
In his 1966 article in Scientific American entitled ‘Sex 
differences in the brain’1 Seymour Levine summarized 
the current knowledge on the topic. He described dif-
ferent mating behaviours in male and female rats, and 
evidence indicating how sex hormones influence these 
behaviours. Levine mentioned only one brain region, the 
hypothalamus, known by then to be a crucial regulator 
of hormone action. For the neuroscience mainstream, 
‘sex differences in the brain’ came to refer exclusively to 
sex behaviours, sex hormones and the hypothalamus.

Abundant research since Levine’s article disproves 
this idea. In fact, the past 5–10 years have witnessed a 
surge of findings from animals and humans concerning 
sex influences on many areas of brain and behaviour, 
including emotion, memory, vision, hearing, processing 
faces, pain perception, navigation, neurotransmitter lev-
els, stress hormone action on the brain and disease states. 
Even otoacoustic emissions (audible ‘clicks’ made by the 
inner ear) differ reliably between the sexes, being both 
louder and more frequent in female than male adults, 
children and infants2. The advent of human brain-imag-
ing techniques such as positron emission tomography 
(PET) and functional MRI (fMRI) has heightened 
awareness of sex differences by revealing sex influences 
on brain functions for which the sex of participants was 
previously assumed to matter little, if at all. Concurrently, 
animal research has increasingly documented new, often 
surprising, sex influences on the brain.

This article highlights some of the more important 
recent investigations and their implications. I begin by 
addressing some widely held misconceptions regarding 
sex differences in the brain. Next, I focus on particular sex 
difference findings, such as those concerning the hippo-
campus and amygdala, which are likely to be of broad 
general interest to the field. Finally, I discuss ways in 

which the issue of sex differences affects our understand-
ing of disease states. Reviews covering classic sex influ-
ences on, for example, verbal and spatial behaviours, 
and covering well-known anatomical differences (such 
as those involving the corpus callosum) can be found 
elsewhere3–6.

Some common misconceptions
To best appreciate the evidence for sex influences on 
the brain, it is helpful to first consider some common 
misconceptions about the topic. Although not often 
stated in print, investigators commonly encounter 
these misconceptions in their neuroscience colleagues. 
The first misconception is that sex influences are small 
and unreliable. Although there is some evidence for, and 
some against, this view when purely behavioural stud-
ies are considered, there is no evidence to support it 
regarding sex differences in the brain3. No evidence of 
which I am aware suggests that the average effect size in 
the domain of sex influences on brain function differs 
from the average effect size found in other domains of 
neuroscience3.

A second, and related, misconception holds that 
average differences between the sexes result from a few 
extreme cases in a distribution. Again, I know of no 
evidence to support this general conclusion. 

A third, also related, misconception holds that the 
differences within a sex are much more substantial than 
those between the sexes, the implication being that sex 
influences can therefore be dismissed as trivial. It is ironic 
that this view is advanced so often by scientists who 
use the statistical analyses (for example, ANOVA) that 
reveal sex influences and that specifically compare within 
versus between group variance to detect significant 
differences.
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Abstract | A rapidly burgeoning literature documents copious sex influences on brain 
anatomy, chemistry and function. This article highlights some of the more intriguing recent 
discoveries and their implications. Consideration of the effects of sex can help to explain 
seemingly contradictory findings. Research into sex influences is mandatory to fully 
understand a host of brain disorders with sex differences in their incidence and/or nature. 
The striking quantity and diversity of sex-related influences on brain function indicate that 
the still widespread assumption that sex influences are negligible cannot be justified, and 
probably retards progress in our field.
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Voxel-based morphometry
(VBM). A computational 
approach to neuroanatomy 
that measures differences in 
local concentrations of brain 
tissue through a voxel-wise 
comparison of multiple brain 
images. The value of VBM is 
that it allows for 
comprehensive measurement 
of differences, not just in 
specific structures, but 
throughout the entire brain.

A fourth widespread misconception is that all 
sex differences, once established, can be completely 
explained by the action of sex hormones, typically oes-
trogen. The unstated assumption underlying this view 
is that male and female brains are identical except for 
fluctuating (and unnecessarily complicating) sex hor-
mone influences. Sex hormones are crucial for many 
sex differences (BOX 1), but, equally, cannot explain all 
observed sex differences. For example, a recent study 
reported several sex differences in cocaine-seeking 
behaviour in rats and, in addition, found that these 
differences were unaffected by oestrus state7. The 
view that circulating sex hormones in adult animals 
fully account for all sex differences in the brain also 
ignores the pronounced organizational effects of these 
hormones on brain development, as well as rapidly 
growing evidence for genetic mechanisms that induce 
sex differences in the brain independently of hormone 
action (reviewed in REFS 8,9).

A final misconception holds that if no sex differ-
ence exists in a particular behaviour, it can be assumed 
that the neural substrates underlying that behaviour 
are identical for both sexes. However, numerous stud-
ies report sex differences in neural activity despite no 
behavioural difference between the sexes. For example, 
Piefke and colleagues10 examined the neural correlates 
of retrieval of emotional, autobiographical memories 
in men and women. Memory performance did not dif-
fer between the sexes, nor did the degree of emotion 
induced by retrieval. However, brain regions associated 
with retrieval in the two sexes differed significantly. 
As a second example, Grabowski et al. examined the 
neural correlates of naming images11. Men and women 
performed the task equally well, but the patterns of 
brain activity associated with their performance dif-
fered significantly. Findings such as these indicate that 
isomorphic performance between the sexes does not 
necessitate isomorphic neural mechanisms. Indeed, as 
De Vries12 has effectively argued, neural sex differences 
can, in some cases, create behavioural sex differences, 
but might, in other cases, prevent them (when, for 
instance, they would be maladaptive) by compensating 
for sex differences in other physiological conditions, 
such as sex hormone levels.

Functional and structural dimorphisms
Sex differences exist in every brain lobe, including in many 
‘cognitive’ regions such as the hippocampus, amygdala 
and neocortex13 (FIG. 1). Sex differences can also be rela-
tively global in nature. For example, widespread areas of 
the cortical mantle are significantly thicker in women 
than in men14. Ratios of grey to white matter also differ 
significantly between the sexes in diverse regions of the 
human cortex15. In many cases, the differences are not 
evident in overt anatomical structure, but in some type 
of functional dimension (hence the distinction above 
between ‘functional’ and ‘structural’ dimorphisms). 
For example, a region may differ between the sexes in 
aspects of its neurotransmitter function, or in its genetic 
or metabolic response to experience. Furthermore, new 
methodological approaches — from gene modification 
in mice to voxel-based morphometry analyses of human 
imaging data — are revealing previously undetected 
sexual dimorphisms16–18. It seems that the sexual dimor-
phisms uncovered so far, abundant as they may be, rep-
resent only a fraction of the sexual dimorphisms that are 
likely to exist in the brain.

The hippocampus. One region that is evidently sexually 
dimorphic in its structure and function is the hippo-
campus, a region perhaps most associated with learning 
and memory. Extensive evidence demonstrates that 
male and female hippocampi differ significantly in their 
anatomical structure, their neurochemical make-up and 

Figure 1 | An illustration of sex differences in the size 
of various human brain regions. Goldstein et al.20 
measured the volume of 45 brain structures taken from MRI 
scans in a sample of male (n = 27) and female (n = 21) 
subjects. For both sexes, the size of each region was 
determined relative to volume of the cerebrum. As shown 
here, significant differences between the sexes were 
detected in widespread brain regions. The authors also 
found that the size of the sex differences were related to 
the presence of sex steroid receptors in homologous brain 
regions during critical developmental periods, as 
determined in animal studies, suggesting that sex 
differences in the adult stem from sex hormone influences 
on brain development. Data from REF. 20.

Box 1 | The menstrual cycle

The effects of circulating sex hormones cannot fully account for all sex 
differences observed in the adult brain, as many sex differences persist even in 
the absence of these hormones. That said, hormonal influences due to the 
menstrual cycle can be detected on an impressively wide array of behaviours. For 
example, substantial evidence indicates that sex hormones influence learning 
and memory processes83, and interact with stress hormones to do so. In rats, the 
stage in the oestrus cycle has been shown to interact with the level of stress in a 
learning situation to influence memory for that situation84. Similarly in humans, 
the stage in the menstrual cycle significantly influences performance on both 
verbal and spatial tasks85, and modulates the neural circuitry associated with 
arousal86. Menstrual cycle influences have even been detected on the degree of 
hemispheric asymmetry associated with various cognitive tasks87. As a final 
example, menstrual cycle influences exist on brain responsiveness to addictive 
drugs such as cocaine88 and amphetamines89, factors that will probably help to 
explain sex differences in addictive processes90.

R E V I E W S

2 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/neuro



80

70

60

50

40

30

20

10

0 0

5

10

15

20

25

30

Pe
rc

en
ta

ge
 o

f p
op

ul
at

io
n

us
in

g 
st

ra
te

gy

Tr
ia

ls
 to

 c
ri

te
ri

on
(m

ea
n 

+ 
SE

M
)

P O D P O D

15 6 6 15 11 12

*+ *+

+

Place
Response

b

a

c

Training

Start

Goal Response Place

Probe test

Long-term potentiation
(LTP). An enduring increase in 
the amplitude of excitatory 
postsynaptic potentials as a 
result of high-frequency 
(tetanic) stimulation of afferent 
pathways. It is measured as an 
increase in the amplitude of 
excitatory postsynaptic 
potentials or in the magnitude 
of the postsynaptic cell 
population spike. LTP is most 
frequently studied in the 
hippocampus and is often 
considered to be part of the 
cellular basis of learning and 
memory in vertebrates. 

their reactivity to stressful situations19. Imaging studies 
consistently show, for example, that the hippocampus 
is larger in women than in men when adjusted for 
total brain size20. Animal research reveals a plethora of 
additional differences. For example, both the volume 
of the CA1 region and the number of pyramidal cells it 
contains are significantly larger in male than in female 
rats, as is the density of neurons in the dentate gyrus19. 
Evidence also exists for sex differences in many neuro-
transmitter systems within the hippocampus, including 
the adrenergic, serotonergic, cholinergic, corticosterone, 
benzodiazepine and cholecystokinin systems19. For 
example, receptor affinity of glucocorticoids in females 
is half that in males, a difference that does not depend on 
circulating sex hormones21. In addition, sex hormones 
such as oestrogen can alter the excitability of hippocam-
pal cells22, strongly influence their dendritic structure23 
and augment NMDA (N-methyl-d-aspartate) receptor 
binding24. Intrahippocampal oestrogen infusions modu-
late memory processes25. Finally, sex differences exist in 

hippocampal long-term potentiation26, a phenomenon that 
is widely viewed to be related to memory processes.

Such evidence indicates that sex should influence the 
role of the hippocampus in learning, and there is grow-
ing evidence to support this conclusion. For example, 
Ruecker and colleagues27 found that avoidance learn-
ing affected hippocampal enzymatic activity that was 
related to memory consolidation in markedly different 
ways in male and female rats, despite similar behavioural 
performance of the two sexes. Other investigators have 
uncovered differing behavioural and hippocampal 
responses to learning. Shors and colleagues28 have 
shown that a brief exposure to a stressful learning situ-
ation (for example, exposure to a series of tail shocks) 
increases the density of dendritic spines in male rats, 
but decreases spine density in female rats. They found 
similarly opposing effects of stress on Pavlovian condi-
tioning performance in males and females, with stress 
enhancing performance in males, but impairing it in 
females. Parallel results were recently reported in a study 
of Pavlovian conditioning in men and women29.

Juraska and colleagues30 reported opposing effects 
of early experience on the dendritic structure of dentate 
gyrus cells: female rats that were raised in an enriched 
environment displayed increased dendritic bushiness (or 
degree of branching) relative to males raised in the same 
environment. By contrast, the bushiness of the dendritic 
structure was decreased in females compared with males 
that were raised in standard housing conditions. The 
hippocampal relationship to other structures in learning 
is also proving to be sexually dimorphic. Korol and col-
leagues31 recently found that changes in the balance of sex 
hormones seem to shift the balance between hippocam-
pal and striatal learning strategies in female rats (FIG. 2). 
Whether and how sex influences hippocampal function 
in humans has not yet been systematically examined, but 
should be given the evidence from animal research.

An intriguing but relatively unknown hippocampal sex 
difference is the reaction to chronic stress. In both rats and 
monkeys, chronic stress causes damage to the hippocam-
pus in males, but does so far less, if at all, in females32. 
Chronic stress damage in males is widely known among 
neuroscientists, whereas the effect in females is much less 
well known. Logically, however, both are equally impor-
tant in understanding how chronic stress affects the hip-
pocampus. Indeed, the susceptibility of hippocampal cells 
to chronic stress has been suggested to have a role in two 
debilitating disorders — post-traumatic stress disorder 
(PTSD) and clinical depression32. Both disorders dispro-
portionately affect women, but animal models for these 
disorders continue to use male subjects almost exclusively. 
Clearly, the relative resistance of female hippocampal cells 
to stress-induced damage demands consideration by any-
one attempting to link stress-induced cell death to disease 
states such as depression and PTSD.

The amygdala. The medial nucleus of the amygdala has 
long been known to be sexually dimorphic, a fact that is 
easily accepted given its role in reproductive behaviour33. 
However, it is now clear that sexual dimorphism encom-
passes most, if not all, of the amygdaloid nuclei.

Figure 2 | Demonstration of oestrus cycle influence on maze learning strategy in 
rats. a | Korol and colleagues31 trained rats over several trials to find food in a goal arm of a 
T-maze. A probe trial with the maze orientation reversed allowed the investigators to 
determine whether each rat was using a ‘place’ strategy to find the food (the rat goes to 
the place in the room where the food should be) or a ‘response’ strategy (the rat simply 
moves left or right at the maze choice point). The key finding was that whether the rats 
used a ‘place’ or ‘response’ strategy depended heavily on the state of the oestrus cycle. 
b | Percentage of rats in proestrus (P), oestrus (O) or dioestrus (D) choosing a place or 
response strategy during the probe trial. Interestingly, the magnitude of these behavioural 
effects is similar to those found in previous studies using this task and intracranial infusions 
of drugs into relevant brain regions, such as the hippocampus and caudate nucleus94. 
Numbers on bars indicate the number of rats tested in each condition. Crosses indicate a 
significant difference between the cycle stages, and asterisks indicate significant 
difference within a stage. c | The number of trials needed in each group to reach criterion 
performance before the probe test, indicating that hormonal status did not affect learning 
speed despite its pronounced effects on strategy. Modified, with permission, from REF. 31 
© (2004) Elsevier Science.
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An example of the sexually dimorphic function in 
other amygdala nuclei comes from a recent study by 
Braun and colleagues34. Pups of a rodent species known 
as Octodon degus were exposed to the stress of tem-
porary separation from their mother. They found that 
hearing the mother’s call during the stress of separation 
increased the number of serotonin receptors in the baso-
medial amygdala of male pups, but decreased serotonin 
receptor concentrations in female pups (opposing effects 
that are reminiscent of those described above for the 
hippocampus).

A rapidly growing body of evidence also documents 
the sexually dimorphic nature of the human amy-
gdala35,36. For example, it is significantly larger in men 
than in women (adjusted for total brain size)20. Sex dif-
ferences also exist in its structural relationship with the 
rest of the brain. In a study of a large sample of men and 
women, the patterns of covariance in the size of many 
brain structures were ‘remarkably consistent’ between 
men and women, with one exception — the amygdala 
(in particular, the left hemisphere amygdala), which 
showed several marked sex differences18.

Several studies now report sex influences on amyg-
dala function, including in the context of its well-known 
role in memory for emotional events. Extensive evidence 
from animal research documents that the amygdala can 
modulate the storage of memory for emotional events, 
and does so through interactions with endogenous 
stress hormones released during stressful events37. This 
amygdala/stress hormone mechanism provides an 
evolutionarily adaptive way to create memory strength 
that is, in general, proportional to memory importance 
(BOX 2). Both lesion and imaging studies have confirmed 
this conclusion in humans38. However, imaging studies 
have also revealed a sex-related hemispheric lateraliza-
tion of amygdala function in relation to memory for 
emotional material. Specifically, the studies consistently 
indicate a preferential involvement of the left amygdala 

in memory for emotional material (generally visual 
images) in women, but a preferential involvement of 
the right amygdala in memory for the same material in 
men39–41 (FIG. 3). In an intriguing parallel with the studies 
in humans, Lalumiere and McGaugh42 recently reported 
that stimulation of the right but not the left hemisphere 
amygdala modulates memory storage in male rats.

Sex-related hemispheric lateralities of human amygdala 
function have also been reported in other circumstances; 
for example, Killgore and Yurgelun-Todd43 examined 
amygdala reactivity to emotional facial expressions in men 
and women using fMRI. Most strikingly, they found an 
interaction of sex and hemisphere on amygdala responses 
to happy faces: the left amygdala was significantly more 
active in response to happy faces in females than in males, 
whereas the opposite pattern occurred for the right amy-
gdala. Another, more recent study44 used fMRI to examine 
amygdala responses to fearful faces in men and women. 
This study also reported significantly different patterns 
of amygdala responsiveness depending both on the sex of 
the subjects and on whether the right or left hemisphere 
amygdala was being studied.

Sex-related hemispheric differences in the amygdala 
do not occur only in response to emotional stimulation, 
a fact made clear by a recent study involving amygdala 
functional activity. Kilpatrick and colleagues45 examined 
the functional covariance of the right and left hemisphere 
amygdalae with the rest of the brain in a large sample of 
men and women who received blood flow PET scans 
while simply resting with their eyes closed. The results 
revealed a striking hemispheric lateralization of func-
tion: activity of the right hemisphere amygdala covaried 
with that of other brain regions to a much greater extent 
in men than it did in women, whereas the reverse was 
true for left hemisphere amygdala activity. This laterality, 
‘women left, men right’, parallels that described above 
from studies of the amygdala relationship to memory 
for emotional material39–41, indicating that the laterality 
occurring in response to emotional stimulation stems 
from a baseline that is already differentially ‘tilted’ 
between the sexes at rest.

There are also intriguing parallels between this func-
tional lateralization of amygdala function in healthy 
individuals and amygdala dysfunction in certain disease 
states. For example, women with Turner syndrome (who 
lack an X chromosome) show reduced responsiveness of 
the left hemisphere amygdala to emotional material46, 
whereas mainly female samples of patients with depres-
sion show heightened left hemisphere amygdala activ-
ity47, as do women with irritable bowel syndrome48.

In summary, the available evidence indicates that stud-
ies of amygdala function risk conclusions that are incom-
plete at best, and wrong at worst, if they fail to address 
potential influences of both sex and hemisphere.

Other sex and hemisphere influences. The amygdala 
is not the only brain region with a function that seems 
to be influenced by both the variables of sex and hemi-
sphere. Sex-by-hemisphere interactions in brain func-
tion even occur in the hypothalamus in rats49. Although 
a full treatment of this topic is well outside the scope of 

Box 2 | Evolutionary explanations for sex differences in the brain

What evolutionary explanations might be offered to account for widespread sex 
influences on brain function? In some cases, they seem obvious. For example, Kazuhito 
Tomizawa and his colleagues91 recently found that oxytocin, a hormone that is necessary 
for mammalian labour and lactation, improves both spatial memory and memory-related 
neurochemistry in the hippocampus of female mice that have had litters. The improved 
spatial memory has clear advantages, allowing a mother to wander further afield to find 
and recall locations of food and water and thereby better ensure the development and 
survival of her offspring.

In more general terms, the best developed idea concerns sexual selection, a concept 
originally proposed by Charles Darwin and developed more recently by David Geary92. 
Sexual selection refers to the competition for mates that occurs both within and between 
sexes. Extensive evidence from many species makes it clear that males and females have 
evolved different behavioural strategies to optimize their chances of successful mating. 
Females tend to compete with other females more subtly, in ways that may depend more 
heavily on the processing of finer details; for example, of social cues. Such evolutionary 
accounts may help to explain the heightened recall of detailed information in females 
found in several studies of human memory so far93.

Regardless of the ultimate evolutionary explanations, it seems incontrovertible that 
males and females evolved under some similar, and some very different pressures. We 
should therefore expect a priori that their brain organization will be both similar in some 
respects, and markedly different in others. This is precisely the situation suggested by the 
sex difference literature.
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this review (see REF. 50 for a more complete discussion), 
facts relating to various brain regions are highlighted in 
this review.

There have been reports of sex-related hemispheric 
differences in the brain for many years, but often these 
reports do not seem to have been developed by addi-
tional work. For example, in 1964, Lansdell51 observed 
opposite patterns of myelination in the hemispheres of 
male and female brains, and suggested that structure–
function relationships might be clarified “if observations 
on cerebral asymmetry were analysed separately for each 
sex”, a prescient observation in light of recent studies of 
the prefrontal cortex (PFC, discussed below.).

The PFC is rich in sex hormone receptors, and has 
among the highest concentration of oestrogen receptors 
in the human brain52. Sex differences in the neural sub-
strate for working memory, a function thought to depend 
on the PFC, have been reported53,54. The PFC is also asso-
ciated with sex differences in its response to stress55,56, and 
might develop at different rates in males and females57.

One function that is thought to involve the PFC is 
decision making. In recent years, a number of studies 
have reported deficits in a decision-making task after PFC 
lesions. However, the literature is somewhat inconsistent 
on this point. Considering the evidence, Tranel and col-
leagues58 note that “the message from the literature is that 
in studies that report deficits associated with unilateral 
[PFC] damage, the participants are almost entirely men 
and the lesions are mainly right sided.” Tranel et al. present 
evidence that right hemisphere PFC lesions impair per-
formance on this decision-making task in men but not 
women, whereas left hemisphere lesions impair per-
formance in women but not men. Converging evidence 
for this conclusion came from an earlier brain imaging 
study of PFC function in normal subjects performing the 
decision-making task59. Given this evidence, Tranel and 
colleagues58 surmise that inconsistencies in the literature 
connecting the PFC to decision making may well have 
resulted from a failure of investigators to account for the 
sex of the subjects, and the hemisphere damaged.

Neurochemical sexual dimorphisms
Sexual dimorphisms occur in a wide array of neuro-
transmitter systems, including serotonin, GABA (γ-ami-
nobutyric acid), acetylcholine, vasopressin, opioids and 
monoamines19,60. Again, as a full treatment of this topic 
is outside the scope of this review, I briefly highlight a 
few salient findings.

An early study identified sex differences in monoamine 
content in the human brain61. Levels of monoamine oxi-
dase were significantly higher in several brain regions in 
women than in men. A more recent study found a striking 
sex difference in rats in the response of the monoamine-
rich locus coeruleus to stress: the stress-related hormone 
CRF was up to 30 times more potent in activating locus 
coeruleus neurons in female than in male rats62.

Several studies have documented sex differences in 
the serotonin system (FIG. 4). Sex differences have been 
reported in the rate of serotonin synthesis in the healthy 
human brain63, in the levels of serotonin metabolites in 
post-mortem tissue64 and in the number of cells in the 
human raphe nucleus65. Many studies have also docu-
mented sex differences in opioid peptides, and in their 
analgesic effectiveness (reviewed in REF. 60). A PET scan 
investigation revealed significantly different levels of 
opioid receptor binding in several brain regions in men 
versus women, including the amygdala and thalamus66. 
Finally, some neurochemical sex differences arise during 
development. For example, GABA-mediated stimulation 
of cells from the substantia nigra of rat pups produces 
depolarization in males, but hyperpolarizes these same 
cells in female pups67. These examples show that sex 
differences in brain neurochemistry are proving to be 
much more pervasive than has been assumed by many.

Figure 3 | Sex differences in the relationship between 
amygdala activity during emotional experiences and 
memory for those experiences. Extensive evidence 
indicates that the amygdala modulates memory storage for 
emotionally arousing events. However, findings from several 
studies now demonstrate sex differences in the relationship 
between amygdala activity during emotional experiences 
and memory for those experiences. As illustrated here, 
activity in the right hemisphere amygdala while viewing 
emotionally arousing images is more significantly related to 
subsequent memory for the images in men than it is in 
women (a), whereas the converse is true for the left 
hemisphere amygdala (b). The reasons for this hemispheric 
laterality, and what it means for the qualities of memories for 
emotional events in men and women, are now important 
areas of study. Reproduced, with permission, from REF. 41 © 
(2004) Cold Spring Harbour Laboratory Press.
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Fibromyalgia
A chronic, painful condition, 
primarily occurring in women, 
characterized by widespread 
musculoskeletal pain, fatigue 
and tender points at defined 
locations.

Implications for understanding diseases
The implications of sex influences for understanding and 
treating disease states are considerable68. Many CNS-
related disorders show sex differences in their incidence 
and/or nature. These diseases include, but are not limited 
to, Alzheimer’s disease (AD), PTSD and other anxiety 
disorders, schizophrenia, stroke, multiple sclerosis, 
autism, addiction, fibromyalgia, attention deficit disorder, 
irritable bowel syndrome, Tourette’s syndrome and eat-
ing disorders3,28,68. The mere existence of sex differences 
in the incidence and/or nature of a disorder requires us 
to examine sex influences in both our basic and clini-
cal research to fully understand, and treat, the disorder. 
AD, schizophrenia and addiction are considered in more 
depth below.

The results of some studies suggest that AD dispro-
portionately affects women69. Regardless of whether the 
incidence of the disease differs between men and women, 
there are growing indications that the disease pathology, 
and the relationship between pathology and behavioural 
disturbance, differs significantly between the sexes. Let us 
first consider AD-related pathology. AD-related neurofi-
brillary pathology associated with abnormally phospho-
rylated tau protein differs in the hypothalamus of men 
and women: up to 90% of older men show this pathol-
ogy, whereas it is found in only 8–10% of age-matched 
women. An opposite sex difference occurs in the nucleus 

basalis of Meynert, the major source of cholinergic inner-
vation to the neocortex. Here, the percentage of neurons 
containing pretangles with hyperphosphorylated tau 
protein is significantly higher in women than in men70.

Other evidence indicates that the relationship of AD 
pathology to behavioural disruption also differs between 
the sexes. The presence of a single APOE*E4 allele (an allele 
of a gene associated with an increased risk of AD) has been 
linked with significantly greater hippocampal atrophy and 
memory disruption in women than in men71. As another 
example, symptoms of depression significantly increase 
the risk of developing AD in men, but not in women72. 
Finally, Barnes et al.69 recently showed that the relationship 
between the presence of cortical neurofibrillary tangles and 
a clinical diagnosis of AD differed dramatically between 
men and women69. Using regression models, they found 
that each unit increase in pathology was associated with an 
approximately 3-fold increase in AD risk in men, but with 
a more than 20-fold increase in women. As Barnes et al.69 
note, “understanding why the association between AD 
pathology and dementia differs in men and women could 
yield important clues about the pathophysiology of AD or 
eventually lead to sex-specific preventative or therapeutic 
strategies.”

Schizophrenia is another brain disease that differs in 
both incidence and nature between the sexes. Men and 
women differ on average in several clinical features of the 
disease, including its presentation, symptoms, age of onset, 
and the time course of the illness. Some patterns of brain 
morphology that are associated with the illness also differ 
between the sexes. For example, men with schizophrenia 
show significantly larger ventricles than do healthy men, 
whereas no such enlargement is seen in women with 
schizophrenia73. As another example, the ratio of the size 
of the amygdala to that of the orbitofrontal cortex (which 
is sexually dimorphic in healthy individuals) is increased 
in men with psychosis, but decreased in women with psy-
chosis74. The results of studies from several laboratories 
(reviewed in REF. 75) indicate that the normal patterns 
of hemispheric asymmetry seen in the brains of healthy 
individuals are reduced in schizophrenia, and that sex 
interacts with the changes in asymmetry. Sex differences 
even occur in the facial features of patients with schizo-
phrenia: male patients display significantly less facial 
hemispheric asymmetry than do male controls, whereas 
female patients display marked facial asymmetries that are 
absent in female controls76. With each report such as these, 
the conclusion that the pathology of schizophrenia differs 
substantially between men and women strengthens.

The same conclusion is now apparent from investiga-
tions of addiction. Here, the neurotransmitter dopamine 
is a key player. Becker and colleagues77 have discovered 
clear sex differences in the levels of dopamine in several 
brain regions, as well as differences in the responsiveness 
of dopamine to stimulation by amphetamine and sex hor-
mones. In humans, addiction differs between the sexes in 
important ways. Women, for example, are more sensitive 
than men to the reinforcing effects of psychostimulants 
(for example, amphetamine and cocaine), which may 
account for the more rapid progression from initial use 
to drug dependence in women compared with men78.

Figure 4 | Rates of serotonin synthesis in men and women. Nishizawa and 
colleagues63 used positron emission tomography (PET) to assess serotonin synthesis rates 
in healthy men and women. a | Images show PET scans taken from a representative male 
and female subject. Images are shown before and after depletion of plasma tryptophan. 
The mean rate of synthesis was found to be 52% higher in males than in females. 
b | Magnetic resonance images for reference taken from the same level as the PET 
images. The results may help to explain why some disorders (such as unipolar depression) 
that involve serotonin dysfunction do not equally affect men and women. Reproduced, 
with permission, from REF. 63 © (1997) National Academy of Sciences.
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Fibromyalgia
A chronic, painfull condition, 
Primarily occurring in women, 
characterized by widespread 
musculoskeletal pains, fatigue 
and tender points at defined 
locations.

Despite the evidence for sex differences in dopamine 
function, and despite sex differences in the nature of 
addiction, functional brain imaging studies of addic-
tion have focused almost exclusively on men. Recently, 
however, Kilts and colleagues79 compared brain activa-
tion in response to drug cues in male and female cocaine 
addicts, and found several clear differences. For exam-
ple, whereas drug cues increased activity in the right 
amygdala of male addicts, they decreased activity in the 
right amygdala of female addicts. A recurring theme 
may strike the reader at this point: in addiction, as in 
so many other domains of neuroscience, investigators 
are increasingly realizing that they can no longer assume 
that essentially identical processes occur in men and 
women, nor that identical therapeutics will apply. 

Concluding remarks and future directions
Many important topics such as developmental effects80 
(BOX 3) and key strategies for studying sex differences81 
have either not been addressed, or have only been 
alluded to in this review. Nevertheless, it is evident 
that there are sex influences at all levels of the nervous 

system, from genetic to systems to behavioural levels. 
The picture of brain organization that emerges is of two 
complex mosaics — one male and one female — that are 
similar in many respects but very different in others6. 
The way that information is processed though the two 
mosaics, and the behaviours that each produce, could 
be identical or strikingly different, depending on a host 
of parameters.

A few suggestions for future work may be worth 
considering. The immediate task for neuroscientists at 
all levels of our field is to challenge the (often implicit) 
assumption that sex matters little, if at all. Obviously, 
ignoring significant influences of sex, should they exist, 
can only retard progress. When consistent significant sex 
influences in a domain are discovered, investigators in 
that domain will, at the very least, need to either rational-
ize focusing on one sex for future studies, or develop par-
allel research tracts for each sex. For those now actively 
working on the sex differences issue, I suggest that the 
largest challenge at present is to begin identifying those 
aspects of brain organization that differ most fundamen-
tally between males and females, and from which many 
of the sex differences observed so far presumably arise. 
This is, of course, not a simple task, but it is a necessary 
one if we are to fully comprehend how and why sex 
influences brain function in so many ways.

Despite the heightened complexity it implies, the issue 
of sex influences seems to be much too important, both 
practically and theoretically, to be ignored or marginal-
ized any longer in our field. To quote a recent report 
from the medical branch of the National Academy of 
Sciences82, “Sex does matter. It matters in ways that we 
did not expect. Undoubtedly, it matters in ways that 
we have not yet begun to imagine.”

Box 3 | Developmental influences on sex differences in the brain

Considerable research has been directed at understanding how sex differences in the 
adult brain develop. In fact, some sex differences seem to result, at least in part, from 
different maturational rates in males and females. This fact is illustrated in work by 
Waber80, who examined various mental abilities known to be associated with sex 
differences in adults — such as spatial and verbal abilities — in boys and girls classified 
as either ‘early’ or ‘late’ maturing (on the basis of the appearance of secondary sex 
characteristics). For both sexes, late-maturing children performed significantly better 
than early-maturing children of the same sex on spatial measures. Given that boys tend 
to mature later than girls, this finding suggests that different maturational rates help to 
produce the male advantage in spatial abilities often found in adults.
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