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There are signi®cant gender differences in human brain disease. For example, females

are signi®cantly more likely to suffer from Alzheimer's disease (AD) than men (even

after correcting for differences in life expectancy), and females on hormone

replacement therapy (HRT) are signi®cantly less likely to suffer from Alzheimer's

disease than women who do not take HRT. However the neurobiological basis to

these differences in clinical brain disease were unknown until relatively recently. In this

review we will discuss results of studies that show; (i) gender differences in human

brain disease are most likely to be explained by gender differences in brain

development and ageing; (ii) sex steroids have a signi®cant effect on the brain; (iii)

sex steroids are crucial to the development and ageing of brain regions affected in

age-related brain diseases (for example AD); (iv) sex steroids interact with neuronal

networks and chemical systems at many different levels; (v) sex steroids affect cognitive

function in elderly women. Thus, the current literature supports the hypothesis that

sex steroids can modulate brain ageing, and this provides a neurobiological explanation

for the signi®cantly higher prevalence of AD in females who do not take HRT, and

may lead to new treatment approaches for age-related brain disease including AD.
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Introduction

There are signi®cant age and sex differences in cognitive

ability and brain disease. For example, women generally

perform better than men in verbal ¯uency tests, whereas

men perform better on tests of spatial ability. Similarly

women suffer more often from depression and Alzheimer's

disease (AD), whereas autism is seen more often in men.

The biological basis for these gender differences is

unknown. However, these observations do suggest that

oestrogen and/or the gene products of the X chromosome

may play a role in brain development and ageing. In this

review we will discuss studies investigating the effects of

oestrogen on normal brain development and ageing and

how they are relevant to Alzheimer's disease.

Gender differences in brain ageing

Ageing of the normal brain is accompanied by changes in

brain structure, function, and metabolism; but there are

signi®cant gender differences in brain ageing. For

example, brain atrophy starts earlier in men [1], however,

once started, atrophy occurs more rapidly in women [2].

In addition, Murphy et al. [3] reported that age-related

loss of brain tissue was signi®cantly greater in males

than females in whole brain, frontal, and temporal lobes,

whereas the loss was greater in females than males in

hippocampus and parietal lobes (Figure 1). A study

measuring glucose metabolism and using positron emission

tomography (PET) and 18F-2-¯uoro-2-deoxy-D-glucose

(FDG), showed that age-related decline in brain metabo-

lism is asymmetrical in males, but symmetrical in females,

and women have signi®cant age-related decreases in

hippocampal glucose metabolism, but men do not

(Figure 2) [3]. These gender differences occur in regions

that are essential to cognitive function and are implicated

in neuropsychiatric disorder. They may therefore underlie

gender differences in the prevalence and symptomatology

of age-related neuropsychiatric disorders, such as AD. For

example, women are more likely to develop AD than

men, and this cannot be explained solely by their longer

life expectancy as women also have a greater disease

severity and a higher age-adjusted prevalence of AD

than men.
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Alzheimer's disease

The prevalence of AD increases dramatically with age ±

from less than 1% at age 65 years to about 15% of people

in their eighties [4]. AD is accompanied by progressive

cognitive impairment, and this has an enormous impact

on the quality of life of patients and their caregivers. Risk

factors for AD include a positive family history, presence

of Down's syndrome, head injury, female sex, hypo-

thyroidism, depression and the possession of the apolipo-

protein E4 gene. In contrast, education, smoking, and

nonsteroidal anti-in¯ammatory agents may be protective

factors [5]. On a cellular level, the disease is characterized

by neuronal loss, accumulation of intracellular neuro-

®brillary tangles, and extracellular senile plaques in

hippocampus and association neocortex. Much progress

has been made in understanding the aetiology and pathol-

ogy of AD (including the identi®cation of susceptibility

genes). Nevertheless no major success has been gained

so far in the treatment of AD.

The search for pharmacological treatments of AD

has mainly focused on the major de®cits in the cholinergic

system; including selective loss of basal forebrain choli-

nergic neurones, a decreased activity of choline

acetyltransferase (ChAT), an enzyme involved in the

synthesis of acetylcholine, and a decreased activity of
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Figure 1 Effect on ageing on percentage volume of total frontal

and parietal lobe brain matter in females (F) and males (M).

(Reproduced with permission [50].)
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Figure 2 Effect of ageing on right-left asymmetry of temporal

lobe (a) and absolute glucose metabolism of the hippocampus

(b) as measured by positron emission tomography in male

(open circles) and female (solid circles) subjects. (Reproduced

with permission from Elsevier Science [49].)
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acetylcholinesterase (AChE), an enzyme involved in the

breakdown of acetylcholine. Trials with precursors of

acetylcholine and cholinesterase inhibitors have demon-

strated only limited cognitive improvement, and many

have signi®cant unwanted side-effects. Also, the cognitive

improvement seen in trials with cholinesterase inhibitors

in AD was reported to be most evident in women who

were also receiving hormone replacement therapy (HRT)

[6]. Nevertheless, the ®rst selective cholinesterase inhi-

bitor, donepezil hydrochloride, has now been licensed in

the UK as symptomatic treatment for mild to moderate

AD. Meanwhile, the search for other possible treatment

strategies continues, and more recently scientists have been

challenged by the potential therapeutic effects of oestro-

gens. It is now becoming clear that oestrogens do more

than regulate sexual and reproductive behaviour: in

addition to their well known effects on bones and heart,

oestrogens have signi®cant effects on brain structure and

function.

Oestrogen's actions on brain structure

The effects of sex hormones on prenatal, neonatal

development and beyond has been succinctly reviewed

by Fitch et al. [7]. In their paper they make some proposals

which challenge conventional theories, for example, the

traditional classi®cation of hormonal effects on the brain

into organizational and activational actions and the view

that in the absence of androgens the brain is feminized

`by default'.

Intracellular oestrogen receptors (ER) are widespread

and are found in the cerebral cortex, midbrain, hippo-

campus, brain stem, hypothalamus and pituitary gland.

The distribution of ERa is well established, being found

in a high concentration in the hypothalamus, pituitary and

amygdala. However there is controversy surrounding the

localization of the ERb because the results of the various

laboratory techniques which measure the presence of ER

indirectly are not consistent with each other [8].

Traditionally oestrogen was thought to exert its effect

by binding to intracellular receptors that in turn lead to

transcription and translation of proteins. Novel actions of

oestrogen have been described, for example, inducing

neuronal depolarization and oestrogen's antioxidant

effects. Recently oestrogen has been shown to bind

to cell membrane receptors, although they have not

been well characterized in the brain, and use the same

second messenger systems used by growth factors and

neurotransmitters [8].

Oestrogens regulate synaptogenesis in the CA1 area of

the hippocampus in that they increase synaptic and

dendritic spine density in this area of the brain. The

CA1 region of the hippocampus is crucial to memory

function and spatial and declarative learning and is

adversely affected in AD. Synapses are points of contact

between axonal endings and tiny branches called dendritic

spines on the adjacent neurones. It has been shown that in

rats following bilateral oophorectomy there is a signi®cant

decrease in dendritic spine density in hippocampal CA1

pyramidal cells. However, this is prevented by adminis-

tration of oestrogens, and synaptic spine density is

signi®cantly related to circulating oestradiol levels [9].

It has been shown that oestradiol levels are positively

correlated with superior performance on behavioural

memory tasks in rats [10].

Previously, it was unclear how these oestrogen-induced

dendritic changes affected neuronal function. However,

recently it has been demonstrated that oestrogen induces

an increase in N-methyl-D-aspartate (NMDA) receptors in

rat hippocampal neurones, in the same region where an

increase in dendritic spines is found. This is of importance

because the NMDA receptor is a membrane protein that

detects incoming signals from the excitatory neurotrans-

mitter glutamate. Thus, the `new' oestrogen-induced

spines are thought to be related to NMDA-type synapses

[11, 12].

Oestrogens also directly affect neurochemical transmit-

ter systems affected in normal ageing, AD, and other

neuropsychiatric disorders. For example, oestrogens can

modulate the serotonergic, cholinergic and dopaminergic

systems [13-15]. These neurochemical effects of oestrogen

may partially explain why depression occurs more often

in women, and why AD and very late onset schizophrenia

are more common in postmenopausal women, i.e.

when levels of circulating oestrogens are low. The

oestrogen-induced enhancement of the cholinergic

system may be of particular relevance in AD because

some of the cognitive impairments in AD are secondary

to signi®cant cholinergic de®cits. Administration of

oestrogens to ovariectomized rats increases the activity

of ChAT in the basal forebrain, and in two of its

projection areas ± the CA1 region of the hippocampus and

the frontal cortex. It is thought that the increased ChAT

activity is caused by inducing de novo synthesis of the

enzyme in the basal forebrain, with subsequent axonal

transport to the CA1 region of hippocampus and the

frontal cortex [16].

As the brain ages the density of receptors for several

neurotransmitters diminishes. This is also seen after

oestrogen withdrawal, for example, after oophrectomy

and at the menopause and there is evidence that oestrogen

replacement can prevent this occurring. The effect of

selective oestrogen receptor modulators (SERMs) on

brain receptor density has been studied. Cyr et al.

compared the effect of 17-b oestradiol, tamoxifen and

raloxifene replacement therapy on 5-hydroxytryptamine

2-A (5-HT2A) receptor density in rat brains. They found

that after oophrectomy 5-HT2A receptor density was

HRT, ageing of the brain and dementia
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signi®cantly lower in several regions of the rat brain

involved with cognition, emotion, neuroendocrine

control and motor function. Raloxifene was as effective

as oestradiol in restoring receptor levels in the anterior

cingulate, anterior frontal cortices, striatum and nuclueus

accumbens and superior to tamoxifen. These results

suggest that in the brain raloxifene has an agonist effect

[17].

In addition to direct effects on neurones, oestrogens also

work with neurotrophins (such as nerve growth factor) to

stimulate indirectly nerve cell growth. Receptors for

oestrogen and neurotrophins are located on the same

neurones in rodent basal forebrain, hippocampus and

cerebral cortex, and this colocalization may be important

for the survival of neurones [18]. Oestrogen also has a

neuroprotective action [10] against several toxins that

boost production of free radicals; including glutamate

(which is toxic in high concentrations) and b amyloid.

Recently it has been shown that oestrogen can reduce

the neuronal generation of b amyloid by enhancing

the cleavage of Alzheimer amyloid precursor protein

(Alzheimer APP) into soluble peptides [19, 20]. It has been

proposed that 17b-oestradiol elevates protein kinase C

activity, an effect possibly mediated by growth factors, and

this increases the activity of a-secretase, one of the

enzymes that cleaves Alzheimer APP thus prevents

deposition of the intact amyloid peptide. It has been

shown that oestrogen may also act as an antioxidant [21]

and that the neuroprotective antioxidant activity of

oestrogens is dependant on the presence of the hydroxyl

group in the C3 position on the A ring of the steroid

molecule [22]. Furthermore, Green et al. [23] found that

the oestrogen molecule also needs a phenolic ring A and

at least three rings of the steroid nucleus for its neuro-

protective actions. Compared with women, whose serum

oestradiol levels drop at the menopause, men have higher

brain oestradiol levels compared with age-matched

postmenopausal women. This occurs as the testes continue

to produce testosterone through out life and testosterone

is aromatized to estradiol in neuronal nuclei [24]. This

mechanism may also contribute to explaining the gender

difference in neuropsychiatric disease.

Oestrogen has been shown to suppress the hypothalamic-

pituitary-adrenal axis response to emotional stressors in

postmenopausal women [25]. This is of interest as high

cortisol levels in the elderly have been associated with loss

of hippocampal volume [26] and are implicated in AD. It is

unclear how oestrogen affects cortisol levels in normal

ageing, but it is known that oestrogen can prevent/reverse

glucocorticosteroid-induced damage in the brain [27, 28].

Other indirect bene®cial effects of oestrogens on the

brain include enhancement of cerebral blood ¯ow

[29], and possibly, an interaction with apolipoprotein E4

a protein commonly found in AD [30].

Oestrogen's actions on cognitive function in
healthy postmenopausal women

As noted above, sex steroids are crucial to the develop-

ment and ageing of hippocampus and parietal lobe ± brain

areas signi®cantly affected in AD [3, 7]. Moreover, animal

studies have demonstrated signi®cant effects of oestrogens

on neuronal structures and neurochemical systems affected

in AD. But what clinical evidence is there that sex steroids

may have a signi®cant role in the genesis and treatment

of AD?

Several studies have looked at the effects of oestrogen

on cognitive function in healthy postmenopausal women.

The results of these studies have been con¯icting which

most likely re¯ects methodological differences but the

majority show that oestrogen improves some memory

functions and verbal memory in particular [31, 32].

Sherwin reported that women who had undergone a

bilateral oophrectomy had a decrement in cognitive

performance postoperatively which was related to a

decrease in their plasma levels of circulating sex steroids,

and subsequent administration of oestrogens improved

scores on cognitive tasks [33]. This study may be

confounded by the subjects experiencing symptoms of

acute oestrogen de®ciency, such as hot ¯ushes, and this

may have interfered with their cognitive function.

Grodstein et al. conducted a large prospective study of

over 2000 healthy elderly women and they found that

there were no differences in overall cognitive scores of

women who had used HRT compared with never users

but that current users scored better than never users on

verbal ¯uency tasks [34]. Jacobs et al. reported in a longi-

tudinal study that a history of oestrogen use during the

postmenopausal period was associated with higher scores

on verbal memory, language and abstract reasoning [35].

Subsequently, over a 2 year follow-up period oestrogen

users increased their scores on verbal memory tasks

whereas nonusers showed a decrease in their scores.

Similarly, the verbal memory scores of women increased

slightly, a signi®cant result, after being treated with

raloxifene [36]. Carriers of the apolipoprotein E (APOE)

gene are more susceptible to late onset AD. There are

three common alleles (e2, e3 and e4) that encode the three

common isoforms and the risk for AD is greatest for

e4 heterozygotes and homozygotes. Yaffe et al. have found

evidence that oestrogen replacement reduces cognitive

decline to a greater extent in elderly women who are

e4-negative compared with e4-positive women [37]. They

have concluded that this supports their hypothesis of

a gene±environment interaction. Others did not ®nd

any positive effects of oestrogen on cognitive function in

a cross-sectional study [38].

Some studies have looked at the effect of oestrogen on

nonverbal tasks. A recent longitudinal study reported that

J. Compton et al.
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healthy, postmenopausal women on long-term HRT

performed better than postmenopausal women who had

never taken HRT on the Benton Visual Retention Test

(a test for short-term visual memory, visual perception,

and constructional skills) [39]. In a group of healthy

postmenopausal women (mean age 65 years) receiving

transdermal oestrogen for 3 weeks, Duka et al. reported

improvements in verbal memory and in a task of mental

rotation (a test of visuospatial ability) [40]. Further support

for oestrogen's effects on nonverbal tasks, comes from

a recent functional imaging study which demonstrates

oestrogen-induced alterations in brain activation patterns

during verbal and nonverbal working memory tasks in

frontal and parietal regions in postmenopausal women

[41]. Thus, there is recent evidence that oestrogen affects

not only verbal but also nonverbal aspects of cognitive

function in healthy postmenopausal women.

Studies on HRT and AD

Epidemiological studies have reported that the prevalence

of AD is signi®cantly decreased in females on HRT, and

that those women with AD who were taking HRT had

a milder disease than those who were not [42]. A recent

longitudinal study reported that prolonged use of HRT

decreases the risk, and delays the onset, of AD (relative risk

= 0.40; 95% CI=0.22, 0.85); moreover use of oestrogen

for longer than 1 year reduced the risk of developing

AD by 5% annually [43]. An important feature of these

epidemiological studies is that the groups of women

studied have not been exposed to prolonged periods of

oestrogen deprivation as they have either been studied in

the perimenopause or after a long time of oestrogen

replacement.

Results of early clinical trials of HRT in people with

AD were promising. For example, a clinical trial reported

that three of seven women with AD improved on

measures of attention, orientation, mood and social

interaction after 6 weeks of low dosages of oestradiol

treatment but with loss of improvement after treatment

was discontinued [44]. In another study, women with AD

who were using oestrogen had signi®cantly better scores

on the Alzheimer's Disease Assessment Scale (ADAS-Cog,

a standard instrument used in AD clinical trials), than

women with AD who did not take oestrogens [45]. The

results of three recent randomised double-blind placebo-

controlled trials have less optimistic results. In the trials 97,

50 and 40 subjects with mild to moderate AD took

conjugated equine oestrogens for 12, 3 and 4 months,

respectively. There were no bene®cial effects on cogni-

tion, mood or functional outcomes in the patients [46-48].

Thus there is insuf®cient evidence that oestrogen bene®ts

patients with established AD and its use as a sole agent for

AD cannot be justi®ed because of the risks associated with

HRT, for example, breast cancer and thromboembolic

disease.

Future studies may be able to determine if the route of

administration of HRT or treating with combined HRT

or androgens result in different therapeutic outcomes.

Conclusions

With the growth in size of the older population, it can be

expected that AD will become an increasing public health

problem. Women are particularly at risk and the role of sex

steroids and its effects on the brain has been a major focus

in AD research over the last years. There is evidence

that sex steroids modulate brain development and ageing

and can affect cognitive function. With regard to AD,

epidemiological, neuropsychological, and biological

studies appear to support the hypothesis that oestrogens

may be implicated in its genesis and treatment. Oestrogens

interact with neuronal networks at many different levels,

and may affect some of the risk factors for AD. Currently,

routine therapeutic use of oestrogens in women with

AD is not justi®ed but it may have a role in the prophylaxis

of AD.

In the future new oestrogens may be synthesized which

have the neuroprotective characteristics of the currently

available oestrogens, but which do not carry the same side-

effects (e.g. risk of breast cancer and thromboembolic

disease). The recent ®nding that certain subtypes of

oestrogens may be more `neuroprotective' than others

may help us identify such a compound [16, 17]. The effect

of the SERMs on the central nervous system remains to

be clari®ed. In men, the use of such compounds (without

feminizing effects), or testosterone and its intraneuronal

aromatization to oestradiol could be explored. In conclu-

sion, besides the need for clinical trials in people with AD

there is a continuing search for a more selective oestrogen

preparation without the unwanted side-effects of current

preparations.
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