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Sex in the brain: hormones and sex 
differences 
Jordan Marrocco, PhD; Bruce S. McEwen, PhD

Introduction

 R ealization that the brain is a target of sex hor-
mones began with studies of reproductive hormone ac-
tions on the hypothalamus, regulating not only gonado-
tropin secretion and ovulation in females but also sex 
behavior.1 The work of Geoffrey Harris and subsequent 
pioneers established the connections between the brain 
and the endocrine system via the hypothalamus and the 
portal blood vessels that carry releasing factors from the 
hypothalamus to the pituitary gland.2,3 After the portal 
blood supply was shown to carry blood from the hypo-
thalamus to the anterior pituitary,2 heroic efforts using 
hypothalamus tissue from slaughterhouse animals led 
to the isolation and structural identification of peptide-
releasing factors.4,5 The feedback regulation of hypotha-
lamic and pituitary hormones implied the existence of 
receptor mechanisms for gonadal, adrenal, and thyroid 
hormones. Then, the identification of cell nuclear hor-
mone receptors in peripheral tissues6,7 by use of tritiated 
(3H) steroid and iodinated thyroid hormones led to the 
demonstration by Don Pfaff, as well as Walter Stumpf, 
of similar receptor mechanisms in the hypothalamus 
and pituitary gland.8,9 
 Although the focus at the time was on sexual be-
havior,1,10 there were other behaviors and neurological 
states that were known to be influenced by estrogens 
involving brain regions besides the hypothalamus, in-
cluding fine motor control, pain mechanisms, seizure 
activity, mood, cognitive function, and neuroprotec-
tion.11 The unexpected discovery of cell nuclear re-
ceptor sites for glucocorticoids in the hippocampus, 
not only of rodents but also monkeys with extension 
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Contrary to popular belief, sex hormones act through-
out the entire brain of both males and females via both 
genomic and nongenomic receptors. Many neural and 
behavioral functions are affected by estrogens, includ-
ing mood, cognitive function, blood pressure regulation, 
motor coordination, pain, and opioid sensitivity. Subtle 
sex differences exist for many of these functions that are 
developmentally programmed by hormones and by not 
yet precisely defined genetic factors, including the mito-
chondrial genome. These sex differences, and responses 
to sex hormones in brain regions and upon functions not 
previously regarded as subject to such differences, indi-
cate that we are entering a new era in our ability to un-
derstand and appreciate the diversity of gender-related 
behaviors and brain functions. 
© 2016, AICH – Servier Research Group Dialogues Clin Neurosci. 2016;18:.373-383
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to other species,12 pointed to brain regions other than 
hypothalamus as targets of circulating hormones. A 
further serendipitous fi nding of nuclear estrogen re-
ceptors (ERs) in the hippocampus13 also represented 
a turning point in the realization that not all steroid 
hormone actions occur via cell nuclear receptors, but 
rather operate via receptors in other parts of the cell 
through a variety of signaling pathways (Figure 1).14,15 
This is now recognized to be the case for all classes 
of steroid hormones, including vitamin D, aldosterone, 
and androgen, as well as estrogens and progestins, to 
be discussed later in this review.14 First, because struc-
tural plasticity of the brain is regulated by hormones, 
we shall briefl y introduce the evolving concepts of 
plasticity in the adult brain. 

Plasticity of the adult brain

Long regarded as a rather static and unchanging organ, 
except for electrophysiological responsivity, such as 
long-term potentiation,16 the brain has gradually been 
recognized as capable of undergoing rewiring after 
brain damage17 and also able to grow and change, as 
seen by dendritic branching, angiogenesis, and glial cell 
proliferation during cumulated experience.18,19 More 
specifi c physiological changes in synaptic connectivity 
were also recognized in relation to hormone action in 
the spinal cord20 and in environmentally directed plas-
ticity of the adult songbird brain.21 Seasonally varying 
neurogenesis in restricted areas of the adult songbird 
brain is recognized as part of this plasticity.22 Indeed, 
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 Figure 1.  Steroid hormones are now known to act via genomic and nongenomic receptors. In many cases, the same receptor molecule has differ-
ent functions in the nucleus and non-nuclear sites in the cell. CREB, cyclic AMP–response element binding protein; mRNA, messenger 
RNA. 



Sex hormones infl uence sex differences - Marrocco and McEwen Dialogues in Clinical Neuroscience - Vol 18 . No. 4 . 2016

neurogenesis in the adult mammalian brain was initially 
described23,24 and later rediscovered in the dentate gyrus 
of the hippocampus.25 Although the existence of adult 
neurogenesis in the mammalian central nervous system 
was doubted by some,26 recent evidence clearly proves 
that the human hippocampus shows signifi cant neuro-
genesis in adult life.27 
 

Sex hormone actions beyond the 
hypothalamus

Hippocampus

In the original steroid autoradiography studies, a few 
scattered cells in hippocampus demonstrated strong cell 

nuclear labeling by 3H estradiol in inhibitory interneu-
rons.28 Moreover, it was shown that the threshold for 
eliciting seizure activity in hippocampus was lowest on 
the day of proestrus when estrogen levels are elevated.29 
Moreover, estrogens enhance memory retention of the 
type involving the hippocampus.30 Using the classical 
Golgi method, we found cyclic variation in the density of 
spine synapses on the principal neurons of the CA1 re-
gion of the hippocampus, with peak density occurring on 
the day of proestrus (Figure 2).31 These surprising fi nd-
ings have led to a deeper understanding of mechanisms, 
as follows32:
 (i) Blocking N-methyl-D-aspartate (NMDA) re-
ceptors prevents estradiol induction of synapses. Thus, 
estradiol does not work alone in causing this synapse 
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Estrogens play a key role in synapse remodeling in the hippocampus.

Dendritic spine density in stratum radiatum of CA1 fluctuates over the 
estrus cycle.
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E-induction of spine synapses takes several days.

Progesterone causes rapid downregulation within 12 h.

NMDA receptor blockade prevents synapse formation.

E treatment enhances hippocampal-dependent memory in rodents and 
humans.

 Figure 2.  The discovery of estrogen actions on synapse formation in hippocampus via both genomic and nongenomic mechanisms has opened 
the way to understanding actions of estrogens and other steroid hormones throughout the brain, where nuclear steroid hormone 
receptors are not evident. E, estradiol; NMDA, N-methyl-D-aspartate

  Adapted from ref 36: McEwen BS, Gray JD, Nasca C. 60 years of neuroendocrinology: redefi ning neuroendocrinology: stress, sex and cognitive and emo-
tional regulation. J Endocrinol. 2015;226(2):T67-T83. Copyright © Bioscientifi ca, 2015
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formation, and the study of underlying mechanisms 
is revealing some remarkable new aspects not only of 
hormone action, but also of neuronal plasticity.32 
 (ii) Estrogen treatment does not induce spine synaps-
es in the adult castrated male hippocampus even though 
testosterone and dihydrotestosterone do induce spine 
synapses in the male hippocampus. Paradoxically, male 
rats treated with aromatase inhibitors at birth, which in-
hibit defeminization of the brain by endogenous andro-
gen via conversion to estradiol, do respond to estradiol 
in adulthood with spine synapse induction. Furthermore, 
androgens are also able to induce spine synapses in the 
female rat hippocampus (see ref 32 et al). 
 (iii) The mechanisms implicated in estrogen-induced 
synapse formation involve interactions among multiple 
cell types in the hippocampus, as well as multiple signal-
ing pathways. Cholinergic modulation of inhibitory in-
terneurons is involved, and estradiol rapidly and nonge-
nomically stimulates acetylcholine release via ERα on 
cholinergic terminals in the hippocampus.32 In contrast 
to the ER story, CA1 pyramidal neurons have ample 
expression of cell nuclear androgen receptors.33 In the 
male, these nuclear androgen receptors may play a piv-
otal role in spine synapse formation, which involves 
NMDA activity but not cholinergic activity.34 There are 
also extranuclear androgen receptors with epitopes of 
the nuclear receptor that are found in the hippocampus 
in membrane-associated locations in dendrites, spines, 
and glial cell processes.33 However, the role of nonge-
nomic forms of androgen receptors in spine synapse 
formation and other processes is less clear.
 (iv) Nongenomic, membrane-associated forms of 
the classical ER are found in dendrites, synapses, termi-
nals, and glial cell processes (reviewed in ref 32). In the 
CA1 pyramidal neurons, nongenomic actions of estro-
gens via phosphatidylinositol 3 (PI3) kinase promote 
actin polymerization and filopodia outgrowth to form 
putative synaptic contacts by dendrites with presynap-
tic elements. Subsequent PI3 kinase activation via ERs 
stimulated translation of postsynaptic density protein 
95 (PSD-95) in dendrites to provide a postsynaptic scaf-
fold for spine synapse maturation. Signaling pathways 
implicated in these events include LIM kinase (LIMK) 
and cofilin phosphorylation and PI3 kinase activation, 
as well as the Rac/Rho signaling system. It is important 
to note that the cofilin pathway is implicated in spino-
genesis in the ventromedial hypothalamus that contrib-
utes to activating lordosis behavior.35

 (v) Progesterone treatment after estrogen-induced 
synapse formation causes rapid (12 h) downregulation 
of spine synapses; moreover, the progesterone receptor 
antagonist Ru486 blocked the naturally occurring down-
regulation of estradiol-induced spines in the estrus cycle. 
Curiously, the classical progestin receptor is not detect-
able in cell nuclei within the rat hippocampus, but it is ex-
pressed in non-nuclear sites in hippocampal neurons, and 
virtually all of the detectable progestin receptor is estro-
gen inducible. The mechanism of progesterone action on 
synapse downregulation is presently unknown.32,36

Estrogen actions throughout the brain

Besides hippocampus, other brain regions demonstrate 
estrogen-regulated spine synapse formation and turn-
over,32,37 including the prefrontal cortex (PFC)38 and 
primary sensory-motor cortex.39 Moreover, there are 
sex differences that are developmentally programmed 
as will now be discussed. 

Developmental programming of  
sex differences

Mechanisms

Developmentally programmed sex differences arise not 
only from secretion of sex hormones during sensitive 
periods in development but also through contributions 
of genes on Y and X chromosomes. In females, there is 
inactivation of one or the other X chromosome40; more-
over, mitochondria derive from the mother, and mito-
chondrial genes make important contributions to brain 
and body functions. 
 In brain, there are few sexual dimorphisms, ie, com-
plete differences between males and females. The sexu-
ally dimorphic nucleus of the preoptic area (SDN-POA) 
in the rodent brain comes close,41 and Witelson has 
described an apparent sex dimorphism in the human 
brain.42 However, the vast majority of sex differences 
are far more subtle and involve patterns of connectivity 
and brain regional differences that are controversial.43 

Developmental windows and delayed, lasting effects

The contribution of sex hormones to the male and fe-
male phenotype occurs primarily during critical win-
dows of early, perinatal development in which there is 
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a considerable delay between testosterone or estradiol 
exposure and the emergence of sexually dimorphic traits, 
suggesting an imprinted “memory” of the hormonal ex-
posure.44 For example, sex differences in the stress-in-
duced remodeling of dendrites and synapses in the hip-
pocampus and PFC emerge during peripubertal sexual 
maturation.45 The search for molecular pathways that 
sustain sex differences in the brain revealed several sex-
biased genes with markedly different expression levels 
in males and females at diverse stages of development.46 

Epigenetic regulation of gene expression

Parsch and Ellegren46 suggested that sex-specific effects 
on reproduction drive the rapid evolution of sex-biased 
genes. Males and females adopt different strategies to 
cope with environmental challenges. Indeed, the re-
sponse to stress induces sex-specific effects on brain plas-
ticity36,47,48 and activation of neuronal circuitry,49,50 as well 
as distinct behavioral phenotypes in males and females.51 
 Transcriptional regulation helps explain the sex-de-
pendent sensitivity to stressful stimuli and the associ-
ated risk of neuropsychiatric disorders in males versus 
females.51 For example, stress-induced transcriptional 
response of the immediate early gene Fos is higher in 
females than in males after acute stress.52 Moreover, 
handling and acute stress induce markedly different im-
mediate early gene expression activation in male versus 
female mice, with females showing a stronger hippocam-
pal gene activation than males.53 Furthermore, Nugent et 
al demonstrated that brain feminization is maintained by 
the active suppression of masculinization through DNA 
methylation,54 pointing to epigenetic modifications that 
promote and maintain sex dimorphic features.
 
Epigenetics, brain-derived neurotrophic factor, and 
mental illness

The incidence of mood disorders is 1.5-to-2–fold higher 
in women than in men.55 Brain-derived neurotrophic 
factor (BDNF) has been one of the most studied genes 
because of its role in neuronal survival and plasticity,56-58 

and altered BDNF levels have been associated with al-
tered mental states both in women and in men.59 Es-
tradiol induces BDNF expression, and BDNF mediates 
some estradiol effects in the hippocampus.32 The dis-
covery of a common single nucleotide polymorphism of 
the BDNF gene, BDNF Val66Met, led to recognition of 

subpopulations with differential vulnerability to mood 
and other disorders and metabolic dysregulation.60 In 
experimental models with the BDNFMet allele, the es-
trus cycle critically interacts with the BDNF Val66Met 
variant to control hippocampal function and the associ-
ated behaviors.32 

Patterns of gene regulation

A whole-brain transcriptome analysis showed that the 
gene expression difference between males and females 
changes over the lifetime and that the greatest expression 
divergence occurs during the perinatal and peripubertal 
periods.61 Duclot and Kabbaj62 used RNA sequencing for 
a genome-wide characterization of sex differences and 
estrus cycle influence in the rat medial PFC. They found 
that the transcriptomal difference between females with 
high and low ovarian hormone levels was greater than 
the difference between both female conditions and males. 
Thus, endogenous fluctuation of gonadal hormones may 
induce alternative gene networks within the same sex. 
In nucleus accumbens, male and female mice exposed to 
the same stressors display different transcriptional regu-
lation, and the transcriptional phenotype of the nucleus 
accumbens predicts the increased behavioral susceptibil-
ity to stress in females versus males.63 
 Using the bacterial artificial chromosome transgen-
ic mouse (BAC-TRAP) system,64 the messenger RNA 
from hippocampal CA3 neurons was extracted and 
subjected to RNA sequencing. The stress-vulnerable 
CA3 neurons respond differentially to chronic stress in 
males and females.36 Acute stress produced markedly 
different transcriptomic profiles in the CA3 neurons, 
with females showing a larger number of genes up- or 
downregulated than with males (Figure 3). Moreover, 
we found that one episode of acute stress dramatically 
decreased the gene expression changes observed in un-
stressed female mice during endogenous fluctuation of 
estradiol levels (see Figure 3). Thus, targeting discrete 
brain regions paves the way for novel insights into the 
molecular underpinnings of hormonal actions and sex 
differences. 

Sex differences throughout the brain

Sex differences emerge in many brain regions through-
out the life course via both genetic and epigenetic 
mechanisms because of the widespread distribution of 
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nongenomic, as well as genomic, forms of sex hormone 
receptors. Below, we present some examples, by no 
means exhaustive, to illustrate both the widespread na-
ture of sex hormone infl uences but also the unexpect-
edly widespread nature of subtle sex differences.

Hippocampus response to stressors

Dendrite remodeling

Twenty-one days of chronic restraint stress (CRS) 
causes apical dendrites of CA3 neurons to retract; these 
changes do not occur after CRS in female rats.65 

Spatial memory

Female and male rats show opposite effects of chronic 
stress on hippocampal-dependent memory, with males 
showing impairment and females showing enhance-
ment or no effect.66 

Classical conditioning

Exposure of male and female rats to restraint plus in-
termittent tail shock yields opposite effects on classical 
eyeblink conditioning, inhibiting it in females and en-
hancing it in males; in females, this effect is abolished 
by ovariectomy and is therefore estrogen dependent.67,68 
A morphological correlate of this in the hippocampus: 
acute stress inhibits estrogen-dependent spine formation 
in CA1 neurons of the hippocampus, whereas the same 
acute stressors enhance spine density in male CA1 neu-
rons, possibly by increasing testosterone secretion upon 
which spine formation in the male CA1 is dependent.68 

Neonatal masculinization 

Neonatal masculinization of females makes them re-
spond positively, like genetic males, to shock stressor.68 
Moreover, in females, depending on reproductive status 
and previous experience, the negative stress effect is al-
tered, eg, it is absent in mothers and virgin females with 
experience with infants.69 

Opioids

Females have a heightened sensitivity to stress70,71 and 
can show enhanced cognitive performance after stress,72 
which may contribute to their accelerated course of ad-
diction. Ten days of chronic immobilization stress in 
males essentially “shuts off” the opioid system, whereas 
chronic stress “primes” the opioid system in all females 
in a manner that would promote excitation and learn-
ing processes after subsequent exposure either to stress 
or an opiate ligand.70,71 

Maturational/developmental component

Sex differences in chronic stress effects on dendrite 
length and branching appear after puberty. Stress in 
the pubertal transition causes qualitatively similar re-
sponses in males and females in hippocampus, PFC, and 
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 Figure 3.  Gene-expression profi le generated by RNA sequencing of 
CA3 pyramidal neurons. (A) Venn diagram depicting the 
number of genes affected by acute stress in CA3 pyramidal 
neurons of male and female BAC-TRAP mice. Acute stress 
induces more genes in females (pink) than in males (blue). 
The overlap (purple) represents the number of genes com-
monly changed in males and females. (B) Venn diagram il-
lustrating the number of genes altered during endogenous 
fl uctuation of estradiol levels (high estradiol [proestrus] vs 
low estradiol [diestrus]) in CA3 pyramidal neurons of female 
BAC-TRAP mice. Acute stress (green) dramatically decreases 
the estradiol-biased genes observed in unstressed mice (or-
ange). The overlap (brown) represents the number of genes 
commonly changed in unstressed and acutely stressed fe-
males. BAC-TRAP, bacterial artifi cial chromosome transgenic 
mouse; down arrow, downregulated genes; up arrow, up-
regulated genes.
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amygdala; however, after puberty, distinct sex differenc-
es in response to chronic stress become evident.45 

Sex differences in prefrontal cortex

CRS for 21 days causes neurons in the medial PFC of 
the male rat to show dendritic debranching and shrink-
age.73 These neurons, which project to cortical areas and 
not to the amygdala, do not show dendritic changes in 
females. However, neurons that project to the amygdala 
from the medial PFC undergo dendritic expansion in 
females but not in males; this expansion in the female 
is estrogen-dependent, evidenced by ovariectomized fe-
males not showing such changes.50 Estrogens and stress 
also interact in a regionally specific manner in the PFC 
in that cortically projecting PFC neurons, which show 
no dendritic changes after CRS in either intact or ovari-
ectomized animals, display a CRS-induced increase 
in spine density in ovariectomized animals but not in 
intact females with circulating estradiol; yet amygdala-
projecting PFC neurons show CRS-induced spine den-
sity that is enhanced in intact females, accompanying 
the dendrite expansion.50 Regarding function, as shown 
by lesion studies, contralateral prefrontal to amygdala 
projection is key to the ability of acute foot shock stress 
to impair eyeblink conditioning in female rats.69 

Dopaminergic systems

Estradiol stimulates dopamine release independently of 
nuclear ERs.74 Moreover, there is a sex difference in the 
ability of estrogen to promote dopamine release where 
membrane-associated, nongenomic ERs have been 
demonstrated in dopamine-terminal areas—including 
the caudate, PFC, and nucleus accumbens—with effects 
promoting a place memory as opposed to a response 
memory bias.75 High-dose estrogen treatment used 
in the initial contraceptive preparations exacerbated 
symptoms of Parkinson disease in women.76 However, 
now, with lower doses of estradiol, there is evidence for 
neuroprotection in Parkinson disease and the involve-
ment of multiple signaling pathways,77 including the G-
protein coupled ER (GPER1).75 

Sex differences in cerebellum

The cerebellum is responsive to estrogens, generates 
both estradiol and progesterone during its develop-

ment, and in humans is implicated in disorders that 
show sex differences.78,79 Estrogens direct the growth 
of dendrites in the developing cerebellum and regulate 
both excitatory and inhibitory balance, affecting not 
only motor coordination but also memory and mood 
regulation.79 The cerebellum is involved in associative 
learning processes of conditioned anticipatory safety 
from pain and mediates sex differences in the underly-
ing neural processes.80

Sex differences in pain sensitivity and circuitry

Morphine is less potent in alleviating pain in women 
than in men.80 Gonadal steroids, primarily through 
ERα and androgen receptors in the periaqueductal 
gray, are known to exert a sexually dimorphic regu-
lation of spinal antinociception.81,82 For migraine, a 
pain condition that is more frequent in women than 
in men, women have been shown to have increased 
pain sensitivity.83 Moreover, women with migraine 
have thicker posterior insula and precuneus cortices 
than male migraineurs, as well as healthy controls of 
both sexes.83

Empathy

Assessments of empathy in male and female volun-
teers, in which both sexes perform equally well on three 
separate tests, reveal different brain regional patterns 
of activation as seen by functional magnetic resonance 
imaging (fMRI).84 Thus, in their daily lives, men and 
women use different “strategies” in their relationships 
and approaches to solving problems and yet, on average 
and with considerable overlap, do most tasks equally 
well.84,85 

Neuroprotection

Estradiol protects neurons from excitotoxic damage 
due to seizures and stroke, as well as in Alzheimer dis-
ease.37,86 The exact role in this process of cell nuclear 
ERs found on inhibitory interneurons is unclear, but 
one clue is the ability of estrogens to enhance neuro-
peptide Y (NPY) expression and release, as NPY has 
antiexcitatory actions.87,88 Additionally, estradiol trans-
location via ERβ into mitochondria regulates mito-
chondrial calcium sequestration, including B-cell lym-
phoma 2 (Bcl-2) translocation.89  
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 Investigation of the ability of estrogens to protect 
against stroke damage, as well as Alzheimer and Parkin-
son disease, has demonstrated that the brain is capable 
of locally generating estrogens either from androgens 
or possibly directly from cholesterol.90 Aromatization of 
androgen precursors produces estrogenic steroids and 
knock-out of the aromatase enzyme increases ischemic 
damage even beyond that found after ovariectomy of 
wild-type mice.86 Moreover, like estrogens, androgens 
have neuroprotective effects.91 The brain also appears 
to have the capacity to locally generate the androgen 
dihydrotestosterone from as yet unknown precursors, 
independently of the gonads, in an animal model in 
which mild exercise increases neurogenesis in a manner 
facilitated by those androgens.92

Estrogen and the aging hippocampus 
and prefrontal cortex

Estrogen actions have also illuminated the aging pro-
cess insofar as they have revealed the progressive loss 
of plasticity and hormone responsiveness, which is not 
necessarily irreversible.

Hippocampus

In contrast to estrogen modulation of synaptic plasticity 
in young female rats, estrogen treatment failed to in-
crease synapse density in CA1 of aged ovariectomized 
rats.37 At the subsynaptic level, whereas estradiol was 
able to maintain select network properties in the aged 
hippocampus,37 the loss of structural plasticity in the 
aged hippocampus was accompanied by half as many 
synapses containing ERα as in young animals irrespec-
tive of estrogen treatment. In addition, though subtle, an 
estrogen-induced decrease in synaptic ERα levels was 
observed in both axon terminals and dendritic spines 
selectively in the young cohort, once again pointing to 
a loss of responsivity by the neurons in the aged CA1 
subfield.93 Moreover, phosphorylated LIMK (pLIMK) 
located within the CA1 synapses activated by estro-
gen—which is critically important in regulation of actin 
dynamics linked to spine formation—showed selective 
responsivity to estrogen in the young cohort, whereas 
the aged animals had decreased synaptic pLIMK levels 
in CA1 that was not reversed by estrogen treatment.94 
Age-related losses of responsivity to estrogen with re-
spect to structural plasticity, molecular rearrangement, 

and biochemical function correlate with an age-relat-
ed loss of estrogen-induced memory enhancement. In 
young, but not aged, ovariectomized rats, estrogen res-
cues the learning deficits associated with experimental-
ly induced cholinergic impairment.37 

Prefrontal cortex 

The nonhuman primate model has provided the best 
insights into the aging effects on the PFC, which is im-
portant for working memory and self-regulation.37 After 
ovariectomy, the decrease in spine density in the young 
monkeys compared with those receiving estradiol-re-
placement treatment occurred against a background of 
an adaptive increase in dendritic length in the young ve-
hicle-treated animals, implying that in spite of the higher 
spine density in the estradiol-treated group, overall there 
is no difference in the number of spines per neuron in the 
young cohort. In contrast, there was an estrogen-induced 
spinogenesis in the aged cohort, which occurred against 
the background of an age-related reduction in spine den-
sity of the aged vehicle-treated group. Thus, the vulner-
ability to cognitive decline in the aged vehicle-treated 
group is explained by both an age-induced loss of spines 
on top of an estrogen deficiency–induced loss of spines.
 Because spine size is highly correlated with both 
synapse size as well as glutamate receptor number,37 

it was noteworthy that estrogen shifts the distribution 
of spine-head diameter toward smaller size in both 
the young and aged animals, but aging dramatically 
reduced the representation of spines with small heads 
and long necks. This age-related selective loss of small 
spines (and the partial recovery with estrogen) fits in 
nicely with a developing framework in neurobiology of 
the essential role that small spines play in learning and 
memory, with thin spines involved in “learning” and big, 
mushroom-type spines representing “memory” traces.37 
What is therefore most detrimental for the aging ani-
mal’s cognitive performance is that small, plastic spines 
are missing in the dorsolateral PFC. When estrogen re-
placement is provided to the aged animals, their cog-
nitive performance matches the performance of young 
animals in spite of having an overall smaller spine den-
sity than the young estrogen-treated animals. This could 
indicate that a modest increase in small spines goes a 
long way in providing neurobiological resilience.
 Another finding from the infrahuman primate mod-
el is that surgical menopause impairs cognitive function 
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in a manner that is ameliorated by estrogen treatment.95 
The presence of abnormal donut-shaped mitochondria 
that generate excess free radicals was a factor.95,96 Al-
though presynaptic bouton density or size was not sig-
nificantly different across groups distinguished by age 
or menses status, cognitive performance accuracy cor-
related positively with the number of total and straight 
mitochondria in presynaptic endings of the dorsolateral 
PFC. In contrast, accuracy correlated inversely with the 
frequency of boutons containing donut-shaped mito-
chondria, and those terminals exhibited smaller active 
zone areas and fewer docked synaptic vesicles than 
those with straight or curved mitochondria. Estrogen 
administration ameliorated cognitive performance def-
icits and reduced the numbers of donut-shaped mito-
chondria, suggesting that hormone therapy may benefit 
cognitive aging, in part by promoting mitochondrial and 
synaptic health in the PFC and possibly in other parts of 
the brain.95

Conclusion

The origins of sex differences in the brain and behav-
ior depend not only on developmentally programmed 
secretion of hormones during sensitive periods of early 
life but also on genes and sex chromosomes, as well 
as mitochondria from the mother. Moreover, there is 
continuous interaction between genes and experiences, 
now referred to as “epigenetics,” which changes the 
expression of genes over the life course. Knowing that 
the entire brain is affected by sex hormones with subtle 
sex differences, we are entering a new era in our ability 
to understand and appreciate the diversity of gender-
related behaviors and brain functions. This will enhance 
“personalized medicine” that recognizes sex differenc-
es in disorders and their treatment and will improve un-
derstanding of how men and women differ, not by abil-
ity, but by the “strategies” they use in their daily lives. o
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