, males fail to exhibit
positive feedback and an LH surge (Fig. 2D). Alterna-
tively, the female pattern of an LH surge can be induced
in adult males by estrogen priming if gonadectomy is
performed immediately after birth (Fig. 2E). Likewise,
estrogen fails to elicit an LH surge in females masculin-
ized at birth by brief exposure to exogenous testosterone/

estradiol. This, along with a large body of other experi-
mental evidence, has led to the well accepted view that
the circuitry within the GnRH network is hard-wired
differently in males and females, primarily as a result of
the sculpting of male hypothalamic circuitry in the neo-
natal period by testosterone acting in the brain via ERs
after aromatization to estrogen (Herbison, 1998; Kelly et
al., 1999; Wilson and Davies, 2007). This explains why
the GnRH/LH response to estrogen is sexually dimor-
phic in adulthood.

Apart from the mid-cycle period discussed above, es-
tradiol suppresses GnRH gene expression in females; in
males, estrogen-dependent mechanisms also mediate
testosterone negative feedback on GnRH expression
(Naftolin et al., 2007). However, the mechanism of tran-
scriptional control is different in males and females
(Thanky et al., 2003). This further indicates the subtlety
of the sexually dimorphic mechanisms by which estra-
diol can regulate gene expression in the brain.

B. Estradiol Has Sexually Dimorphic Influences on
Synaptic Remodeling and Behaviors

Investigations into the mechanisms by which estra-
diol can trigger a GnRH/LH surge in female but not male
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rodents have revealed sexually dimorphic effects on syn-
aptic and glial plasticity.

1. Arcuate Nucleus. The estrogen positive feedback
mechanism seen in females but not in males is likely to
use an indirect pathway involving ERa-positive neurons
projecting to ERa-immunonegative GnRH neurons
(Herbison, 2008). A strong contender within this indirect
pathway is the GABAergic interneuron population in
the arcuate nucleus, a region of the hypothalamus
known to have an important role in generating the LH
surge (Herbison, 1998; McCarthy and Konkle, 2005;
Parducz et al., 2006; Naftolin et al., 2007). High physi-
ological levels of estradiol markedly reduced GABAergic
axosomatic synapses (inhibitory inputs), whereas the
density of dendritic spine synapses (the major site of
excitatory glutamatergic inputs) is greatly increased,
along with the frequency of neuronal firing (Parducz et
al., 2002, 2006; Csakvari et al., 2007, 2008; Naftolin et
al., 2007). This estrogen-induced disinhibition and acti-
vation of GnRH neurons contributes to the synchronized
burst of GnRH release. In contrast, these responses to
estradiol are not seen in adult gonadectomized males
because of hormonal programming during development
(Horvath et al., 1997; Parducz et al., 2006; Csakvari et
al., 2008). These observations illustrate the concept that
organization of the brain leads to sexually dimorphic re-
sponses to estrogen in adult neurotransmitter systems.

Glial cells have emerged as important players in the
phenomenon of mid-cycle disinhibition of GnRH neu-
rons. In female rats, the shape and hence the surface
area covered by astrocytic processes varies across the
estrous cycle in an estrogen-dependent manner, result-
ing in greater ensheathment of arcuate neurons at mid-
cycle (McCarthy et al., 2002). This is thought to be
instrumental in causing the loss of inhibitory synapses
at times when estrogen levels are high, thereby trigger-
ing the GnRH/LH surge. In the male arcuate nucleus,
and other hypothalamic regions involved in the control
of reproduction, there are consistently more stellate-
shaped astrocytes with longer processes and a greater
degree of branching compared with females. This
greater complexity of astrocyte morphology does not
change with manipulations of circulating levels of an-
drogens or estrogens in adults (McCarthy, 2008), but it
is programmed as early as postnatal day 3 by testoster-
one after conversion to estradiol and correlates with a
permanent 2-fold reduction in the number of dendritic
spines, as well as fewer axospinous synapses, in the
male arcuate nucleus compared with females (McCarthy
et al., 2002). This early, permanent elimination of syn-
apses in males therefore imprints a sexually dimorphic
neuroarchitecture and seems to limit arcuate glial plas-
ticity and the ability to respond to estradiol in adult-
hood. Consequently, the ability of estradiol to reduce
GABAergic inhibitory tone on GnRH neurons in males is
suppressed (Csakvari et al., 2007, 2008). This work is
just beginning to reveal fascinating mechanisms that
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are likely to contribute region- and sex-specific synaptic
patterning in many other brain regions (McCarthy,
2008).

2. Preoptic Area. The POA, especially the medial
POA (mPOA), is the major site for regulating male sex-
ual behaviors (Meisel and Sachs, 1994). This region has
2 to 3 times more dendritic spine synapses in male rats
compared with females, indicating sex differences in the
excitatory input. This sex difference is imprinted by
estradiol in the developing brain (Amateau and Mec-
Carthy, 2004). Moreover, estradiol produced by aroma-
tization of circulating testosterone seems to be the main
activator of certain aspects of male sexual behavior.
Because estradiol is also the principal activator of lor-
dosis in female rats, it is evident that that the same
hormone elicits very dissimilar behaviors in normal
adult males and females (Clancy et al., 1995), providing
further evidence that sex-specific circuitry underpins
sexually dimorphic responses to estradiol. On the other
hand, estradiol treatment of newborn female rat pups
can masculinize the pattern of dendritic spines and en-
able the adult female to express male sexual behavior in
response to adult hormonal treatment (Amateau and
McCarthy, 2004). Together, these observations clearly
link structural and behavioral sex dimorphisms in re-
sponse to estradiol.

3. Ventromedial Nucleus. The ventrolateral subdivi-
sion of the VMN (vIVMN) plays a central role in regu-
lating female sexual behavior (i.e., lordosis) (Pfaff and
Schwartz-Giblin, 1988), as opposed to the dorsomedial
subdivision, which is implicated in energy homeostasis
(also linked to reproduction). In adult ovariectomized
female rats, the estradiol priming regime induces ex-
pression of PRs in key regions that target the VMN,
increases spine and synaptic density in the VMN, and
induces lordosis in response to a male (Lewis et al., 1995;
Kelly et al., 1999; Schwarz and McCarthy, 2008), largely
via ERa-mediated effects (Musatov et al., 2006). Con-
versely, in adult gonadectomized males, the female hor-
mone regimen fails to induce PR, inhibits spine and
synaptic density, and cannot induce lordosis. These sex
dimorphisms in response to estradiol are also due to the
programming effects of testosterone (aromatized to es-
tradiol) in the perinatal period (Lewis et al., 1995; Kelly
et al., 1999; Schwarz and McCarthy, 2008) and further
illustrate the concept that sex-specific organization of
the brain leads to sex dimorphisms in dynamic struc-
tural and behavioral responses to estrogen in adulthood.

C. Mechanisms Underlying Sexually Dimorphic
Actions of Estradiol in the Adult Hypothalamus

1. Estrogen Receptor Expression. In addition to mor-
phological and functional differences (discussed in sec-
tions IV.A and IV.B), sex dimorphisms in estrogenic
signaling pathways may underlie male/female differ-
ences in the response to estradiol. Sex differences in
expression levels of the classic ERs will clearly affect
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cellular responses (see section III). For example, an
abundance of ERa and ERB expression in neuronal af-
ferents to GnRH neurons were found in the female an-
teroventral PVN relative to the same male brain region,
and is associated with generation of the GnRH surge
and ovulation (Orikasa et al., 2002; Herbison, 2008).
However, the interactions between ERs are likely to be
complex, and the balance of ERa and ERB can pro-
foundly alter the response to estradiol. This has been
best studied in the mPOA, where there is a down-regu-
lation of expression levels of ERa and an up-regulation
of ERB in male rodents relative to females from the
critical neonatal period onward into adulthood (Kudwa
et al., 2006). In addition, several studies suggest that
ERB normally decreases the effectiveness of ERa in pe-
ripheral and central tissues, supporting a “yin/yang re-
lationship” between the ERs (Weihua et al., 2000; Lind-
berg et al., 2003; Kudwa et al., 2006). It is noteworthy
that certain typically sexually dimorphic responses to
estradiol treatment that are evident in gonadectomized
mice, including the up-regulation of PR in the female
(not male) mPOA, and the down-regulation of ER« in
the male (not female) mPOA, are lost in ERB knockout
(KO) mice (Kudwa et al., 2006). This work indicates that
ERB may be involved in sexual differentiation; it also
suggests that ERB may act differently in the male and
female hypothalamus and may therefore be a key factor
for sexually differentiated responses to estradiol (Kudwa
et al., 2006). ERa also has an important role to play, in
that the ERa gene has opposite effects on aggressive
behavior in male and female rats, suggesting that it, too,
may act differently in males and females (Ogawa et al.,
1997, 1998; Rissman et al., 1997; Wersinger et al., 1997).

The findings described above were gained largely from
studies using mice lacking one or both ERs. In view of
the evidence for a role for ERB in the brain, it may at
first seem surprising that male ERB KO mice are re-
ported to have normal fertility and sexual behavior
(Krege et al., 1998; Ogawa et al., 1999). However, female
ERB KO mice are subfertile (Krege et al., 1998; Ogawa
et al.,, 1999), and closer investigations are beginning to
reveal more subtle, but nonetheless important, differ-
ences in ERB KO mice, including altered developmental
profiles for certain behaviors (aggression) and an influ-
ence of ERB on the timing of puberty (Ogawa et al., 1999;
Kudwa et al., 2006). Inevitably, the caveats of using KO
strains, such as compensatory responses to the lifelong
absence of a gene and genetic backgrounds, will apply to
these studies. Furthermore, four independently gener-
ated mutants with null mutations in the ERB gene do
show some wide variations in phenotype. In particular,
both males and females of the most recently generated
mutant strain were reported to be sterile (Antal et al.,
2008), and they also lacked the considerable cytoarchi-
tectural disorganization in the somatosensory cortex re-
ported for another ERB KO strain (Wang et al., 2001,
2003).
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2. Intracellular Signaling. Recent data suggest that
sexually differentiated intracellular signaling pathways
may represent a further mechanism underlying sex-
specific responses to estradiol in the brain. In the mPOA
and the VMN, the numbers of cells expressing phosphor-
ylated (activated) CREB were significantly increased
within minutes of treating gonadectomized female mice
with estradiol, but this effect was not seen in males
(Abraham and Herbison, 2005). These rapid membrane-
signaling effects are mediated by classic ERs (Abraham
et al., 2003); therefore, sex differences in ERa expression
seen in the mPOA could contribute to this effect (Herbi-
son and Theodosis, 1992). However, ER expression lev-
els seem to be similar in the male and female VMN, so
sexually dimorphic responses to estradiol may lie down-
stream in the signaling pathway. Because phosphoryla-
tion of CREB is a necessary step in the estrogen-depen-
dent generation of new dendritic spines (at least in
cultured hippocampal neurons) (Murphy and Segal,
1997), sex differences in this signaling mechanism may
account for sex-specific effects of estradiol on spine den-
sity in the VMN (see section IV.B.3). Sex differences in
estradiol’s effect on CREB phosphorylation have also
been reported for a specific neuronal phenotype, namely
the hypothalamic GnRH neurons, which express only
ERB (not ERa) at similar levels in both sexes(Abraham
and Herbison, 2005). It remains to be determined
whether a sex difference in rapid ER signaling is due to
direct effects of estradiol on GnRH neurons or to indirect
effects on estrogen-sensitive inputs to the GnRH neu-
rons. It is noteworthy that the numbers of cells express-
ing phosphorylated CREB in the mPOA, VMN, and
GnRH neurons are higher in male rodents compared
with females, and this may be traced to perinatal expo-
sure to raised endogenous estradiol levels in males (Au-
ger et al., 2001; Abraham and Herbison, 2005).

3. Estradiol and Gene Expression. There are literally
thousands of reports in the literature documenting that
estradiol alters the expression of a multitude of genes in
the brain, but the question of which genes are responsi-
ble for the sexually dimorphic effects of the hormone on
CNS physiology and behavior is only beginning to be
answered. Until recently, investigations have focused
invariably on single genes. In the hypothalamus, for
example, the expression in the VMN of GAP-43 gene,
encoding a protein important for neurite outgrowth, is
regulated in a sexually dimorphic manner by estradiol,
thereby linking it to sex dimorphisms in synaptic pat-
terning and behaviors controlled by this nucleus (Lustig
et al., 1991). Viewed from another perspective, sexual
dimorphism in gene expression occurs on a large scale
and is widespread not only in mammals but across phyla
(Rinn and Snyder, 2005; Ellegren and Parsch, 2007).
Although often referred to as sex-biased genes, it is
recognized that it is not the genes themselves that are
biased, but their expression. As a potent and pleiotropic
direct and indirect regulator of transcription, this places
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the estradiol/ER system in an important position to cre-
ate sex-biased gene expression. Yet it seems that genetic-
based studies of sex-biased gene expression favor the per-
spective of evolutionary biology (Ellegren and Parsch,
2007), or the power to identify genes underlying complex
traits (Weiss et al., 2006), with relatively little attention
given to hormonal status. Because the technology for
executing these studies is relatively new, even less is
known about how global patterns of sex-biased gene
expression change during the different stages of life
from development to aging, when hormonal status can
change dramatically. Although few in number, studies
are emerging that aim to determine the relative contri-
bution of gonadal hormones and chromosomes in driving
sexually dimorphic gene expression. A mouse model,
termed the four-core genotype mouse, in which the sex
chromosomes are independent of gonadal sex, has con-
siderable value in this respect (De Vries et al., 2002;
Arnold and Burgoyne, 2004). Together with computa-
tional analyses of transcriptional networks based on
microarray studies, this work reveals marked differ-
ences in gene networks and connectivity in male and
female brains, with a strong role for gonadal hormones
in driving sexually dimorphic gene coexpression net-
works. Ultimately, such investigations should provide
invaluable data to help explain the basis of differential
disease susceptibility between the sexes. (van Nas et al.,
2009). Because of the heterogeneity of cell types, even
in a very discrete brain region, another elegant approach
to analyzing gene networks has used the ability to sam-
ple and amplify RNA from a single neuron, as exempli-
fied in a study of vIVMN neurons (Devidze et al., 2005).
Analysis of a small subset of genes that are known to be
linked functionally and regulated by estradiol, namely
ERs, the oxytocin receptor, and Ca?"/phospholipid-de-
pendent protein kinases, revealed patterns of coexpres-
sion that were significantly different in male and female
vIVMN. Such an approach promises to be fruitful in
furthering our understanding of molecular pathways ac-
tivated by estrogen treatment.

In summary, several lines of evidence discussed in
this section, from studies on glial and synaptic plasticity
to rapid intracellular signaling pathways, seem to sup-
port the unifying view that developmental exposure to
testosterone (aromatized to estradiol) essentially im-
prints selectivity in responsiveness to estradiol in later
life in specific hypothalamic processes that characterize
the male. We shall next consider the possibility that
similar sex dimorphisms lie outside the hypothalamus
in brain regions that are also targeted by gonadal ste-
roids. Indeed, it is known that regions of the hypothal-
amus with known structural, neurochemical, and func-
tional dimorphisms project to and influence brain areas
that do not have immediate, obvious connections with
reproductive functions. For example, estrogen-sensitive
sexually dimorphic output pathways from the hypothal-
amus (vIVMN) in the female brain have to recruit mid-
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brain pathways to initiate motor output and ensure that
hormonal status coordinates with hindbrain regions and
motoneuron integration of spinal stretch and flexion
reflexes (lordosis) (Flanagan-Cato et al., 2001). Like-
wise, sensory pheromonal stimuli received through the
olfactory bulb signal through the olfactory cortex and
medial amygdala, which may themselves send sexually
differentiated pathways to activate hormone-sensitive,
sex-specific mating circuits (Polston et al., 2004; Kimchi
et al., 2007). Moreover, changes in higher centers, in-
cluding those involved in reward and memory, are asso-
ciated with lordosis and other sex-specific behaviors,
such as mothers foraging for their young, where en-
hanced memory ensures accurate return to their nest.
Sex, therefore, has repercussions throughout the whole
brain.

V. Parkinson’s Disease and Sex Dimorphisms in
the Nigrostriatal Dopaminergic Pathway

The midbrain dopaminergic populations (Fig. 3) are
implicated in a number of CNS disorders that show sex
differences in their incidence, manifestation, severity,
and/or progression, such as PD, schizophrenia, attention
deficit/hyperactivity disorder, and autism (Aleman et
al., 2003; Hennessy et al., 2004; Barnes et al., 2005;
Baron-Cohen et al., 2005; Shulman and Bhat, 2006;
Becker and Hu, 2008). This implies fundamental differ-
ences between men and women in the underlying patho-
physiology, which in turn has implications for respon-
siveness to treatments (Cahill, 2006; Shulman and
Bhat, 2006; Cantuti-Castelvetri et al., 2007). A better
understanding of the neurobiological basis for sex differ-
ences in brain disorders, therefore, is a key goal for
improving therapies for conditions for which current
treatments have limited success. Inevitably, a great
number of studies have focused on gonadal sex hor-
mones as factors driving these sex differences. Here and
in the remainder of the review, we argue that fundamen-
tal differences in the organization and normal physiol-
ogy of certain regions in the male and female brain
contribute to susceptibility to disease and probably to
responsiveness to hormonal therapies, which currently
are the focus of growing attention (Shulman and Bhat,
2006; Zhao and Brinton, 2006).

A. Epidemiological and Clinical Studies

In PD, progressive degeneration of the dopaminergic
(DA) cell bodies in the substantia nigra pars compacta
(SNc) and their terminals in the dorsal striatum (the
caudate and putamen) leads to disturbances in sensori-
motor control (primary manifestations), often associated
with depression and dementia (secondary symptoms)
(Weintraub et al., 2008). Around 3% of people over the
age of 65 are affected by this highly prevalent condition;
in the vast majority of cases, however, the cause is
unknown and PD is likely to arise from the interplay of
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Fic. 3. Simplified schema describing the main components of midbrain dopaminergic systems (circuitry), the behavioral domains they influence,
and association of their malfunction with some CNS disorders. The NSDA (or mesostriatal) system has its origins in the perikarya of the SNc¢ and
projects to the dorsal striatum. This regulates locomotor activity and is involved in stereotypical behaviors (e.g., grooming and gnawing in rats). The
NSDA pathway degenerates in Parkinson’s disease. The mesolimbic dopaminergic system (MLDA) originates in the perikarya of the ventral tegmental
area (VTA) and projects to the ventral striatum, especially the N.Acc. This pathway also has some influence on locomotor behavior and is involved
primarily in regulating motivation, reward, and reinforcement. Altered activity in the MLDA is associated with addictive behaviors and drug abuse.
Perikarya in the VTA also project to the PFC, forming the mesocortical dopaminergic system (MCDA) involved in higher cognitive functions, which
may deteriorate in AD. Release of DA from the VTA projections to the PFC trans-synaptically attenuates subcortical/mesoaccumbens DA activity and
N.Acc DA release; hypofunction in the mesocortical dopaminergic system and hyperfunction in the MLDA activity to the N.Acc is characteristic of

schizophrenia.

environmental and genetic factors. Sex can be consid-
ered an environmental factor and male sex, along with
age, is one of the strongest risk factors for PD, men
having at least a 2-fold greater risk than women of
developing the disease at all ages and for all nationali-
ties studied (Diamond et al., 1990; Baldereschi et al.,
2000; Schrag et al., 2000; Swerdlow et al., 2001; Van Den
Eeden et al., 2003; Shulman and Bhat, 2006; Cantuti-
Castelvetri et al., 2007; Haaxma et al., 2007). Epidemi-
ological and clinical data suggest that protective effects
of estrogen in women are likely to contribute to the
female advantage (for review, see Dluzen, 2000; Dluzen
and Horstink, 2003; Shulman and Bhat, 2006). For ex-
ample, at the onset of menses and menopause, and after
withdrawal of hormone replacement therapy, when en-
dogenous estrogen levels are low, parkinsonian symp-
toms worsen (Quinn and Marsden, 1986; Sandyk, 1989).
Although not unanimous (Liu and Dluzen, 2007), a sig-
nificant number of studies also conclude that the symp-
toms and risk of developing PD are reduced by estrogen
treatment (Saunders-Pullman et al., 1999; Tsang et al.,
2000; Benedetti et al., 2001; Shulman and Bhat, 2006)
and prolonged natural exposure to endogenous estro-
gens (Saunders-Pullman et al., 2009). However, the tim-
ing of postmenopausal estrogen treatment may be cru-
cial (Strijks et al., 1999), and the potential for estrogenic
compounds to act as novel neuroprotective agents
(Ravina et al., 2003; Johnston and Brotchie, 2006) re-
quires further characterization in preclinical studies.
For example, positive effects in women could be due to
estradiol’s effects on normal dopaminergic transmission
(the surviving neurons in PD), as well as its more gen-

erally acclaimed neuroprotective actions, which prevent
cell loss (McEwen and Alves, 1999; Wise et al., 2001;
Brann et al., 2007); as discussed below, these two pro-
cesses may use distinct mechanisms. Although it is dif-
ficult to distinguish the two in the human population, it
has been proposed that estrogenic modulation of DA
function may underlie sex differences in motor and sen-
sory functions and contribute to women’s ability to out-
perform men at tests of fine motor control and speech
articulation (Jennings et al., 1998). It is noteworthy that
endogenous estradiol levels, but not testosterone levels,
in women’s blood were associated with improved motor
performance, whereas neither sex hormone, endogenous
or exogenous, was related to men’s motor performance
(Jennings et al., 1998; Siegel et al., 2008), suggesting
marked sex differences in estradiol’s actions in the hu-
man NSDA pathway.

Protective effects of estradiol in women could also be
mediated via activation of mitochondrial ERs, which are
present in many cell types, especially tissues such as the
brain with high demand for mitochondrial energy me-
tabolism (Chen et al., 2009). Along with nuclear ER«a
and ERB and their coactivators, mitochondrial ERs are
involved in cytoprotection from oxidative stress and reg-
ulation of apoptosis. It has been suggested that a defi-
ciency in this estrogen-dependent mechanism might be
causally related to PD pathogenesis (Chen et al., 2009).
Although inherent sex differences in this system have
not been reported, a recent study described a gain-of-
function rare polymorphism in the X-linked gene encod-
ing a glutamate dehydrogenase (a mitochondrial en-
zyme) expressed in the brain, which was associated with
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an earlier age of onset in PD. In hemizygous male sub-
jects, it has been speculated that this might be due to
enhanced glutamate oxidative phosphorylation in dopa-
minergic neurons. It is noteworthy that there was no
association in heterozygous female patients with PD,
which was attributable to the finding that estrogens
suppress enzyme activity (Plaitakis et al., 2010).

In addition to the likely protective/prodopaminergic
effects of estrogens (at least in women), evidence is now
emerging for inherent sex dimorphisms in the healthy
human nigrostriatal dopaminergic (NSDA) pathway,
which could confer differential risk factors to disease in
men and women. For example, laser capture microdis-
section and microarray analysis of gene expression in
single SN¢ DA neurons from post mortem brains re-
vealed that in healthy subjects, cells start with a sex
difference in the natural pattern of gene expression,
with men expressing genes implicated in PD pathogen-
esis (a-synuclein, PINK-1) at a higher level compared
with women (Cantuti-Castelvetri et al., 2007). The same
study showed that changes in gene expression in end-
stage surviving neurons in subjects with PD were also
sexually differentiated. Functional differences have also
been identified in the NSDA pathway in healthy men
and women using real-time in vivo imaging techniques.
These include sex differences in amphetamine-stimu-
lated striatal DA release (Munro et al., 2006), in basal
striatal dopaminergic neuron dynamics (Pohjalainen et
al., 1998; Lavalaye et al., 2000; Kaasinen et al., 2001;
Mozley et al., 2001; Laakso et al., 2002; van Beilen et al.,
2008), and in striatal responses while performing tests
that target cognitive and motor functioning associated
with DA activity (Mozley et al., 2001). Imaging DA neu-
ron dynamics in early, unmedicated PD confirms the
expected large loss in DA terminal density in the stria-
tum, but in the prefrontal cortex a far greater accumu-
lation of 3,4-dihydroxy-5-fluorophenylalanine (indicative
of uptake mechanisms) was seen in female compared with
male patients (Kaasinen et al., 2001). The precise implica-
tions of this observation are unclear, but they emphasize
underlying sex differences in neurotransmission and could
possibly indicate sex differences in adaptive responses, which
are known to be very powerful during the early stages of PD
(Bezard et al., 2003). There are also clear indicators of sex
differences in the profiles and severity of PD symptoms as
well as outcomes of pharmacological and surgical treatments,
with implications for clinical management (Lyons et al., 1998;
Fernandez et al., 2000; Rojo et al., 2003; Scaglione et al., 2005;
Shulman and Bhat, 2006; Gillies and McArthur, 2010). In
women, for example, PD is associated with a later onset,
greater frequency of presentation with a tremor-dominant
form of disease, and a slower progression compared with men
(Shulman and Bhat, 2006; Haaxma et al., 2007). Secondary
behavioral symptoms also show marked sex differences, with
depression featuring to a greater extent in women, whereas
wandering and physical abusiveness were more common in
men (Fernandez et al., 2000). These observations indicate
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that imbalance of the NSDA system by disease results in
differential instability in associated neural networks in men
and women, and further supports the view that midbrain DA
circuitry is sexually dimorphic.

Together, these data suggest that underlying dimor-
phisms in the human NSDA pathway may underlie the
predisposition of men to PD, and that sex influences
both the nature of its degenerative processes and re-
sponse to therapy. The contributions of sex hormones to
these processes clearly require further analysis. In this
respect, preclinical studies, which generally support
and predict the human data, have an important role to
play. Therefore, the next section will consider what we
know about sex dimorphisms in the NSDA system of
species used in research and how this might inform
our interpretation of hormonal influences in experi-
mental parkinsonism.

B. Preclinical Evidence

1. Sex Dimorphism in the Nigrostriatal Dopaminergic
Pathway and Responses to Estrogen. The NSDA sys-
tem performs essentially the same functions in male and
female subjects, yet animal studies confirm the human
evidence that these are likely to be attained by different
mechanisms. Rodent studies show that there are signif-
icantly more DA neurons in the male SNc¢ than in the
female SNc¢ (Murray et al., 2003; Dewing et al., 2006;
McArthur et al., 2007a,b). Moreover, we have reported a
notable sex differences in their topographical distribu-
tion, indicating a structural basis for sex differences in
connectivity and DA transmission (Fig. 4, A and B)
(McArthur et al., 2007a). Despite differences in neuronal
number, there are no sex differences in striatal DA con-
tent and basal extracellular DA levels in the caudate
putamen, which is thought to be due to sex differences in
neuron dynamics (DA reuptake, release, terminal den-
sity, etc.) (Robinson et al., 1990; Walker et al., 2000;
Murray et al., 2003; Ji and Dluzen, 2008), similar to the
human data described above. Functional consequences
of these differences can be seen in terms of stimulated
striatal DA release and motor behaviors involving mid-
brain DA pathways (for review, see Becker, 1999). These
are more exaggerated in females because of endogenous
estrogens, but, contrary to the situation in females, es-
tradiol treatment of gonadectomized male rats fails to
affect these parameters (Robinson et al., 1990; Castner
et al., 1993; Pasqualini et al., 1995; Xiao and Becker,
1998; Becker, 1999; Thompson, 1999; Walker et al.,
2000; Ohtani et al., 2001). Together, these observations
support our recurring theme that sex differences in the
organization of brain circuitry coincide with sex dimor-
phisms in responses to estrogens.

Although not as well researched as the hypothalamus,
several mechanisms have been proposed that could un-
derlie dimorphic responses to estrogens. Sex differences
in ER expression would clearly have a significant im-
pact. This is highlighted by recent ER transfection stud-
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Fic. 4. Sex differences in the topographical organization of the midbrain dopaminergic neurons (mid-DAs) of the SNc¢ and VTA. Adult male and
female rat brain slices (30 um) were processed immunocytochemically for identification of tyrosine hydroxylase immunoreactive (TH-IR) cells as a
marker of dopaminergic cell bodies in the SNc (A and B) and VTA (C and D). Cavalieri’s principle was used to calculate the volume delineated by
TH-IR, and the total number of TH-IR cells was counted. For data analysis, the midbrain region was divided through its rostrocaudal extent into
anatomically defined regions (I -IV), each separated by 300 um, beginning at bregma —4.8; the SNc traversed all four levels, and the VTA was clearly
distinguished at 3 levels (II-IV). For SNe, the total volume (I + II + III + IV) was greater in female than in male brains (A, Total) but total cell
numbers were significantly greater in males (B, Total); because there were no sex differences in cell size, this suggests a greater packing density in
the male brain. Analysis at each level (I-IV) showed significant differences in volume between males and females, indicating sex differences in the
overall shape (A). The percentage of TH-IR cells located at each level was also calculated, and revealed a significant sex difference in the distribution
of the dopaminergic cells throughout the nucleus (B). For VTA, like the SNc, the total volume (IT + III + IV) was greater in the female compared with
the male brain (C), but, unlike the SNc, the total cell counts were also greater in females (D). Analysis at each level (II-IV) showed a significant sex
difference in volume, indicating differences in the overall shape (C), as well as a significant sex difference in the percentage of TH-IR cells located at
each level, indicating male/female differences in the distribution of the dopaminergic cells throughout the nucleus (D). These results identify structural
sex dimorphisms in the mid-DAs that are likely to underpin sex differences in physiology and behaviors governed by these pathways. + indicates a
significant difference for male versus female, P < 0.05. Further details in McArthur et al. (2007a).

ies using the PC12 cell line, which expresses tyrosine
hydroxylase (TH), the rate-limiting enzyme for DA bio-
synthesis, and is often used as a surrogate for DA “neu-
rons.” Estradiol treatment of these cells led to the up-
regulation of TH transcription in the presence of ER«a
but down-regulation in the presence of ERB (Maharjan
et al., 2005). ERs were also able to interfere with cAMP-
stimulated TH transcription, illustrating that estrogens
could modulate catecholaminergic responses to other in-
puts. How these data relate to the NSDA system re-

mains to be seen, but ER expression in this brain region
is sparse or even absent. Current evidence provides little
direct support for sex differences in ER expression in the
adult rat substantia nigra (Kritzer, 1997; Shughrue et
al., 1997; Creutz and Kritzer, 2002). However, separate
studies using the same antibody reported a lack of ERf3
in the male mouse SNc (Shughrue, 2004) but weak ex-
pression in the female SNc¢ (Mitra et al., 2003; Merch-
enthaler et al., 2004), raising the possibility of sex dif-
ferences for this receptor isoform. The few SNc cells that
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were positive for ERa did not colocalize TH, suggesting
that estrogens act indirectly or via nuclear receptor-
independent mechanisms to influence DA neuron activ-
ity (Shughrue, 2004). The striatum seems to lack ERB
(Shughrue, 2004), whereas ERa is present at low levels,
although possibly at higher levels in female compared
with male mice (Rodriguez-Navarro et al., 2008).

Apart from ER expression studies, other lines of evi-
dence suggest that sex differences in striatal DA re-
sponses to estradiol may be mediated indirectly, rather
than directly on the DA neurons. The striatal interneu-
ron population of inhibitory GABAergic medium spiny
neurons (MSNs), which play a key role in regulating
basal ganglia output in the healthy brain, are one pos-
sible target. To a large extent, estrogenic potentiation of
stimulated DA release from the female striatum has
been attributed to a suppressive action on the MSNs,
which relieves their inhibitory input to the DA terminals
(Hu et al., 2006; Schultz et al., 2009). This involves rapid
effects mediated via ER«, which is primarily associated
with the membrane but not nuclear fraction in striatal
lysates (Schultz et al., 2009). Failure of male rats to
respond to estradiol in a similar manner has been at-
tributed to sex dimorphisms in the MSNs, which would
have a critical impact on basal ganglia function (Hu et
al., 2004, 2006). Other networks that profoundly affect
striatal DA function include the mesocortical DA path-
ways, which themselves exhibit hormone responsive-
ness and sex differences in function and ER localization
in their cells of origin (Kritzer and Creutz, 2008). The
serotonergic system of the dorsal raphe is also an estro-
gen-sensitive major regulator of SN¢ DA neurons (Klink
et al., 2002) that not only exhibits sex differences in
G-protein signaling mechanisms (Loucif et al., 2006) but
also has a sexually dimorphic ultrastructure in humans
(Cordero et al., 2000). Together, these observations high-
light the sexually dimorphic state and hormonal sensi-
tivity of the networks interacting with and regulating
the NSDA system. They also indicate a multiplicity of
mechanisms that could explain sex differences in the
intact, normally functioning pathway that require fur-
ther investigation.

2. Gonadal Factors Are Protective in Female, but Not
in Male, Experimental Parkinson’s Disease. Apart
from a small percentage of PD cases that can be traced
to single gene mutations, we do not know the causes of
the disease. Therefore, experimental PD aims to make
the best approximation possible by administering tox-
ins selective for DA neurons, to reiterate as many
features of the condition as possible, including oxida-
tive stress, progressive loss of DA neurons and striatal
DA levels, neuroinflammation, and excitotoxicity
(Smeyne and Jackson-Lewis, 2005; Simola et al.,
2007; Gillies and McArthur, 2010). Evidence from our
own and other laboratories shows that animal models
of PD reproduce the sex differences in susceptibility
seen in the human population (Miller et al., 1998;
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Dluzen, 2000; Murray et al., 2003; Gillies et al., 2004;
Liu and Dluzen, 2007; McArthur et al., 2007b; Gillies
and McArthur, 2010). Both SNc¢ and striatal lesions
are significantly greater in male rats treated with
6-hydroxydopamine (6-OHDA) (Murray et al., 2003)
and in male mice treated with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) or methamphet-
amine (MA) (Miller et al., 1998) compared with fe-
male. However, it is important to appreciate that sex
differences are apparent only when creating submaxi-
mal lesions of the NSDA pathway (which mimic early,
preclinical stages of PD); above a certain dose of neu-
rotoxin, when lesion size exceeds 60%, sex differences
are lost (Murray et al., 2003; Gillies and McArthur,
2010). The relative degree of neuroprotection intrinsic
to the female brain would thus seem to be limited by
the extent of neuronal damage, but these observations
also suggest that an understanding of the factors re-
sponsible for these differences could point the way to
novel therapies with potential to prevent or delay
progression or even onset. The use of models with
submaximal lesions, therefore, are well suited to in-
vestigating the roles that hormones play in creating
these sex differences, and whether this knowledge
might be exploited therapeutically.

As might be predicted from clinical observations, ovar-
ian factors, specifically estradiol, protect against toxin-
induced depletion of DA in the female striatum, and
administration of physiological levels of estradiol to
ovariectomized females are similarly effective against
striatal damage induced by 6-OHDA in rats or MA or
MPTP in mice (Miller et al., 1998; Murray et al., 2003;
Bourque et al., 2009; Gillies and McArthur, 2010). How-
ever, the balance of evidence suggests that the levels of
estrogen prevailing at the time of injury are critical,
whereas administration after injury has been initiated
fails to protect (Datla et al., 2003; Bourque et al., 2009).
Moreover, very high doses of estradiol may fail to protect
and may even worsen lesion size (Ramirez et al., 2003;
Bourque et al., 2009). Fewer studies have been performed
in male rodents, but in contrast to females, gonadal hor-
mones exacerbate the extent of mild/moderate striatal le-
sions (Dluzen et al., 1994; Murray et al., 2003; Lewis and
Dluzen, 2008; Gillies and McArthur, 2010). Surpris-
ingly, replacement of physiological levels of estradiol,
but not nonaromatizable androgens, reversed the effect
of castration in the rat PD model (Murray et al., 2003),
suggesting that circulating testosterone promotes lesion
size only after aromatization to estradiol. Although es-
tradiol has been reported to have some protective capac-
ity in male mice of the C57BL/6 strain, which are highly
sensitive to MPTP (Ekue et al., 2002; Bourque et al.,
2009), reports regarding other male mouse models (CD-1
strain) indicate that systemic estradiol is not neuropro-
tective (Dluzen et al., 1994; Yu and Wagner, 1994; Gao
and Dluzen, 2001; Lewis and Dluzen, 2008). On balance,
the data suggest that both the response of the NSDA
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system to injury and the protective effects of estrogen
are sexually dimorphic.

Despite robust evidence that systemic hormonal sta-
tus differentially affects striatal loss of DA in models of
preclinical PD, hormonal manipulations failed to influ-
ence DA cell survival in the SNc in either sex (Ferraz et
al., 2003; Moroz et al., 2003; McArthur et al., 2007b;
Ferraz et al., 2008). These results indicate that sex dif-
ferences in toxin-induced cell loss are not hormonally
generated and that hormone-dependent changes in stri-
atal DA depletion can occur independently of cell sur-
vival. To understand this apparent dissociation of hor-
monal effects at the cell body and nerve terminals, it is
important to appreciate that the damaged neurons and
associated basal ganglia circuitry have a remarkable
capacity for compensation both in experimental and clin-
ical PD, such that overt motor symptoms may not be
apparent until around 80% of striatal dopamine and
60% of SNc perikarya are lost (Castafieda et al., 1990;
Song and Haber, 2000; Bezard et al., 2003; Bassilana et
al., 2005). These adaptive mechanisms include increased
synthesis, metabolism, and release of DA per impulse,
which restore functionality in the partially damaged
NSDA system. Circulating estradiol can promote all
these parameters, as well as behavioral recovery after
6-OHDA-induced lesions in female rodents, but fails to
do so in males (McDermott et al., 1994; Pasqualini et al.,
1995; Becker, 1999; Ohtani et al., 2001; Serova et al.,
2004; Dluzen, 2005; Tamas et al., 2005). It is also known
that striatal interneurons, including the MSNs, undergo
synaptic reorganization after 6-OHDA-induced injury to
the NSDA system (Salin et al., 2009). We have already
highlighted the evidence that this population responds
to estradiol in female but not male rodents (Hu et al.,
2004, 2006; Schultz et al., 2009) in an ERa-dependent
manner, and studies using selective ER ligands favor a
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role for ERa over ERB in mediating estrogenic neuro-
protection at striatal level (Morissette et al., 2008b).
Together, these observations support our proposal
(McArthur et al., 2007b) that the influences of physio-
logical levels of circulating sex hormones on the intact or
partially damaged NSDA system center principally on
activity, rather than survival, of the existing neurons,
which clearly renders females more able to adapt to
injury.

In addition to acting within the NSDA system itself,
gonadal hormones and exogenous estradiol could also
differentially influence adaptive responses to injury in-
directly by targeting estrogen-sensitive sexually dimor-
phic input pathways. Noradrenergic transmission from
the locus ceruleus is one possible candidate because it
has positive influences on neurotransmission and adap-
tive responses in the injured NSDA system (Marien et
al., 2004). Moreover, circulating estrogen and testoster-
one (after conversion to estradiol) have opposing actions
in female and male mice to up- or down-regulate the
expression of tyrosine hydroxylase in the locus ceruleus,
respectively (Thanky et al., 2002). Likewise, sexually
dimorphic influences of the MSNs (the striatal interneu-
rons) or input from the prefrontal cortex or dorsal raphe
(section V.B.1) could modify adaptations in the neurons
surviving partial injury of the NSDA system. Further
work is needed to explore such possibilities, and a sche-
matic representation of some possible direct and indirect
actions of gonadal steroids on the male and female
NSDA system is presented in Fig. 5.

The origins of sex dimorphisms in the NSDA have not
been as intensively researched as those in the hypothal-
amus, but both organizational actions of hormones dur-
ing development and genetic factors seem to play a role
(Vadasz et al., 1985, 1988; Gillies et al., 2004; Dewing et
al., 2006). Furthermore, perinatal treatment of female
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Fic. 5. Systemic and central sex hormones: schematic representation of potential modes of action and interaction on the intact and damaged NSDA
system in male and female brains. Circulating estradiol (E,) up-regulates activity in the NSDA system in females but not males (evidence discussed
in section V.B.2) This could be due to sex differences in the response of the NSDA neurons to the direct effects of circulating E, or to indirect effects
on networks interacting with and regulating the system, which are differentially sensitive to E, in males and females. The schema shows one such
indirect pathway, the nor-adrenergic (norepinephrine, NE) neurons of the locus ceruleus (LC). These positively influence neurotransmission in the
NSDA system and play an important role in adaptive responses within the injured NSDA system in Parkinson’s disease. This influence is up-regulated
by circulating E, in females (arrows), but down-regulated in males (blocked line). This systemic E, may promote adaptive responses to neurodegen-
eration in the female NSDA system, whereas in males circulating E, or testosterone (after conversion to E,) would not have this effect and might even
exacerbate lesions. However, local up-regulation of aromatase activity to promote E, production at the site of NSDA injury has the potential to protect
in brains of both sexes. See the section V.B.2 for further discussion.
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rats with testosterone compromised the protective ef-
fects of estradiol against 6-OHDA-induced injury in
adulthood (Moroz et al., 2003), indicating that perinatal
“masculization” also interferes with the neuroprotective
capacity of estrogens in later life. There is also evidence
that the sensitive periods for sexual differentiation of
many extrahypothalamic brain areas may fall outside
the critical period as it has been defined for the hypo-
thalamus (see section II.B). It is noteworthy that the
NSDA system and associated networks retain a high
degree of plasticity well into the adolescent period, when
certain sex dimorphisms first emerge (Kalsbeek et al.,
1988; Voorn et al., 1988; Veliskova and Moshé, 2001).
Moreover, late hormonal programming may be impor-
tant for the neuroprotective effects of estrogens in adult
mice. In female mice prepubertal ovariectomy abolished
the ability of estradiol to protect against MA toxicity,
whereas in males, prepubertal castration did not alter
the fact that estradiol was not protective (Anderson et
al., 2005). This indicates that a process of active femi-
nization in females, as distinct from masculinization/
defeminization in males, also contributes to sex di-
morphisms in the NSDA system. These findings are
compatible with recent reports that pubertal hor-
mones may be associated with organizational effects
in developing human and mouse brains (Ahmed et al.,
2008; Neufang et al., 2009) and have important impli-
cations not only for PD but also for other conditions,
such as schizophrenia and anorexia/bulimia, which of-
ten emerge around the time of puberty in a sexually
dimorphic manner. Glial cells may also play an impor-
tant role in mediating the neuroprotective effects of es-
trogens, and their role in this respect may be affected by
hormonal programming in the neonatal period and, con-
sequently, may be sexually dimorphic (Moroz et al.,
2003; Morale et al., 2006).

The preceding discussion has focused on the effects of
physiological levels of systemic estradiol where striatal
lesions are relatively small (<50%); in such circum-
stances, the activational influences of sex hormones on
transmission in surviving neurons, rather than effects
on cell survival, seem to account for striatal “neuropro-
tection.” However, there is evidence that estradiol, act-
ing by other mechanisms, can ameliorate toxin-induced
loss of DA cell bodies in the SNc¢ (Quesada and Micevych,
2004). This pertains principally to supraphysiological
levels of estradiol in females, in situations where cell
loss is relatively extensive and associated with almost
total loss of striatal DA. This may use PI3K/Akt signal-
ing, which may involve CREB as a downstream effector
(Morissette et al., 2008a; Quesada et al., 2008), with
possible effects on expression of genes for antiapoptotic,
growth factor, and antioxidant activity. These might be
considered nonspecific effects on processes common to
neuroprotection against many forms of injury in differ-
ent brain regions and are known to require concentra-
tions of estradiol that are orders of magnitude greater
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than levels in the circulation, even at proestrus (Sawada
et al., 1998, 2002; Green and Simpkins, 2000; Behl,
2002; Callier et al., 2002; Garcia-Ovejero et al., 2005). It
remains to be determined whether these responses are
sexually dimorphic.

Although much still needs to be learned about the
precise mechanisms of estrogenic neuroprotection in PD,
some recent work indicates that molecular mechanisms
within the DA neurons themselves could be sexually
dimorphic. One of the few single gene mutations that
accounts for a very small percentage of cases of PD lies
in the parkin gene, which codes for an E3 ubiquitin
ligase. This ubiquitinates misfolded or unfolded proteins
to direct them through the ubiquitin-proteasome system
for regulating protein concentrations in the cell. In re-
sponse to cellular stress, including oxidative damage
and infections, heat shock proteins are up-regulated;
they identify damaged proteins and recruit E3 ligases to
promote their proteolysis within the proteasome. Dys-
function of the ubiquitin-proteasome pathway, which is
a likely consequence of disruption to the parkin gene, is
generally involved in PD (McNaught et al., 2001). This,
in turn, may contribute to protein aggregation, leading
to formation of Lewy bodies (a hallmark pathological
feature of PD), which could be either cytotoxic or neuro-
protective as a result of their ability to sequester cyto-
toxic, misfolded proteins. It is noteworthy that protea-
some activity is also important for the turnover of ER«
[expressed in the striatum (Kipp et al., 2006; Schultz et
al., 2009)] and its associated coactivators and repressor
proteins (Alarid et al., 1999); it is also required for effi-
cient ERa-dependent transactivation and transcription
(Lonard et al., 2000; Métivier et al., 2003; Reid et al.,
2003). A recent study suggests that the parkin gene may
play an important part in sex-specific effects on cellular
neuroprotective processes within the NSDA system that
are known to be responsive to estradiol. For example, as
part of their general neuroprotective capabilities, estro-
gens increase expression of antiapoptotic proteins such
as Bcl-2 (Dubal et al., 1999; Garcia-Segura et al., 2001),
and there is a higher Bcl-2/Bax protein ratio in wild-type
female mice that may contribute to inherent sex differ-
ences in susceptibility to neurotoxins (Rodriguez-Na-
varro et al., 2008). However, in parkin-null mice, the
female advantage and sex difference is lost because of a
reduced Bcl-2 expression in females and no change in
males. In addition, expression of the 70-kDa heat shock
protein levels are significantly lower and glutathione
levels higher in the wild-type female striatum compared
with males, further suggesting that females may be
under a less severe protein and oxidative stress, but in
the absence of parkin, the advantageous profile of cellu-
lar neuroprotective factors in females are suppressed.
Loss of parkin also suppresses the ability of estradiol to
elicit neurotrophic responses in DA neurons [which is
seen only in females (Kipp et al., 2006; Schultz et al.,
2009)] and Akt activation in mesencephalic cultures (Ro-
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driguez-Navarro et al., 2008). Further understanding of
the sex-specific molecular pathways involved in mediat-
ing the neuroprotective effects of estrogen will be of
great value.

3. Brain Aromatase Confers Protection in Male and
Female Experimental Parkinson’s Disease: Complex In-
teractions between Steroids of Peripheral and Central
Origins. Aromatase up-regulation (principally in glial
cells) and estradiol synthesis at the site of excitotoxic
and ischemic brain injury is thought to be an important
neuroprotective mechanism (Garcia-Segura et al., 2001,
2008; Azcoitia et al., 2005; Carswell et al., 2005; Garcia-
Ovejero et al., 2005). Recent studies using either central
administration of an aromatase inhibitor (McArthur et
al., 2007b) or ArKO mice (Morale et al., 2008) suggest
that local production of estradiol is also protective
against 6-OHDA-induced toxicity in both the male and
female striatum. This contrasts with the sexually dimor-
phic effects of systemic estradiol, which is universally
protective against experimental parkinsonism in fe-
male, but not male brains. As discussed in section V.B.1,
convergent evidence supports the concept that these dif-
ferences may be due, at least in part, to the fact that
circulating estrogens have free access to all brain re-
gions, including sexually differentiated NSDA-associ-
ated circuitry, leading to better adaptive responses in
female brains exposed to early experimental PD. By
definition, up-regulation of neuronal or glial aromatase
will increase estrogen levels only locally, probably to
levels exceeding those in the systemic -circulation
(Prange-Kiel and Rune, 2006), thereby avoiding more
diffuse effects and highlighting brain aromatase as an
attractive therapeutic target (see also Fig. 5).

Before the potential of exploiting brain steroid biosyn-
thesis within the brain can be realized, the precise rela-
tionship between sex hormones produced in the gonads
and brain requires clarification. Although the mecha-
nisms for regulating neurosteroid production are not cer-
tain, recent work has identified a “mini hypothalamic-
pituitary-gonadal (HPG) axis” in the brain (Meethal et al.,
2009). For example, neuronal GnRH receptors have
been found outside the hypothalamus, including the hu-
man hippocampus and cortex, which may signal the
intracellular production of LH and activation of steroi-
dogenic acute regulatory protein, thereby providing a
local regulatory mechanism for sex steroid production
using the same molecules that control HPG activation
(Meethal et al., 2009). Moreover, the extrahypothalamic
system is responsive to ovariectomy, raising the possi-
bility that some of the central effects of peripheral hor-
monal manipulations could be secondary to conse-
quences on neurosteroidogenesis. It remains to be seen
whether the central system is sexually dimorphic, which
is clearly the case for the HPG axis (see section IV.A.).
However, sex differences in the levels of neuroactive
steroids have been reported in areas of the rat central
and peripheral nervous systems both under basal condi-
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tions and after challenge with injury or disease (Cosimo
Melcangi and Garcia-Segura, 2010; Pesaresi et al.,
2010). Further studies are needed to clarify the signifi-
cance of these sex differences both for physiology and
pathology.

Although the local aromatase/ER system may confer
protection within both the injured male and female
NSDA system, some important sex differences have
been noted in other brain regions involving different
types of neuronal injury. A recent study has shown that
ischemic damage in the cortex results in an up-regula-
tion of ER«a in the cortex of the female, but not male,
brain (Westberry et al., 2008). This seems to be attrib-
utable to suppression of methylation of the ER«a gene,
thereby removing the gene-silencing influence of DNA
methylation. ERe mRNA is also transiently highly ex-
pressed in the rodent cortex during neonatal develop-
ment, although expression levels are very low in the
normal adult cortex, possibly as a result of epigenetic
modulation by methylation of the 5’-untranslated exons
during brain development (Westberry et al., 2010). To-
gether, these observations support the view that brain
cells revert back to an early developmental stage after
neuronal injury, and that this phenomenon may be sex-
ually dimorphic and highly relevant to sex differences in
estrogen responsiveness. In this context, it is interesting
to note that astrocytes derived from neonatal female rat
brains also seem to have a greater capacity for aroma-
tization and estradiol formation than male astrocytes,
which could account for the relative protection of female
astrocytes from the consequences of oxygen-glucose de-
privation (Liu et al., 2007). This further supports the
notion that recapitulation of developmental processes
during injury and repair could be different in male and
female brains. Such differences could contribute to the
greater lesion size observed in male brains in experi-
mental stroke models, although, unlike PD, exogenous
estrogen treatment protects in both sexes, possibly be-
cause nongenomic and/or ERB-dependent mechanisms
operate in males (Prokai and Simpkins, 2007).

C. Potential for Selective Estrogen Receptor-Modifying
and Selective Aromatase-Modifying Drugs

In the case of PD, ER polymorphisms have been asso-
ciated with an increased risk of developing the disease,
with a bias to ERB in early onset forms (Maraganore et
al., 2002; Hakansson et al., 2005). In experimental PD
using MPTP, the 17«a-estradiol stereoisomer with weak
classic estrogenic activity also failed to show neuropro-
tective capacity, and estrone and estriol (the natural
metabolites of estradiol) had weak or no protective prop-
erties, respectively (Morissette et al., 2008a). Progress-
ing to more selective agonists, initial studies suggested
that ERa agonists were protective in the MPTP model,
whereas ERB-selective agonists were not. However, es-
tradiol proved not to be protective in mice lacking either
ERa or ERB (Morissette et al., 2008a), suggesting that
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both isoforms may contribute to neuroprotective effects
of estrogens. The realization that the effects of estrogens
in the brain are region- and cell type-specific, coupled
with our expanding knowledge of the multiple mecha-
nisms through which ERs can exert their effects, opens
up enormous potential for developing not only SERMs
for specifically targeting the brain [perhaps more appro-
priately termed neuro-SERMs (Zhao et al., 2005)], but
also for neuro-SERMs that may be region- or pathway-
specific and, hence, disease-specific. However, possibly
because of the low expression levels in the NSDA path-
way, relatively few studies have been performed with
clinically relevant SERMs in animal models of PD, and
those that have do not present a simple picture. For
example, in the mouse model, which uses MA as the
NSDA neurotoxin, there are consistent data (discussed
in section V.B.2) to show that estradiol protects against
striatal DA depletion only in the female striatum, but
there are reports that tamoxifen (a SERM with anties-
trogenic activity in breast tissue but estrogenic activity
in other peripheral tissues) is protective against MA
toxicity in both the male and female striatum, possibly
because of its antioxidant and free-radical-scavenging
properties (Dluzen et al., 2001; Kuo et al., 2003; Brann
et al., 2007). Looking at the other experimental PD
mouse model using MPTP, where estradiol is reported to
protect against striatal DA loss in both sexes, treatment
with tamoxifen alone in ovariectomized female mice was
not neuroprotective, but it did block the protective effect
of estradiol, indicating ER involvement. In intact males,
tamoxifen was again not protective but failed to antag-
onize the protective actions of estradiol (Morissette et
al., 2008a), supporting other reports that that the ac-
tions of tamoxifen in the unlesioned NSDA pathway may
be sexually dimorphic (Dluzen and Mickley, 2005). For
raloxifene (a SERM with antiestrogenic actions in breast
and uterus, but agonistic action on bone and cholesterol
metabolism), there are reports that it may (Grandbois et
al., 2000; Callier et al., 2001) or may not (Ramirez et al.,
2003) be protective against MPTP. Whatever the real
answers underlying these contradictions, which are
likely to be attributable to the many differences in the
experimental paradigms used (treatment regimens, tox-
ins, brain penetrability of SERMs, animal strains, age,
and sex), they serve to illustrate that neuro-SERMs may
offer promise for the development of estrogen-based
therapies with central selectivity.

In view of the protective effects of aromatase enzyme
activity in both male and female rats exposed to 6-OHDA,
selective aromatase-modifying drugs also offer interest-
ing potential as neuroprotective agents. The aromatase
gene is widely distributed throughout the brain, includ-
ing the adult striatum (Kipp et al., 2006), where it is
regulated in a highly tissue- and brain region-specific
manner (Simpson et al., 2002). Its up-regulation and
protective capacity in brain injury, including ischemic or
excitotoxic challenge (Azcoitia et al., 2001; Carswell et
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al., 2005), has been well documented, but it is not yet
clear to what extent this occurs in the NSDA system.
However, a better understanding of the molecular mech-
anisms controlling tissue-specific aromatase gene ex-
pression, especially the switch from repression in quies-
cent glial cells to up-regulation at sites of injury or
neurodegeneration, has important therapeutic potential
(Saldanha et al., 2009). Alternatively, where aromatase
is naturally up-regulated in injury, the local production
of estradiol could be boosted by increased delivery of a
substrate and precursor of estradiol synthesis, such as
dehydroepiandrosterone/sulfate, which is normally se-
creted by the adrenal glands, and has been shown to
protect against MPTP in male mice (Morissette et al.,
2008a). Local aromatases therefore offer a particularly
interesting area for exploitation, especially in PD, where
selective enhancers of transcription, translation or ac-
tivity would focus raised levels of estradiol where they
are needed at the site of damage, thereby avoiding a host
of unwanted peripheral actions, as well as any indirect
actions of systemic estradiol on sexually dimorphic input
pathways, which appear to disadvantage the male brain
(Gillies and McArthur, 2010).

VI. Sex, Estrogens, and Drug Abuse

In addition to the A9 DA cell group in the SNe, the
midbrain also possesses the A10 cell group in the ventral
tegmental area (VTA; Fig. 3). This is a convenient struc-
tural and functional division of these DA populations,
but their involvement in several processes may overlap
because of the complex interconnectedness with the lim-
bic system and cortex. The VTA DA neurons project to
the ventral striatum, especially the nucleus accumbens
(the mesolimbic system), and also to the prefrontal cor-
tex (the mesocortical system). This section will focus
particularly on the role of the ascending mesolimbic DA
pathway in motivation, reward, and drug abuse.

A. Epidemiological and Clinical Studies

Although the overall prevalence of drug abuse is
greater in men than women, emerging evidence suggests
that this may have been due to sociocultural influences
that are changing rapidly. The use of, and dependence
on, stimulant drugs, such as cocaine and methamphet-
amine, is now increasing worldwide but at a much faster
rate in women than in men (Lynch et al., 2002; Carroll et
al., 2004; Becker and Hu, 2008), which is a growing
public concern. Sex dimorphisms in patterns of drug
abuse include a faster escalation of intake of psychoac-
tive stimulants, alcohol, opioids, and marijuana and
more rapid progression to addiction in women than men
(for review, see Lynch et al., 2002; Carroll et al., 2004;
Lynch, 2006; Becker and Hu, 2008). Recent data show
that women are more sensitive to the rewarding effects
of psychoactive drugs such as cocaine and amphetamine,
and studies across the menstrual cycle suggest that es-
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trogens seem to be critical for these sex differences
(Becker and Hu, 2008). The behavioral effects of the
psychomotor stimulants therefore seem to be sexually
dimorphic and sensitive to the prevailing hormonal en-
vironment. Convergent evidence suggests that the ven-
tral striatum and amygdala respond to predictors of
reward or anticipation (motivational behavior, or the
appetitive component of a behavior), rather than the
reward itself (the consummatory component of a behav-
ior); the mesolimbic DA system and DA release in the
nucleus accumbens play a particularly important role in
the motivational and reward network, whereas medial
prefrontal cortex and the dorsal striatum are more re-
sponsive at the time of reward (O’Doherty, 2004; Becker,
2009). Although relatively little is known about hor-
monal influences on the DA-reward system in humans,
in vivo imaging studies have demonstrated fluctuations
over the menstrual cycle (Caldu and Dreher, 2007) and
sex differences in striatal DA release in healthy men and
women (Munro et al., 2006). These observations provide
important beginnings from which to expand our under-
standing of the biological mechanisms underpinning
drug addiction and how these differentially affect vul-
nerability to drug abuse in men and women.

B. Preclinical Evidence

Preclinical data provide substantial support for the
clinical evidence that addictive behaviors are sexually
dimorphic and hormone-responsive. Self-administration
of drugs in experimental animals is used as a model of
human addictive behavior, allowing separate analysis of
the acquisition, maintenance, and motivation to seek
reward. These data are excellently reviewed elsewhere
(Lynch et al., 2002; Lynch, 2006; Becker and Hu, 2008;
Becker, 2009), and the salient points are summarized
here. Compared with males, female rats acquire cocaine
self-administration and cocaine-induced conditioned
place preference (a test to determine the rewarding ef-
fect of cocaine) faster and at a lower dose. Experiments
in ovariectomized and hormone-replaced female rodents
show that estradiol is an important driving factor that
can be blocked by the nonselective ER antagonist, ta-
moxifen. Estradiol also increases the amount of drug
consumed as well as the motivation to consume. In
males, however, neither castration nor treatment with
physiological levels of testosterone or estradiol has any
effect on the acquisition of cocaine self-administration.
Together, these findings suggest that an estrogen-de-
pendent mechanism, which operates in females but not
males, contributes to sex differences in drug abuse. In
support of this, endogenous estradiol levels in female
rats correlate positively with behavioral responses to
amphetamine (locomotor activity and stereotypy), as
well as basal and amphetamine-stimulated extracellu-
lar concentrations of DA in the striatum, especially the
nucleus accumbens, which plays a critical role in rein-
forcement/rewarding processes (Fink et al., 1996; Hy-
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man and Malenka, 2001). Estradiol also influences ac-
tivity in DA and 5-hydroxytryptamine systems in key
brain areas, such as the prefrontal cortex (PFC), in-
volved in learning and memory (Fink et al., 1996; Mc-
Ewen and Alves, 1999), which, in turn, may impinge on
ability to store and recall cocaine-induced rewarding
events (Russo et al., 2003). This is distinct from re-
sponses in males, where behavioral responses are sup-
pressed compared with females, and castration with or
without hormonal treatments affects neither locomotor
responses nor striatal DA release. In this context, estra-
diol-dependent stimulation of DA pathways is thought
to reinforce the motivation to administer cocaine in fe-
males by activating downstream pathways (Becker and
Hu, 2008). It follows, therefore, that fundamental sex
dimorphisms in the underlying circuitry contribute to
sex differences in drug abuse and the sexually dimorphic
response to estrogen. In support of that, our work dem-
onstrates that the topographical distribution of DA neu-
rons throughout the adult rat VTA, as well as size of the
VTA dopaminergic population, is sexually dimorphic
(Fig. 4, C and D) (McArthur et al., 2005, 2007a), sug-
gesting significant male/female differences in connectiv-
ity. Although the origins of sex dimorphisms in the me-
solimbic DA system has received little attention, it has
been proposed that gonadal hormone-dependent pro-
cesses underpin a masculinization/defeminization of
midbrain pathways in the neonatal period (which sup-
press estradiol sensitivity in adult males, as discussed in
section III) as well as a novel feminization process
around puberty [which induces permanent sensitivity to
estradiol in females (Becker, 2009)].

It is clear that the risk factors involved in drug abuse
are not simply hormonal but are likely to involve an
interaction between environmental factors (which may
well be hormonal) and genetic factors. In particular,
some of the genes affecting TH activity in midbrain DA
systems contribute to the expression of DA-mediated
behaviors. For example, a recent human functional mag-
netic resonance imaging study suggests that functional
polymorphisms in genes that influence DA transmis-
sion, such as the DA transporter and metabolizing en-
zyme catechol-O-methyl transferase, will modulate re-
ward-seeking behavior and potentially predispose to
addictive behaviors and other neuropsychiatric disor-
ders (Dreher et al., 2009). In rodents, sex chromosome-
linked genes have clearly been shown to be instrumental
in creating sex differences in mid-DA systems. It is
noteworthy that expression of the Sry gene, uniquely
present in males across species, not only determines the
greater size of the midbrain DA population in male
rodents but also affects male DA-dependent locomotor
behaviors (Dewing et al., 2006). X-chromosome linked
gene(s) also play a major role in the genetic influences on
sexual dimorphism in TH activity (Vadasz et al., 1985)
and in food-reinforced habit formation (Quinn et al.,
2007). It is noteworthy that the former seems to depend
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on gonadal steroid levels during a critical period of de-
velopment (Vadasz et al., 1988), which highlights the
complexity and importance of hormonal influences on
gene networks.

Whatever the underlying mechanisms, the available
evidence suggests that hormone-based mechanisms of-
fer novel targets for controlling reward systems in the
brain and should be important considerations in the
development of improved treatments for drug abuse.
Further research is needed to define precisely the differ-
ent pathways that subserve drug abuse in males and
females, including the relative importance of develop-
mental and adult influences of gonadal hormones as well
as genetic influences. Although current knowledge indi-
cates the potential for estrogen-based strategies in
women, it also highlights the sex differences in under-
lying processes that would profoundly influence the
likely efficacy of similar treatments in men. These find-
ings further underscore the importance of considering
male and female individuals separately.

VII. Learning, Memory, and Alzheimer’s Disease

Complex behaviors are clearly the result of complex
interactions between different brain regions, and our
understanding of the contributions of specific pathways
to cognition and mood are far from complete. However,
substantial evidence in humans and experimental ani-
mals documents sex differences in specific cognitive and
behavioral tasks (De Vries, 2004; Cahill, 2006; Cosgrove
et al., 2007). Whether males or females have the advan-
tage depends on the task. For example, men generally
outperform women on visuospatial tasks, quantitative
tasks, and targeted motor skills, whereas women excel
in verbal skill tasks, perceptual tasks, and fine motor
skills (Sherwin, 2003; Sherwin and Henry, 2008). The
popular view that men are better at reading maps,
whereas women talk for longer on the telephone, could
clearly introduce pressures of social stereotyping into
the equation (Halpern and Tan, 2001). However, a re-
cent analysis spanning data from 40 countries to exam-
ine the effect of cultural and social factors on young
adults concluded that girls outperform boys in reading
scores, irrespective of societal factors, whereas the math
gender gap, where girls score consistently less than the
boys, could be closed by positive economic developments
(Guiso et al., 2008). Whatever the reason or cause for sex
differences in memory and performance on cognitive
tasks, age-related decline in working and long-term
memory is a hallmark of human aging and may signal
impending disease (Janowsky, 2006). In each sex, perfor-
mance on cognitive tasks have been correlated with circu-
lating sex hormones in humans and rodents (Christiansen
and Knussmann, 1987; Hampson, 1990; Dohanich, 2002;
Sherwin, 2002, 2003; Gibbs and Gabor, 2003; Brinton,
2004, 2008; Korol, 2004; Gibbs, 2005; Luine, 2008; Sherwin
and Henry, 2008; Spencer et al., 2008; Pike et al., 2009;
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Rosario et al., 2009), and an understanding of the roles of
sex hormones and their possible exploitation therapeuti-
cally, therefore, has been very actively pursued. This is
especially important for age-associated dementia and mild
cognitive impairment, as well as AD, which are conditions
affecting tens of millions of people worldwide, a figure that
is set to escalate dramatically over the next few decades.

A. Epidemiological and Clinical Evidence for the Effect
of Estrogen on Cognition in the Normal Brain and
during Cognitive Decline

AD, like PD, is a multifactorial disease, the underly-
ing causes of which are unknown; unlike PD, however,
being female rather than male features among a number
of risk factors, after aging, for developing the disease
(Henderson et al., 2000; Pike et al., 2009). Some have
suggested that this may be attributable to the longer life
expectancy in women rather than sex-specific risk fac-
tors, but clear sex differences in pathological features of
AD and its relationship to behavioral disturbances indi-
cate a biological basis for the differences (for review, see
Cahill, 2006; Bao et al., 2008). The dramatic loss of
estrogens at menopause is generally acknowledged as a
risk factor for women to develop AD (Sherwin, 2002;
Brinton, 2004; Pike et al., 2009). Although there is no
consensus on differences in circulating levels of estradiol
in control subjects and women with AD, brain estrogens
have been shown to be lower than normal in female
subjects with AD (Yue et al., 2005; Rosario et al., 2009).
In this context, it is interesting to note that aromatase
expression is altered in AD brains (Ishunina et al.,
2005), and single nucleotide polymorphisms in the
CYP19 (aromatase) gene are among genetic factors as-
sociated with the risk of developing AD (Hiltunen et al.,
2006), raising the possibility that the generation of pro-
tective levels of estrogens in the AD brain may be com-
promised. Early views that estrogens are effective in
protecting against memory decline in healthy postmeno-
pausal women and in delaying the onset of AD were
largely observational in nature and lacked the relevant
controls. Therefore, to establish the value of estrogen
therapy for age- and menopause-related cognitive de-
cline and AD, a number of large clinical studies have
been conducted over the last decade or so, including the
randomized, double-blind, placebo-controlled Women’s
Health Initiative Memory Study (WHIMS). These re-
sulted in many contradictory findings, culminating in
cessation of the WHIMS trial and the recommendation
that “use of hormone therapy to prevent dementia or
cognitive decline in women 65 years of age or older is not
recommended” (Eberling, 2002; Shumaker et al., 2004).
Many excellent reviews discuss these important contro-
versies and highlight factors that are likely to account
for them, such as differences in the dosing regimens, the
types of estrogens used, the route of administration and,
in retrospect, possible flaws in the original experimental
designs (Sherwin, 2002; Brinton, 2004; Craig et al.,
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2005; Gleason et al., 2005). In the interim, a novel con-
cept has emerged that seems to reconcile, but not yet
explain, the positive versus negative effects of estrogens
on cognition. This has been defined by two inter-related
hypotheses, termed the healthy cell bias of gonadal hor-
mone action hypothesis (Brinton, 2005, 2008) and the
critical window hypothesis (Sherwin and Henry, 2008).
In essence, treatment with estrogens in young women
with surgically or pharmacologically induced meno-
pause, or at the time of natural menopause (preventive
mode of treatment), suggest that estrogens have a pos-
itive effect on cognition and reduce the risk of developing
AD (Eberling, 2002; Zhao and Brinton, 2007; Sherwin
and Henry, 2008; Rosario et al., 2009). In contrast, the
use of hormone therapy, whether estrogens (conjugated
equine estrogens) alone or in combination with proges-
terone (medroxyprogesterone acetate), initiated several
years or more after menopause to women free of neuro-
logical disease, failed to show any positive effects and, if
treatment was prolonged beyond 5 years, the risk of
developing dementia was increased, possibly as much as
2-fold (Brinton, 2005; Gleason et al., 2005). In addition,
no benefit was obtained if treatment was commenced
once AD is established. Therefore, the emerging view
posits that if neurons are healthy at the time of estrogen
treatment (the healthy cell bias), and have not been
deprived of estrogens for significant periods (the critical
window), there are beneficial effects on neurological
function and neuron survival in women; in contrast,
prolonged exposure of unhealthy neurons to estrogens
will exacerbate damaging neurological processes (Brin-
ton, 2004, 2005; Naftolin and Malaspina, 2007; Sherwin
and Henry, 2008). A corollary states that the brain
looses its sensitivity to estradiol with aging (Brinton,
2008; Sherwin and Henry, 2008; Pike et al., 2009). The
human brain does possess large numbers of different ER
splice variants; although their roles are unclear, it is
pertinent to note that their expression changes with
aging and disease, such as AD (Ishunina and Swaab,
2008).

In contrast to the extensive data on women, there is a
relative paucity of studies in men, probably because the
age-related fall in endogenous gonadal steroids is far
less dramatic. Nonetheless, it has been estimated that
circulating free testosterone levels decline at the rate of
1 to 2% annually in elderly men, with 20% of men
considered hypogonadal at 60 to 69 years of age, rising to
50% after 80 years of age (Matousek and Sherwin, 2010;
Rosario et al., 2009). This decline in circulating testos-
terone has been associated with the risk for cognitive
decline and AD in aging men (Sherwin, 2003; Pike et al.,
2009); it has also been suggested that a higher circulat-
ing level of estradiol rather than low testosterone con-
stitutes a risk factor (Geerlings et al., 2006), raising the
possibility that estrogens may not be universally protec-
tive. In men, however, circulating estrogens are derived
principally from the conversion of testosterone to estra-
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diol by tissue aromatases, so circulating levels of both
hormones in men generally follow each other (Matousek
and Sherwin, 2010). This clearly makes it difficult to
ascribe any effects of exogenous or endogenous testos-
terone to the activation of androgen- or estrogen-depen-
dent pathways, but a role for the latter in preservation of
male cognitive abilities has been recognized (Sherwin,
2003; Janowsky, 2006; Pike et al., 2009). In particular,
estrogens seem to be important for certain aspects of
memory in aging men, but not spatial memory, which is
improved by androgenic actions (Sherwin, 2003; Cher-
rier et al., 2005, 2007). However, estradiol treatment
failed to improve short- or long-term memory in elderly
men receiving androgen blockade therapy for prostate
cancer (Matousek and Sherwin, 2010), and more studies
will be needed to unravel the various contributions of
each hormonal pathway. It should also be considered
that circulating hormone levels may not be the only
factor because, just as low brain estradiol levels are
linked with AD in women, so are low brain androgens,
not estrogens, associated with AD in men (Rosario et al.,
2009), suggesting that the profile of brain sex hormones
in AD is sex-specific. Coupled with the knowledge that
estrogens in women and androgens in men are generally
positively associated with cognition, this adds to the
view that hormonal contribution to AD pathogenesis
may be sex-specific (Rosario et al., 2009).

On balance, the human studies have raised more
questions than answers. Brain imaging studies will un-
doubtedly be an important way to address some of these
issues and are already revealing that increased regional
blood flow to specific brain regions, such as the prefron-
tal cortex and hippocampus, that subserve memory func-
tions and decline in AD, bring to light positive associa-
tions between performance on tests of memory/cognition
and estradiol concentrations at different phases of the
menstrual cycle (Craig and Murphy, 2007a; Craig et al.,
2008; Brinton, 2009). Imaging studies are also providing
fascinating insights to suggest that even if no sex differ-
ence exists behaviorally, there are clear sex-related dif-
ferential activations in various higher centers of the
brain associated with memory tasks (De Vries, 2004;
Piefke et al., 2005; Cahill, 2006). This indicates that the
underlying neural circuitry may not be the same and
that cognitive strategies are significantly different in
men and women. In support of this, sex differences in
specific cognitive and behavioral tasks may be corre-
lated with structural and functional sex differences in
humans and experimental animals in brain regions es-
pecially associated with learning, memory, and emo-
tions, such as the hippocampus, amygdala, striatum,
and neocortex (De Vries, 2004; Cahill, 2006; Cosgrove et
al., 2007). However, as yet there is negligible informa-
tion from human studies to understand the extent to
which these differences are due to the activational or
organizational actions of estrogens. The ability of testos-
terone to enhance spatial performance in men and es-
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tradiol to enhance verbal memory in women is taken as
evidence for well established sex differences in cognitive
functioning (Matousek and Sherwin, 2010), but is this
solely because men have more testosterone and women
have more estrogen, or is there a biological basis for
these differences? Some studies investigating the effi-
cacy of phytoestrogens (plant compounds resembling
mammalian estrogens) in young men and women sug-
gest there could be some underlying sex dimorphisms in
response to estrogenic compounds, because following a
high soy diet was significantly correlated with certain
aspects of memory in both sexes, but only women bene-
fited in tests of letter fluency and planning (Zhao and
Brinton, 2007). However, the soy diet is a complex mix of
compounds, and potential interactions with endogenous
sex steroids cannot be eliminated in such studies, which
should be interpreted cautiously. Nonetheless, it is an
important goal to understand the contribution of sex
hormones to sex differences in cognitive strategies and
why AD pathology and dementia differ in men and
women (Pike et al., 2009), because it will advance our
understanding of the disease and open up avenues for
sex-specific preventive strategies and therapies. An ever-
expanding literature in basic neuroscience offers many
insights into this subject and promises to inform the judi-
cious use of hormone therapy in humans.

B. Preclinical Studies

1. Alzheimer’s Disease Models. The human sex dif-
ferences in AD-like pathology are also present in several
transgenic mouse models of AD, strengthening the view
that the female brain is more vulnerable to AD patho-
genesis (Pike et al., 2009). The hallmarks of AD that
may be recapitulated in these studies include extracel-
lular deposition of 8 amyloid peptide (AB) [the enzymatic
cleavage product of amyloid precursor protein (APP)];
hyperphosphorylation of tau (a cytoskeletal protein),
leading to the formation of neurofibrillary tangles; and
neuroinflammatory responses that are due to activation
of glial cells, especially microglia. Together, these pro-
cesses lead to synaptic and neuronal loss. Studies using
cell cultures or cell lines suggest that protective actions
of estrogen may be due to an ability to interfere with all
these processes. For example, estradiol can reduce AB
accumulation either by modulating APP processing or
by increasing its clearance, which could be due to effects
on enzymatic degradation of AB and/or microglial phago-
cytosis of the toxic peptide; the consequent reduction in
AB toxicity prevents the damaging chain reaction of
mitochondrial dysfunction, increased production of reac-
tive oxygen species, and neuronal apoptosis (Li et al.,
2000; Yue et al., 2005; Brinton, 2008; Pike et al., 2009).
Estradiol may also inhibit hyperphosphorylation of tau.
In its own right, estradiol may also exert its general
protective effects that are not necessarily specific to AD,
including increased expression of antioxidant enzymes
to lower oxidative stress and modify the expression of
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proapoptotic genes (as discussed in section IV.B.1). All
these processes have generally been shown to depend on
ERa/B using both classic genomic and nonclassic mech-
anisms, and available data from many experimental
neurodegenerative paradigms suggest that both recep-
tor isoforms are important, but each is likely to act
against AD-related insults via unique signaling path-
ways (Rosario et al., 2009). Conclusions from in vitro
work are generally borne out in vivo in studies using
female rats, guinea pigs, and some AD transgenic mouse
models. Hence, ovariectomy increases the level of solu-
ble AB in the brain, which directly impairs synaptic
plasticity and memory (Shankar et al., 2008; Pike et al.,
2009), and this is reversed by estradiol treatment (Yue
et al., 2005; Pike et al., 2009).

In contrast to females, treatment of male rats with
estradiol failed to reverse elevations in brain A levels
induced by orchidectomy, whereas treatment with the
nonaromatizable androgen DHT was successful (Rams-
den et al., 2003a). These results suggest that estradiol
effects are sexually dimorphic, and sex hormone protec-
tion against AB is due to ER-dependent mechanisms in
females but AR-dependent mechanisms in males. It is
noteworthy that these preclinical observations are in
agreement with the view, based on clinical observations,
that the contribution of estrogens and androgens to AD
pathogenesis is sex-specific, as discussed above. In con-
trast, in vitro studies suggest that some aspects of an-
drogen protection, including regulation of A generation
via APP proteolysis, may be mediated indirectly after
aromatization to estradiol (Pike et al., 2009). Recent
work, suggesting that a metabolite of DHT, 5a-andro-
stane-383,17B-diol, is active at ERB, not ERa or AR (Lund
et al., 2006; Pak et al., 2007; Handa et al., 2008), could
also suggest that AR and/or ERf, but not ER«, mediate
the effects of DHT on A levels in males. Further work
will clearly be important to understand to what degree
the direct application of hormones to cultured neurons,
which are capable of producing their own steroids in
vitro (Prange-Kiel and Rune, 2006), reflects the effects of
systemic hormones in vivo. In male rodents, direct acti-
vation of AR-dependent pathways seems to include a
suppression of AB accumulation, involving increased ex-
pression of the AB-catabolizing enzyme neprilysin as
well as attenuation of oxidative stress, suppression of
pro-apoptotic pathways, and activation of intracellular
signaling pathways, such as MAPK/ERK. Although less
well researched, androgens also seem to share the phe-
nomenon that is characteristic of estrogens: they may be
protective at physiological concentrations but harmful
at pharmacological concentrations (Pike et al., 2009). It
is of interest to note that androgens working through
AR-dependent mechanisms seem to be the main protec-
tors in clinical and experimental AD, which contrasts
with PD, where the consensus seems to be that endoge-
nous androgens are not protective (Yu and Wagner,
1994; Dluzen, 1996; Murray et al., 2003; Myers et al.,
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2003) and may even be deleterious (Murray et al., 2003).
These observations serve to highlight the fact that sex
hormones contribute to sex differences in disease sus-
ceptibility by very different mechanisms, depending
on the nature of the underlying lesion and pathways
involved.

Analysis of neuron viability after challenge with exci-
totoxic lesions is another experimental approach that
has been used to assess the neuroprotective effects of sex
hormones in the hippocampus. The literature contains
evidence to suggest that estradiol is and is not protective
in male rodents, but these contradictions may well be
explained by differences in the experimental regimens.
For example, one study found that excitotoxic lesions
induced by intraperitoneal injections of kainic acid were
greater in male rats that had been castrated for 4 weeks
compared with control rats, and this effect was reversed
by continuous replacement with physiological levels of
DHT, not estradiol, for 2 weeks before lesion (Ramsden
et al., 2003b; Pike et al., 2009). In contrast, a single,
large dose of estradiol, not DHT, given 3 weeks after
castration at the same time as an intraperitoneal injec-
tion of domoic acid, reversed the ability of gonadectomy
to increase lesion size in male mice (Azcoitia et al.,
2001). The same study confirmed that central aromati-
zation of peripherally administered testosterone was re-
quired for protective action, supporting the likely in-
volvement of ER-dependent mechanisms. Apart from
differences in species and excitotoxin (which should
work by identical mechanisms), analysis of the context
of each of these studies supports our proposal that
steady, physiological levels of sex hormones exert one
type of action [in this instance, mediation of protective
actions in males by AR, not ER (Ramsden et al., 2003b;
Pike et al., 2009)], whereas a large bolus dose may be
protective through different mechanisms [in this in-
stance, ER, not AR, mediated protective actions in Azco-
itia et al. (2001)]. Other variables in these studies in-
clude the duration between gonadectomy and hormone
treatments, which the healthy cell bias and critical win-
dow hypotheses suggest is important, and also the fact
that one study reported on cell loss in the hilus of the
hippocampus (Azcoitia et al., 2001), whereas the other
observed effects in the CA2/3 regions (Ramsden et al.,
2003b). Together, these observations highlight the many
factors that impinge on the nature of hormonal influ-
ences and emphasize the need for further investigations
in male as well as female subjects to reconcile the many
contradictions and realize the promises of our current
knowledge.

2. Learning and Memory. In addition to investigat-
ing sex hormone actions in specific models of AD and
neurodegeneration, preclinical studies have also re-
vealed notable sex differences in hormonal influences on
cognitive behaviors and their underlying neurobiological
correlates (such as the expression of neurotransmitters
and their receptors, synaptic contacts, electrophysiolog-
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ical parameters, and neurogenesis) that may become
dysregulated in specific brain regions affected by AD.

a. The hippocampus.

i. Behavior. The hippocampus plays a major role in
regulating learning, memory, and emotional responses
(stress, fear), as well as spatial, declarative, and contex-
tual memory in humans and in animals used in re-
search. Spatial learning and memory are impaired in
AD. Therefore, the hippocampus has become a particu-
lar research target because of its important cognitive
role. In experimental mammalian species, such as rats,
and in humans, males perform better than females, on
average, in the acquisition of tasks involving spatial
memory, which are highly dependent on the hippocam-
pus (Luine, 2008; Mitsushima et al., 2009b). The activa-
tional influences of adult gonadal steroids play an im-
portant role in maintaining sexually differentiated
cognitive behaviors. Many studies investigating only fe-
males report a positive effect of estrogens on hippocam-
pal-dependent tasks in rats, mice, and rhesus monkeys
(for review, see Foster et al., 2008; Luine, 2008; Spencer
et al., 2008). Relatively few studies have made direct
comparisons of males and females, but in some tests of
hippocampal spatial discrimination (the Morris water-
maze), hormone treatment of gonadectomized mice re-
vealed that estradiol selectively impaired performance
in females but had no effect in males (Fugger et al.,
1998). Several reports suggest that functional sex differ-
ences are related to organizational influences in early
development (Roof, 1993a,b; McEwen, 1999; Romeo et
al., 2004). For example, exposure to high levels of estra-
diol during development improves (masculinizes) spatial
behavior in adult female rats to levels seen in normal
males (Williams and Meck, 1991). It therefore seems
that sex differences in aspects of hippocampal function
are determined by testosterone acting after conversion
to estrogen by aromatase in a manner similar to that
established for the hypothalamus, indicating that non-
reproductive brain regions are subject to hormonal pro-
cesses of sex differentiation similar to those in brain re-
gions intimately associated with reproduction. It should be
noted, however, that in other tests of hippocampal function
(a delayed matching-to-position task), estradiol treatment
of rats gonadectomized as adults enhanced task acquisi-
tion in both sexes and, although testosterone treatment of
males was without effect on this component of the task,
testosterone did affect delay-dependent working mem-
ory (Gibbs, 2005). On balance, it seems that estrogens
and androgens influence different aspects of cognitive
tasks or domains in males and females, with indications
that these effects are sex-specific (Warren and Juraska,
1997; Gibbs, 2005). Indeed, it is generally thought that
males and females use different strategies, underpinned
by different organization of the underlying neural sub-
strate, to solve similar spatial tasks; females tend to rely
more on local cues and landmarks, whereas males rely
more on the spatial relationships between two fixed



184

points (Raber, 2008). The available evidence also sug-
gests that hormonal influences can differ with the type
of task, the aspect of the task under investigation (ac-
quisition, consolidation, retrieval), and the degree to
which the task relies on input from brain regions other
than the hippocampus, such as the prefrontal cortex,
which is associated more with working memory tasks
requiring visual object information (Robbins, 2000;
Takase et al., 2009). Therefore, at behavioral level it is
very difficult to reach simple interpretations on the in-
fluences of estradiol or testosterone on cognition in
males and females. In contrast, striking sexually dimor-
phic responses to estradiol have been reported for neu-
roanatomical, morphological, neurochemical, and elec-
trophysiological correlates of learning and memory.

ii. Structural, neurochemical, and electrophysiological
correlates of learning and memory. Many studies re-
port clear sex dimorphisms in hippocampal structure
and morphology in several species (rodents, nonhuman
primates, and humans) that are thought to be related to
functional differences (Roof, 1993a,b; McEwen, 1999;
Swaab et al., 2003; Romeo et al., 2004). In very simple
terms, the hippocampal formation comprises the dentate
gyrus, which receives the main hippocampal input from
the entorhinal cortex; the flow of information proceeds to
the CAS3 region, then the CA1l region and subiculum,
with the main outflow arising from the latter two re-
gions. Sex differences are observed in the size of
perikarya of CAl and CA3 pyramidal cells, in their
number of primary dendrites and degree of dendritic
branching, and in the number of glial cells in the CA1l
and CA3 regions (Romeo et al., 2004). In terms of sex
hormone actions, particular attention has been given to
the density of dendritic spines, mainly in the CA1 pyra-
midal cells, because these structures receive excitatory
inputs that are key to synaptic plasticity and learning
(Kandel, 2001; Kasai et al., 2003). The loss of dendritic
spines is also a major feature of hippocampal synaptic
pathology in AD that correlates strongly with cognitive
decline (Scheff and Price, 2003). In female rats and
monkeys, endogenous and exogenous estradiol rapidly
(within minutes) increases spine density and synaptic
density in the CA1 region (Woolley, 1999; Leranth et al.,
2003; Cooke and Woolley, 2005; McEwen and Milner,
2007; Spencer et al., 2008), which coincides with en-
hanced long-term potentiation (an electrophysiological
correlate of learning and memory) and some hippocam-
pal-dependent behaviors (Gibbs and Gabor, 2003; Daniel,
2006; Luine, 2008). The female hippocampus has a rel-
ative paucity of nuclear ERs, but effects could be medi-
ated directly and rapidly via non-nuclear ERs, especially
ERq, located in the hippocampal dendritic spines them-
selves, or via effects on glial cells, which also express
ERs (McEwen and Milner, 2007; Spencer et al., 2008).
The ability of estradiol to increase NMDA receptor ex-
pression in the dendritic field of the CA1 pyramidal cells
is also a necessary mechanism for estrogen-induced
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spine formation in female rats (Romeo et al., 2005). This,
in turn, requires an increase in hippocampal acetylcho-
line (ACh) release that is due to estradiol-dependent
activation of basal forebrain cholinergic neurons, specif-
ically those in the medial septum and horizontal limb of
the diagonal band of Broca (Luine, 1985; Leranth et al.,
2000; Lam and Leranth, 2003; Romeo et al., 2004; Cooke
and Woolley, 2005; Mitsushima et al., 2008). This septo-
hippocampal pathway is essential for driving long-term
potentiation in the hippocampal CA1l neurons, and its
destruction in female rats impairs acquisition of a spa-
tial memory task as well as the ability of estradiol to
enhance memory acquisition (Gibbs, 2002), indicating
the importance of trans-synaptic mechanisms in medi-
ating estrogenic influences on hippocampal memory and
learning. Estradiol-dependent suppression of hippocam-
pal GABAergic interneurons is a further trans-synaptic
mechanism, leading to dis-inhibition of CA1l pyramidal
cells and increased spine density in female rats (Murphy
et al., 1998; Cooke and Woolley, 2005). This could be due
to a direct effect on the GABAergic interneurons or
indirect actions via the basal forebrain cholinergic neu-
rons, both of which possess ERa (Rudick et al., 2003).
Although some studies favor a role for ER« in regulating
synaptic plasticity (Foster et al., 2008; Spencer et al.,
2008), other work suggests that ERB plays the dominant
role in improving hippocampal-dependent cognition (Liu
et al., 2008).

Studies in male rodents suggest that hippocampal
synaptic plasticity is maintained by hormone-dependent
mechanisms that differ markedly from those seen in
females. Castration reduces CA1 spine density in males,
but, unlike responses in females, estrogen administra-
tion to males fails to increase spine density (Leranth et
al., 2003; Lee et al., 2004), to up-regulate choline acetyl-
transferase activity in basal forebrain cholinergic neu-
rons (Luine et al., 1986), to increase ACh release in the
hippocampus (Mitsushima et al., 2009a), and to up-reg-
ulate NMDA receptors (Romeo et al., 2005). Reports of
sex differences in ER expression are variable (Weiland
et al., 1997; Zhang et al., 2002); significantly, a relative
lack of ERa in males compared with females has been
noted in hippocampal dendritic spines and GABAergic
interneurons. In contrast to the failure of ER activation
to induce spine formation in males, activation of ARs by
testosterone or DHT is effective, and this is also associ-
ated with up-regulation of NMDA receptors (Leranth et
al., 2003; Romeo et al., 2005; Hajszan et al., 2008), but
with little effect on cholinergic input (Romeo et al.,
2004). It is noteworthy that the cellular and subcellular
localization of hippocampal ARs is distinct from that of
ERs, suggesting that ARs in the male hippocampus does
not simply “usurp” the role of ERs in females. In partic-
ular, unlike ER-labeled terminals, AR-containing termi-
nals in the male hippocampus almost exclusively form
asymmetric synapses, suggesting their presence primar-
ily in excitatory afferents, with relatively little influence
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on inhibitory tone (McEwen and Milner, 2007). Also in
contrast with ER location in the female hippocampus,
male GABAergic interneurons lack nuclear AR, whereas
pyramidal cells have a relative wealth of nuclear and
extranuclear ARs (Romeo et al., 2004; McEwen and Mil-
ner, 2007; Hajszan et al., 2008). Thus it has been pro-
posed that the trans-synaptic influences involving the
cholinergic input and GABAergic interneurons that are
all-important for the estrogenic influences on synaptic
plasticity in females seem to be relatively unimportant
in mediating the androgenic influences in males, where
direct actions on pyramidal neurons seems more likely
(Romeo et al., 2004).

Although estrogens fail to increase dendritic spines in
male hippocampal regions, androgens were found to be
effective in females as well as males (Hajszan et al.,
2008). Despite the fact that the affinities for the classic
AR and the order of potency in maintaining prostate
gland weight are DHT > testosterone > DHEA, all
compounds were equally effective in maintaining CA1
synaptic density in castrated male rats; flutamide, an
AR antagonist in the periphery, was approximately half
as potent as the androgens in males and females (Ha-
jszan et al., 2008). Because ARs are also expressed in
female hippocampal pyramidal cells, this could poten-
tially be a direct effect of androgens on these neurons.
However, in females, but not males, the ability of tes-
tosterone to increase hippocampal spine synapses was
blocked by inhibition of aromatase, indicating an ER-
dependent mechanism. DHT was somewhat less potent
in females than testosterone, and its effects were unaf-
fected by aromatase inhibition (Hajszan et al., 2008).
However, metabolites of DHT are known to have activity
at ERB (Handa et al., 2008) and are allosteric modula-
tors of GABA, receptors (Frye et al., 1996), both of
which offer alternatives to actions at AR. It is notewor-
thy that DHEA, which is a weak androgen in peripheral
tissues but can be metabolized to several neuroactive
compounds in the brain, including estradiol and GABA,
receptor modulators, was equipotent with testosterone
in inducing hippocampal spinogenesis in male brains,
and was also effective in females (Hajszan et al., 2008).
This raises the novel possibility that a compound such as
DHEA, which is known to have very little hormonal
activity peripherally, could be an effective pro-drug for
different central processes with the same outcome in
males and females, namely increased hippocampal spine
synapses formed via ER/GABAergic and AR/GABAergic
mechanisms in males and females, respectively.

tii. Developmental origins of sex differences. The fail-
ure of estradiol to induce hippocampal spine formation
and up-regulate transmission in the septo-hippocampal
cholinergic projections in the male brain is dependent on
the aromatization of testosterone and estradiol exposure
in the neonatal period (Luine et al., 1986; McEwen,
1999; Mitsushima et al., 2009a). This is evidence that
masculinization of the hippocampus occurs in much the

185

same way as the hypothalamus, and predicts that re-
sponsiveness to estrogen will be suppressed in adult-
hood. This knowledge is particularly important because
it tells us that the wealth of data on the neuroprotective
effects of estradiol especially relating to hippocampal
dysfunction in AD is unlikely to be beneficial in male
subjects, where androgenic mechanisms are likely to be
much more important. Because androgens in male individ-
uals seem to be working on quite a different neural sub-
strate compared with that on which estrogens act in fe-
males, this work further highlights the importance of
understanding these sex-specific mechanisms more clearly
to develop sex-specific medicines.

iv. Estrogen receptors and membrane signaling. In
addition to the sexually dimorphic effects of estradiol on
hippocampal morphology and synaptic inputs discussed
above, recent evidence suggests that rapid membrane
actions of estradiol that alter intracellular signaling
pathways may differ in hippocampal neurons derived
from male and female rat pups. Specifically, activation
of ERa using very low physiological concentrations of
estradiol rapidly increased phosphorylation of CREB
(pCREB) in cultures derived from female, but not male,
hippocampus (Boulware et al., 2005; Mermelstein,
2009). Although the reasons for these differences are not
yet clear, the positive effect on pCREB in female hip-
pocampal neurons was dependent on activation of
metabotropic glutamate receptor type 1 (mGluR1),
which, along with mGluR5, comprise group 1 mGluRs;
these, in turn, are linked to the G-protein G, leading to
activation of phospholipase C/inositol triphosphate, di-
acylglycerol opening calcium channels, and increasing
MAPK-dependent pCREB (Mermelstein, 2009). This in-
creases NMDA activity principally at postsynaptic sites.
Conversely, estradiol was also able to reduce pCREB
because of an interaction of either ERa or ERB with
group II mGluRs (mGluR2 and/or mGluR3), which are
coupled to G;,, second-messenger signaling, leading to a
reduction in intracellular cAMP. The pairing of ERs
with specific mGluRs, and hence determination of
whether downstream signaling is increased or de-
creased, seems to depend on which caveolin protein is
available to facilitate ER coupling with various G-pro-
tein coupled receptors at sites associated with the cell
membrane. This fascinating finding clearly opens up
potential mechanisms that could underlie the great di-
versity in ER actions in the male and female brain
(Mermelstein, 2009). Although it remains to be seen
whether the sex-specific effects of estradiol on neonatal
hippocampal neurons are present also in adult cells, it is
noteworthy that ER effects were silenced in the male
hippocampus at the critical time for sexual differentia-
tion (Boulware et al., 2005), which seems to be an emerg-
ing pattern in masculinization of the brain. In addition
to the classic ERs, estrogens may exert rapid and tran-
scriptional responses via the novel transmembrane G-
protein-coupled receptor GPR30 (Prossnitz et al., 2008),
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as well as ER-X, a membrane-associated receptor ex-
pressed in the brain during development and injury
(Toran-Allerand, 2005). It is not yet known whether
these receptors contribute to sex differences in the brain.

v. Neurogenesis. Contrary to early beliefs, the birth
of new neurons occurs on a daily basis at discrete loci in
the adult brain of many mammalian species, including
the subgranular zone of the hippocampal dentate gyrus
(Leuner et al., 2006; Galea, 2008). Although there is still
some debate, a body of evidence suggests that neurogen-
esis (the balance between cell birth and natural cell
death), coupled with integration of newborn neurons
into local hippocampal circuitry, is important for cogni-
tion, possibly in the formation of trace memories (Shors
et al., 2001; Leuner et al., 2006). Many newborn adult
neurons die within a few weeks of birth, and there is a
critical time period when environmental factors, includ-
ing hormones, play an important role. The finding that
repeated estradiol treatment can increase hippocampal
neurogenesis in female rats, therefore, is of potential
significance for the use of hormonal treatments for neu-
rodegenerative disease and cognitive decline (Barker
and Galea, 2008). However, no such effects were ob-
served in male brains. This line of investigation is rela-
tively new, and more work will be needed to establish
the functional significance of the findings. They do, how-
ever, emphasize the importance of pursuing this work in
both sexes.

b. The prefrontal cortex. The prefrontal cortex plays
an important role in working or short-term memory in
various mammalian species, including rats, nonhuman
primates, and humans. Tests of prefrontal functions re-
veal many sex differences: females generally outperform
males in the acquisition of tasks that rely more heavily
on this region, such as visual object recognition (Silver-
man and Eals, 1992; Kritzer et al., 2007; Luine, 2007;
Mitsushima et al., 2009b). Although the organizational
and activational influences of sex hormones have not be
studied as extensively in this region as the hippocampus
and hypothalamus, emerging evidence suggests that
both estrogens and androgens have significant influ-
ences in both sexes (Kampen and Sherwin, 1996; Gibbs,
2005). For example, estradiol promotes performance in
memory tasks in women (Berman et al., 1997; Keenan et
al., 2001), female rhesus monkeys (Rapp et al., 2003;
Tang et al., 2004), and rats (Wallace et al., 2006), and
circulating levels of both estradiol and testosterone cor-
relate with certain spatial and mnemonic tasks in fe-
male rats (Kritzer et al., 2007). In adult male rats,
gonadectomy impairs performance in various tasks of
working memory and other types of cognitive tasks that
are known to rely on the PFC, but the hormone respon-
siveness depends on the task and probably the neuro-
transmitter pathways involved. Hence, testosterone, but
not estradiol, reversed the effects of castration on per-
formance in tests of spatial working memory, and this
correlated with the density of dopaminergic terminals in
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the medial PFC as well as AR expression in the meso-
cortical dopaminergic neurons of the ventral midbrain
populations that project to the mPFC. This suggests a
principal (nuclear) site of action of androgens on the
mesocortical dopaminergic system, which is known to be
critical for working memory (Kritzer et al., 2007). In
contrast, effects of castration on performance in tests
involving motivation were reversed by estradiol, not an-
drogen, treatment, with no effects on mPFC dopaminer-
gic axon density. Yet other aspects of PFC function in-
volving impulsivity were unaffected by castration or
hormone treatment, which also did not alter mPFC do-
paminergic axon density (Kritzer et al., 2007). Using
retrograde labeling, the same study reported a similar
distribution of AR in VTA dopaminergic neurons project-
ing to the PFC in males and females, but the nondopam-
inergic cells projecting to the PFC were found to be
ERB-positive, not ERa-positive, in males and vice versa
in females. This is likely to indicate sex-specific effects of
estradiol, which merit further investigation.

Another major pathway associated with PFC function
is the cholinergic input from the basal forebrain nuclei,
which arises principally from the nucleus basalis of Mey-
nert (nucleus basalis magnocellularis in rats) and the
diagonal band of Broca. Both the number of cholinergic
cell bodies in the nucleus basalis of Meynert and the
extracellular levels of dopamine in the PFC are greater
in female rats compared with males, and this may un-
derlie the superior performance of females in certain
tasks of PFC function (Mitsushima et al., 2008). This
contrasts with the cholinergic neurons in the medial
septum and horizontal limb of the diagonal band of
Broca, which project to the dorsal hippocampus, where
ACh release is greater in males than in females and is
associated with the superior performance of males on
hippocampus-dependent cognitive tasks (Mitsushima et
al., 2009a). As discussed above, perinatal masculiniza-
tion by testosterone (after aromatization) imprints these
sex dimorphisms in the septo-hippocampal pathway, in-
cluding the inability of the adult male pathway to re-
spond to estradiol (Mitsushima et al., 2009b). The ori-
gins of sex differences in the PFC cholinergic projections
are not known, but they are likely to be similar, because
estradiol has been reported to increase choline acetyl-
transferase in the PFC of adult gonadectomized female,
but not male, rats (Luine, 1985).

Like the hippocampus, the PFC retains the capacity
for synaptic remodeling, which is also critical for learn-
ing and memory that is lost in AD (Scheff and Price,
2003). Also as in the hippocampus, NMDA receptors
play a significant role in this phenomenon, as evidenced
by the ability of NMDA receptor antagonists to disrupt
PFC-dependent cognition and reduce the number of
asymmetric spine synapses (indicative of excitatory in-
put) in the male PFC (Hajszan et al., 2008). However,
unlike the hippocampus, estradiol can increase spine
synapses in the castrated male rat PFC, albeit not as
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potently as androgens (Hajszan et al., 2007). Estradiol
also maintains dendritic spines in specific cortical re-
gions of female nonhuman primates (Tang et al., 2004)
and rats (Wallace et al., 2006), in parallel with positive
effects on working memory; preliminary studies indicate
that androgens may also positively affect spine synapses
in the female PFC (Hajszan et al., 2008). Although work
in this brain region is still at an early stage, both mor-
phological and behavioral studies suggests that the PFC
uses sex hormones in a manner different from that seen
in the hippocampus and hypothalamus, suggesting that
hormonal therapeutic strategies to modulate the func-
tion of each of these brain regions could be achieved by
a different cocktail of hormone supplementation that
might be unique to males or females. As yet, it is not
clear to what extent sex differences in PFC function may
be hormonally programmed; however, because aspects of
estrogen sensitivity are retained in both the male and
female PFC, it is interesting to speculate that this brain
region is not targeted in the same manner by the early
masculinizing events. The present state of knowledge
also raises the possibility that androgen modulation of
cortical processing in the female brain is physiologically
important and clinically relevant (Hajszan et al., 2008).

VIII. Sex Dimorphisms in the Stress Response

To maintain homeostasis, individual organisms adapt
continuously to changes in the internal and external envi-
ronment (i.e., to physiological, physical and psychological
“stressors”). The underlying processes that achieve this
adaptation, termed collectively allostasis (stability through
change), involve changes in the sympathetic nervous sys-
tem, the hypothalamic-pituitary-adrenal (HPA) axis, and
activity in limbic brain structures (hippocampus, amyg-
dala, prefrontal cortex) (McEwen, 1998; Charmandari et
al., 2005; de Kloet et al., 2005). The final common pathway
whereby the brain controls this response lies in the parvo-
cellular division of the hypothalamic PVN, where neuronal
populations producing corticorelin (CRH) and arginine
vasopressin (AVP) coordinate the neuroendocrine, be-
havioral, autonomic, and immune responses to stress
(Gillies et al., 1982; Charmandari et al., 2005). Within
the neuroendocrine HPA axis, CRH and AVP control
anterior pituitary secretion of adrenocorticotropin,
which, in turn, stimulates the adrenal cortex to produce
the glucocorticoid (GC) stress steroid hormone (cortisol
in humans, corticosterone in many species used in re-
search). The GCs have potent actions throughout the
body of higher organisms, including the brain, where
they influence arousal, cognition, mood, and the auto-
nomic nervous system and exert negative feedback on
their own release via actions in the hypothalamus, hip-
pocampus, and other limbic regions. GCs therefore have
a critical role in orchestrating behavioral and systemic
adaptive responses to stress. Central projections of neu-
rons producing CRH, CRH-related peptides (urocortins),
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and AVP are also involved in many of the behavioral
adaptive responses to stress, and the specific brain path-
ways that initiate or respond to stress will vary depend-
ing on the type of stress (Pacak and Palkovits, 2001). For
efficient adaptive responses (effective coping with
stress), the HPA axis reacts robustly, and its activation
is terminated efficiently to prevent GC excess from dam-
aging the body and brain. However, an excessive or
prolonged response, as well as a failure to mount an
adequate response, are both risk factors for developing
common psychiatric conditions, especially depression,
anxiety, addiction, and neurodegenerative disease,
where stress has been identified as a strong risk factor
(McEwen, 1998; de Kloet et al., 1999; Conrad et al.,
2004b; Chrousos and Kino, 2007; Bao et al., 2008; Allen
et al., 2009; Solomon and Herman, 2009). For example,
in combination with genetic and environmental factors,
a hyperactive HPA axis is associated with, and may even
have a primary causative role in, the development of
melancholic depression, whereas a hypoactive HPA axis
is associated with atypical depression and post-trau-
matic stress disorder (Gold and Chrousos, 2002; de Kloet
et al., 2005; Bao et al., 2008). It is noteworthy that the
manifestations of these pathologies are sex-specific. For
example, the 2-fold greater incidence of major depres-
sive disorder in women compared with men is a consid-
erable driving force to understand the underlying mech-
anisms (Solomon and Herman, 2009). Therefore, it is of
particular clinical significance that neuroendocrine, au-
tonomic, and behavioral responses to stress in humans
(Chrousos and Gold, 1992; Wolf et al., 2001; Kudielka
and Kirschbaum, 2005; Goldstein, 2006) and animals
(Wood and Shors, 1998; Wood et al., 2001; Luine et al.,
2007) are sexually dimorphic. In species used in re-
search, there is good agreement that basal and acute
stress-induced adrenocorticotropin and corticosterone
levels are higher in the female circulation relative to
that in males. The situation is less clear in humans.
Although reports are varied, on balance it seems that
the HPA axis response to psychological stressors is
greater in men than women, although women reported a
greater subjective experience of stress; in contrast, CRH
administration, as a pharmacological test of HPA reac-
tivity, elicited a greater pituitary/adrenal response in
women (Kudielka and Kirschbaum, 2005). However, de-
spite some species differences, stress exposure can lead
to opposite or qualitatively different effects of the same
stressful event in male and female subjects on emotional
arousal, learning and memory in humans and species
used in research (Leuner et al., 2004; Andreano and
Cahill, 2006; Luine et al., 2007). Thus, although often
characterized as the “fright, fight, or flight” response,
this more accurately describes a male-typical response
to stress, whereas “tend and befriend” has been proposed
as a better description of the typical female response
(Taylor et al., 2000).
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The effects of stress on specific variables, such as HPA
axis, autonomic and behavioral reactivity, and whether
males or females have the biological advantage, may
vary with the nature of response or cognitive task under
investigation, as well as the type and duration (acute
versus chronic) of stress (Conrad et al., 2004a; Luine et
al., 2007), but sexually dimorphic responses are invari-
ably present. Because of this complexity, conclusions on
brain-stress interactions have to be qualified by the spe-
cific experimental paradigms used. However, there is
broad agreement from studies using rodents that
chronic stress produces deficits in hippocampal-depen-
dent memory in male rats but enhances it in females
(Bowman, 2005; Luine et al., 2007). This is associated
with sex-specific hippocampal restructuring, in which
apical dendritic atrophy in CA3 pyramidal neurons is
seen in male but not female brains under the influence
of chronic stress (Galea et al., 1997). Chronic stress also
has pronounced sex-specific effects in behavioral tests of
anxiety and depression, but whether this involves an
increase, decrease, or no effect in males or females de-
pends on the experimental paradigm used (Luine et al.,
2007; Solomon and Herman, 2009). In addition, our re-
cent work demonstrates that chronic stress in male, but
not female rats, exacerbates lesion size in experimental
PD (Allen et al., 2008, 2009). Reports of effects of acute
stressors are more variable. For highly aversive tasks,
stress may enhance learning in male rats but impair it
in females (Wood and Shors, 1998; Shors, 2004). This
effect is mirrored by changes in dendritic spine density
in the hippocampal CA1l region, which is increased by
acute stress in male rats but decreased in females (Ban-
gasser and Shors, 2007). Conversely, in appetitive spa-
tial recognition tasks and object recognition tasks, acute
restraint stress may impair or have no effect on perfor-
mance in males but facilitate it in females (Conrad et al.,
2004a). Extensive studies in males show that stress-
induced elevations in glucocorticoid levels are critical
factors in determining the effects of stress on memory
and learning (de Kloet et al., 1999). There are fewer data
in females, but they suggest a different relationship. For
example, although exposure to the same experience can
have opposite effects on learning in male and female
rats, a correlation with GC levels was found only in
males, not females (Wood et al., 2001). In addition, sim-
ilar serum corticosterone levels in response to the same
acute stress have been reported in rats of both sexes,
although performance on memory tasks was affected in
opposite directions in males and females (Conrad et al.,
2004a). Although clinical evidence for the effects of
chronic stress in humans is difficult to obtain, exposure
to acute stress was reported to enhance performance in
a memory task in men, not women, despite raised GC
levels in both sexes (Andreano and Cahill, 2006). To-
gether, these data clearly illustrate that the relationship
between HPA and behavioral responses to stress are not
the same in male and female animals and supports the
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view that there are sex differences in the central path-
ways regulating the stress response.

Although the underlying mechanisms are unclear, es-
tradiol plays an important role in generating these di-
morphic effects of stress on central processes. Animal
studies demonstrate that this includes both activational
(feminizing) influences in adulthood of ovarian hor-
mones (Wood and Shors, 1998; Wood et al., 2001; Conrad
et al., 2004a; Luine et al., 2007), as well as organiza-
tional (masculinizing) effects in the neonatal period
(Patchev and Almeida, 1998; Bowman et al., 2004; Ban-
gasser and Shors, 2008), which program sex-specific cir-
cuitries in regions important for memory and learning,
including the hippocampus, amygdala, PFC, and bed
nucleus of the stria terminalis. These estrogenic influ-
ences prevail irrespective of whether the stressors are
chronic or acute and whether male or female responses
are impaired or facilitated. Stress-induced GC influ-
ences on memory are also modified by prevailing levels
of estradiol in women (Andreano et al., 2008). It is note-
worthy that the sex differences in adrenocorticotropin
and cortisol responses to pharmacological tests of HPA
axis responsiveness (CRH administration) and physical
stress (exercise) are maintained in men and women even
when circulating gonadal steroid levels are pharmaco-
logically suppressed (Roca et al., 2005). Such sex differ-
ences in the stress response even in the absence of the
activational effects of gonadal steroids, therefore, sug-
gest fundamental sex differences in the organization of
the underlying circuitry.

A further complexity for understanding stress re-
sponses is introduced by the finding that the behavioral
consequences of stress or glucocorticoid exposure vary
with age (Luine et al., 2007; Lupien et al., 2009). For
example, although males normally outperform females
in certain spatial tasks, exposure to stress prenatally
impaired learning and memory in adult male rats but
enhanced it in females compared with nonstressed con-
trols (Bowman et al., 2004; Mueller and Bale, 2007). It is
generally thought that males and females use different
strategies for learning in spatial tasks, and it seems that
these are altered by prenatal stress because of a demas-
culinization in males and a defeminization in females of
the underlying circuitries at critical developmental
stages. In accord with this, stressors and glucocorticoid
treatment administered in the perinatal period are
known to interfere with sexual differentiation of the
brain (Ward et al., 1994). This may be due, at least in
part, to the ability of GCs to oppose the action of estra-
diol (Uht et al., 1997), which is essential for masculin-
ization of the developing brain (section I1.B). Although
little is known of the specific neural pathways involved,
the midbrain dopaminergic systems are sexually dimor-
phic (sections IV and V), are implicated in learning, and
are differentially reactive to stress in adult male and
female rats (Allen et al., 2008; Dalla et al., 2008). More-
over, the sexually dimorphic cytoarchitecture of the do-
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paminergic neurons in the VTA and SNc is disrupted by
elevations in glucocorticoid levels in the perinatal pe-
riod, including a “feminization” of the pattern of distri-
bution of the neurons throughout the region (Fig. 6)
(McArthur et al., 2005, 2007a). This provides a possible
mechanism and structural basis for functional change in
the mesolimbic system that occurs after early-life expo-
sure to stress (Meaney et al., 2002; Pruessner et al.,
2004; Thomas et al., 2009). These observations are es-
pecially pertinent in view of the fact that exposure to
traumatic experiences in early life compromises later
ability to cope with stress and predisposes to develop-
ment of psychiatric disorders (de Kloet et al., 2005;
Glover et al., 2009) (Goldstein, 2006; Rao et al., 2010).
Functional brain imaging studies in humans are now
producing interesting data showing that men and
women engage different neural substrates when experi-
encing mild stressful stimuli (Cahill, 2006; Wang et al.,
2007) and that this is influenced by sex hormones (Gold-
stein et al., 2010). Together with the animal studies,
these findings support the view that sex differences in
the way that these circuitries adapt to stress, coupled
with the actions of estradiol, are thought to contribute to
the biological basis for sex dimorphisms in CNS disor-
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Fic. 6. Sex-specific effects of antenatal glucocorticoid treatment on
dopaminergic neurons in the adult rat VTA. Fetal rats were exposed to
antenatal glucocorticoid treatment (AGT) by including dexamethasone
(0.5 pug/ml) in the mother’s drinking water between gestational days 16
and 19. The dams of control animals received normal drinking water.
Offspring were allowed to grow to adulthood, when brains were processed
immunocytochemically for identification of TH-IR cells as a marker of
dopaminergic cell bodies in the VTA, as described in the legend to Fig. 4.
Top, sex differences in the overall total number of TH-IR cells were
preserved after AGT, but the total cell counts increased dramatically.
Bottom, the distribution of TH-IR cells through the VTA (percentage at
each level II-1V) was sexually dimorphic and AGT altered the topograph-
ical distribution in male and female brains such that more cells were
located in the caudal regions. Further details in McArthur et al. (2007a).
#, p < 0.05 versus male. A/V significant increase/decrease versus respec-
tive controls; p < 0.05.

II III IV
Control
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ders, including anxiety and depression, drug abuse, and
neurodegenerative disease (Goldstein, 2006; Bao et al.,
2008; Allen et al., 2009; Thomas et al., 2009). It is es-
sential, therefore, that we have a better understanding
of how male and female brains differ in their mecha-
nisms to cope with stress and how this is influenced by
gonadal hormones if we are to develop treatments for
stress related disease with optimal effectiveness for both
men and women.

Here we have discussed the view that stress predis-
poses to psychiatric disorders that predominate in
women and that gonadal steroids, especially estrogens,
are implicated in the underlying mechanisms. There-
fore, it may seem anomalous that clinical data suggest
that depression in women predominates in hypoestro-
genic states, namely in premenstrual, postpartum, and
perimenopausal periods (Solomon and Herman, 2009),
suggesting that estrogen has a positive effect on affec-
tive behavior. Contradictions may be reconciled by re-
cent findings in preclinical studies suggesting differen-
tial roles for ERa and ERB, which would both be
activated by estradiol (Weiser et al., 2008; Solomon and
Herman, 2009). The data suggest that supraphysiologi-
cal levels of estradiol or ERa agonists increase HPA axis
responsiveness, depression, and anxiety-like behaviors.
In contrast, physiological levels of estradiol or ERB ago-
nists decrease HPA axis responsiveness, depression, and
anxiety-like behaviors (Weiser et al., 2008). These obser-
vations are highly pertinent in view of the facts that
ERB is highly expressed not only in the hypothalamic
PVN (Table 1), which is a key regulator of HPA axis
reactivity (discussed earlier in this section), but also in
serotonergic neurons of the dorsal raphe, which are key
targets for the actions of antidepressant drugs (Weiser
et al., 2008; Solomon and Herman, 2009). These obser-
vations fuel the current interest in ERB ligands as prom-
ising CNS-active compounds that lack ER«a actions and
are known to mediate some unwanted peripheral actions
of estradiol, including proliferative effects in breast tis-
sue (Patchev et al., 2008). It is noteworthy that although
ERB ligands may have anxiolytic actions in gonadecto-
mized males and females, a recent study has shown that
they do not affect anxiety-related behavior in gonad-
intact male rats, indicating that efficacy may be depen-
dent on gonadal hormone status and different in males
and females (Patisaul et al., 2009).

VIII. Summary and the Way Forward

This review of the effects of estradiol in the brain has
highlighted significant differences as well as similarities
in males and females of humans and animals used in
research. Investigations in the hypothalamus first re-
vealed sexually dimorphic effects of estradiol on synap-
tic remodeling, glial plasticity, and neuronal activity
(including GABAergic interneurons and glutamatergic,
cholinergic, and dopaminergic populations), as well as
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ER expression, intracellular signaling pathways, and
transcriptional control, which could be related to the
neuroendocrine control of reproduction and sex-specific
reproductive behaviors. However, it came as some sur-
prise to find that similar sexually dimorphic responses
to estradiol are present in brain regions that are not
directly associated with reproductive success but are
important for learning, memory, emotional responding,
mood, and sensorimotor control, including the hip-
pocampus, PFC, striatum, and amygdala. An emerging
theme for all these brain regions identifies sex-specific
organization of susceptible neural circuitries at critical
stages of development as a major factor underlying the
sexually dimorphic effects of estrogens in the brain. This
is dependent to a large extent on a transitory surge of
testosterone production in males during development,
which, after its conversion to estradiol, masculinizes and
defeminizes the brain; of particular significance is that
the defeminizing actions result in the loss of capacity to
respond to the feminizing actions of estradiol in adult-
hood. In the hypothalamus, this achieves the necessary
sex differences in functions to secure reproductive suc-
cess, but for other brain regions this may be considered
a disadvantage. Indeed, learning and experience may
further modify certain circuitries to achieve similar out-
comes for critical functions, such as cognition and sen-
sorimotor integration, although they are attained by
different mechanisms in male and female brains (Cahill,
2006). These sex differences in connectivity and estrogen
responsiveness have important implications for the dif-
ferent vulnerabilities of men and women to psychiatric
and neurodegenerative conditions, especially under con-
ditions of stress, where adaptive responses may result in
a different degree of allostatic load in sex specific cir-
cuitries. Together, these observations highlight the ur-
gent need for a better understanding of the nature and
origins of brain sex dimorphisms to realize the full po-
tential of hormone-based therapies. Given the depth and
breadth of the evidence for differential actions of estra-
diol in male and female brains, it is also important to
redress the fact that the majority of preclinical studies
still focus on estrogenic actions in the brains of ovariec-
tomized female rodents, whereas menopausal women
are the main focus of clinical studies; hence, data relate
only to half the population.

In addition to male/female differences in normal brain
structure, function, and estrogen responsiveness, this
review has highlighted sex differences in the nature,
progression, and manifestation of neurodegenerative
disease (PD and AD) and drug abuse, where hormonal
contributions may be sex-specific. Despite many contro-
versies surrounding estrogen actions in the brain, its
potential as a neuroprotective agent is still actively pur-
sued. A main goal for women’s health is to find the ideal,
brain-specific neuro-SERM or selective aromatase-mod-
ifying drug to determine the optimal dosing regime,
including dose, route of administration, and mode of
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administration (continuous versus pulsatile), and to un-
ravel the age-associated differences in efficacy, as re-
viewed extensively elsewhere (Brinton, 2004; Wise et al.,
2005; Miller and Duckles, 2008; Sherwin and Henry,
2008; Pike et al., 2009). In considering the additional
variable of sex, in the present review, we argue for the
presence of two broad categories of estrogen action in the
brain: one in which the actions are the same in both
sexes, and one where they are different. Based on obser-
vations of neuroprotective effects in experimental PD
(section IV.B.2 and Fig. 5), we hypothesize that the
former can be elicited by relatively high pharmacological
doses of estradiol, which prevent cell loss via nonspecific
effects on processes common to neuroprotection against
many forms of injury, including antiapoptotic and anti-
oxidant activity. This has proven effective when cell loss
is relatively extensive, but the use of high doses is dis-
advantageous. In contrast, physiological levels of estra-
diol seem to promote brain plasticity and adaptive re-
sponses (not cell loss) in the partially injured NSDA
system in females, but not male rodents, illustrating sex
differences in hormonal activation of the powerful com-
pensatory mechanisms that preserve functionality in
the striatum during early stages of NSDA degeneration.
This suggests a novel mechanism for estrogen protection
in early PD that would be relevant only in the female
NSDA system. Like the striatum, there are also sex
differences in the organization of the hippocampus, PFC,
and amygdala, and in the responses of these regions to
estradiol, including positive effects on synaptic remod-
eling in the female, but not male brain. It is therefore
interesting to speculate that estradiol could also pro-
mote brain plasticity after injury and improve cognition
in females.

Some major debilitating conditions in which estrogens
have been implicated as likely protective agents also
include stroke and multiple sclerosis, which are excel-
lently reviewed elsewhere (Murphy et al., 2003; Gold
and Voskuhl, 2009; Suzuki et al., 2009). The general
view indicates that estrogens may be similarly effective
in male and female brains in experimentally induced
ischemia (a model of stroke) or experimental autoim-
mune encephalomyelitis (a model of multiple sclerosis),
so we have not focused on these issues. However, it is
interesting to note that, similar to our proposal for PD, a
distinction has been made in the protective effects of
physiological versus pharmacological estradiol treat-
ment regimens in stroke models (Suzuki et al., 2009).
This work emphasizes the need to differentiate a pro-
phylactic mode of therapy (low physiological doses) from
a mode of treatment after the event (high doses).

Although there are seemingly contradictory reports on
the relative contributions of ERa and ERB to the neuro-
protective effects of estrogens in most disease models
(Brann et al., 2007; Suzuki et al., 2009), evidence is
emerging that both ERs have protective capacity, but
they operate via different mechanisms and possibly in
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different time frames. For example, in ischemic brain
injury and experimental autoimmune encephalomyeli-
tis, ERa is induced early, whereas ERp is induced later
(Suzuki et al., 2002; Tiwari-Woodruff et al., 2007; Ti-
wari-Woodruff and Voskuhl, 2009). Considerable atten-
tion is now focused on which ER/ER signaling pathway
controls various protective mechanisms. These range
from antiapoptotic, neurotrophic, and neurogenic ac-
tions of ER ligands to suppression of neuroinflamma-
tion, which accompanies, and probably contributes to
the progression, if not initiation, of so many pathological
brain conditions, including PD, AD, stroke, and multiple
sclerosis. Although clinical data on selective ERa and
ERpB ligands are lacking, clinical trials are beginning to
focus on the CNS effects of classic SERMs such as ta-
moxifen and raloxifene, which are widely used for their
peripheral actions, and on natural estrogenic com-
pounds, such as estriol, which has 5-fold potency for ER3
over ERa (Murphy et al., 2003; Gold and Voskuhl, 2009).
Although this work is almost exclusively done in female
subjects, a recent study reported that there are sex
differences in the doses of estradiol, tamoxifen, and
raloxifene required to suppress microglial activation in-
duced by bacterial lipopolysaccharide (Tapia-Gonzalez
et al., 2008). Moreover, in the healthy brain, the same
study found that raloxifene has a moderate pro-inflam-
matory effect in female, but not male rats. This work is
important in demonstrating not only that the central
response to SERMs may be sexually dimorphic but also
that more attention needs to be given to the CNS actions
of SERMS used therapeutically for their peripheral ef-
fects. Unraveling the effects of SERMs in the brain will
certainly be very complex, and a recent overview con-
cluded that each SERM will have a unique set of clinical
activities and that efficacy in one tissue cannot be as-
sumed from effects in another (Shelly et al., 2008) or,
indeed, from one sex from another.

In summary, although many questions still need to be
resolved, there is substantial evidence for the therapeu-
tic benefits of estrogens in the brain, but current evi-
dence suggests that beneficial effects found in females
are not directly transferable to males. This is due to sex
dimorphisms in the brain, which, contrary to early
views, seem to be the norm rather than the exception.
Together, these are powerful arguments that highlight
the need for a sex-specific approach to novel hormone-
dependent therapies.
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