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LIFELONG ENDOCRINE FLUCTUATIONS AND RELATED COGNITIVE DISORDERS

M.L. ANCELIN* & K. RITCHIE
Inserm E 0361, Epidemiology and Clinical Research in Nervous System Pathologies, Hopital La Colombicre,
Pavillon 42, 39 avenue Charles Flahault, BP 34493, 34093 Montpellier Cedex 5, France

Tel: 3304 99 61 45 60; Fax: 33 04 99 61 45 79, Mail: ancelin@montp.inserm.fr

ABSTRACT

The aim of this review is to examine the relationship between endocrine fluctuation and cognitive functioning. A
plethora of in vitro and in vivo studies have demonstrated the neuroprotective role of estrogens and their impact on
the neurotransmitter systems implicated in cognition. Recent hormonal replacement therapy (HRT) trials in non-
demented post-menopausal women suggest a temporary positive effect (notably on verbal memory), and four
recent meta-analyses converge to suggest a possible protective effect in relation to Alzheimer’s disease (reducing
risk by 29 to 44%). However, data from the only large randomized controlled trial published to date, the Women's
Health Initiative Memory Study, did not confirm these observations and have even suggested an increase in
dementia risk for women using HRT compared to controls. Several methodological differences between
observation studies and controlled trials with regard to patient group, type, timing and duration of HRT, cognitive
measures and analyses, are discussed to explain these discrepancies. The association between hormonal serum level
and cognitive functioning remains controversial suggesting high inter-individual vulnerability in risk. Moreover,
research on the impact of endocrine functioning on cognition during the female reproductive cycle suggests life-
long fluctuations in vulnerability. Etiological models taking into account the interaction of clinical, reproductive,
and menstrual events throughout life may provide a more valid approach in understanding the effects of steroids on
the brain and in determining sub-groups at heightened risk. Cognitive disorders in the elderly are more likely be
related to cumulated lifelong exposure to steroids, rather than to a specific exposure to a given steroid.
Multifactorial models based on an exhaustive view of all hormonal events throughout reproductive life together
with other risk factors (notably genetic risk factors related to estrogen receptor polymorphisms) should be explored

to clarify the role of hormonal risk factors, or protective factors for cognitive dysfunction and dementia.

Key words: cognition, Alzheimer’s disease, estrogens, female reproductive cycle, menopause, hormone

replacement therapy, cumulated lifelong exposure to steroids.



LIST OF ABBREVIATIONS

AD: Alzheimer’s disease

AMPA: amino 3 hydroxy 5 methylisoxazole 4 propionate
ApoE: apolipoprotein E

APP: amyloid precursor protein

AB: amyloid B

BDNF: brain derived neurotrophic factor

BMD: bone mineral density

CEE: conjugated equine estrogens

CNS: central nervous system

Co-STAR: study of tamoxifen and raloxifen/ cognition
CREB: cAMP responsive-element binding protein
CRP: C reactive protein

DA: dopamine

DES: diethylstilbestrol

ER: estrogen receptor

ERT: estrogen replacement therapy

FSH: follicle stimulating hormones

GABA: y-aminobutyric acid

GnRH: gonadotropin releasing hormone

HDL: high density lipoprotein

HR: hazard ratio

HRT: hormone replacement therapy

LDL: low density lipoprotein

LH: luteinizing hormones

MAQO: monoamine oxidase

MAPK: mitogen activated protein kinase

(m)MMSE: (modified) mini-mental status examination
MPA: medroxyprogesterone acetate

NA: noradrenaline

NGF: nerve growth factor

NMDA: N-methyl-D-aspartate

OC: oral contraceptive

OR: odd ratio

PET: positron emission tomography

PI3K: phosphatidylinositol 3-kinase

PREPARE: preventing postmenoapusal memory loss and Alzheimer’s disease with replacement estrogens
RCT: randomized controlled trial

SERM: selective estrogen receptor modulator

SPECT: single photon emission computed tomography
WHI(M)S: women’s health initiative (memory) study
WISDOM: women'’s international study of long duration oestrogen after menopause
5-HT: serotonin
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INTRODUCTION

The significantly higher prevalence of Alzheimer’s disease (AD) in post-menopausal women observed in
most western countries has led to increasing interest in the role of gonadal hormones, and in particular estrogen, in
cognitive functioning. Given that estrogen receptors are extensively present in brain tissue, a world-wide debate is
currently underway concerning the potential value of hormonal replacement therapy (HRT) in reducing ageing-
related cognitive changes, and delaying, if not preventing, the onset of dementia. Recent findings from the largest
to date randomised placebo controlled HRT trial including over 4,000 women have suggested, however, that HRT
may have a harmful effect on cerebro-vascular systems and cognitive functioning, and may even increase risk of
dementia. These findings have forced us to review previous evidence for a protective effect and to develop more
robust epidemiological models of risk.

In this review we argue that the most serious short-coming of previous studies has been their focus on
hormonal changes after the menopause, without taking into account individual life-time exposure to hormonal
variability, and that many of the inconsistencies found between studies may be due to the fact that women do not
arrive at menopause with equal risk of cognitive decline or equal susceptibility to the effects of HRT. We thus
present a summary of current knowledge concerning the mechanisms of the neuroprotective action of estrogens and
timing of hormonal exposure throughout the female life-cycle, and its probable effect on cognitive functioning. We
then review studies undertaken to date on the cognitive effects of exogenous hormonal effectors, notably HRT, and

finally suggest an integrative model of risk based on these findings to guide future research.

I. MECHANISMS OF GONADAL HORMONE EFFECTS ON COGNITION

BRAIN TARGETS OF ESTROGEN ACTION

Accumulating in vitro and in vivo evidence has indicated several potential brain targets of estrogens.
Molecular mechanisms have been extensively reviewed [1-3] and can be summarized as follows. Two types of
estrogen receptors (ER) have been identified (ER-0 and ER-3) which mediate different functions. These receptors
are encoded by two different genes located on separate chromosomes but sharing common structural features, with
three principal domains — the amino-terminal or A/B domain, the DNA-binding or C domain (showing more than
95% homology between o and ), and the ligand-binding or E domain (59% homology). A fourth domain (F) is
involved in distinguishing between estrogen agonists and antagonists. Like other members of the steroid receptor

superfamily, ER are ligand-activated transcription factors. Estrogens can exert their effects using the “classical
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genomic delayed pathway” by binding to intracellular receptors that in turn lead to nuclear translocation, then
induction of gene transcription and translation of proteins that can modulate neuronal survival in enhancing
neurotrophic support, suppressing apoptosis or affecting neuronal structure. Estrogen can also act very rapidly
through non genomic mechanisms interacting directly with various intracellular signaling pathways including
mitogen activated protein kinase (MAPK), cAMP responsive-element binding protein (CREB), and
phosphatidylinositol 3-kinase (PI3K), thereby affecting indirectly the transcription of several other target genes.
Estrogen can activate selected intracellular signaling pathways depending on the receptor subtype bound. Another
non-classical mode of estrogen action at the membrane has also been proposed involving the binding of estrogen to
membrane-associated receptors, possibly at the caveolae level.

Both ER subtypes could be involved in estrogen neuroprotection, as suggested by the protection of
hippocampal neurons by agonists for either ERa or ERB, against excitotoxic-induced damage and death [4]. Using
ERa and 3 knockout mice, ERQ, not ER[3, was shown to be required for the protective effects of estradiol against
ischemia-induced injury [5]. On the other hand, the brains of ER[3 knockout mice exhibited an increase in apoptotic
cells in the ventricular zones of the cerebral cortex that resulted in abnormalities in brain development [6]. ER[3
gene disruption was also found to impair optimal spatial learning in female mice, suggesting the role of ERPB in
mediating learning and memory exerted by estradiol [7].

In the human forebrain, both ER subtypes are predominantly expressed in limbic-related areas, although they
show distinct distribution patterns. The ER00 mRNA expression appears to dominate in the hypothalamus and
amygdala, indicating that the 0-subtype might modulate not only neuronal cell populations involved in autonomic
and reproductive neuroendocrine functions but also areas implicated in emotional interpretation and processing. In
contrast, the hippocampal formation, entorhinal cortex, and thalamus appear to be ERP dominant areas, suggesting
a putative role for ERB in cognitive processing, declarative memory and motor functioning [1]. Little or no
expression of ERP is detected in reproductive tissues such as the uterus, where ERa has been shown to mediate the
sexual characteristics of estrogen effects [8]. With minimal peripheral side effects, ER[ selective agonists could

thus be designed to promote memory function and protection against neurodegeneration associated with AD.

EVIDENCE FROM GENETIC STUDIES
Several ER-0 polymorphisms have been identified and linked to a variety of outcomes, including cognitive

impairment and dementia, cardio-vascular pathologies, or modification of the effects of exogenous estrogen on
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lipid levels in older women. With regard to cognitive impairment and dementia, the ER-0 IVS1-397 T/C (Pvull),
IVS1-351 A/C (Xba) in intron 1, and the promoter region TA repeat polymorphisms have received the most
attention. These same polymorphisms have also been implicated in cardiovascular pathologies together with IVS1-
401 T/C in intron 1, CA repeat, and a novel polymorphism in promoter B —1989 T/G (cf. [9]). The two
polymorphisms most frequently associated with cognitive impairment and dementia are Pvull and Xbal: for most
case control studies (including 83 to 223 cases), a significant increase in the frequence of these two polymorphisms
was observed in patients with sporadic AD [10-13]. Only one study did not reveal any association [14]. Two
studies have been carried out on Parkinson’s disease with dementia: one (13 cases) showed an association with
Pvull but not Xbal polymorphism [11], whereas the other (41 cases) showed no association with Pvull [15]. The
only prospective cohort study of 2625 nondemented women over 65 years carried out to date also suggests an
association between Pvull and Xbal polymorphisms and cognitive decline [16].

A significant interaction has also been observed between these two polymorphisms, Pvull or Xbal, and the
apolipoprotein E €4 allele (ApoE-€4) in the risk of developing familial AD (OR 11.3 compared to subjects without
these genotypes and even higher for early onset OR 22) [17]. Such an interaction has also been found for late onset
sporadic dementia, with an increase by 7.6-fold in homozygous ApoE-g4 inviduals with these ERO polymorphisms
[10]. In a genetic study with 336 patients with AD, it has been found that one particularly allele of the ER-3 gene
(allele 5) could also act as a protective factor in AD (OR = 0.55) [18]. A potential interaction between these ERO
(Pvull and Xbal) and ERB (3°UTR polymorphism/ Alul) polymorphisms and the risk of developing AD (71 men
and 112 women included as cases) has also been reported [19] but in this case no independent association could be
found. Hence, the existence of certain polymorphisms of ER could contribute to a significantly increased
susceptibility of women to the beneficial (or harmful) effects of estrogens, a possibility which has not yet been

explored thoroughly.

STEROID EFFECTS ON NEUROTRANSMITTER SYSTEMS

Estrogen can modulate neurotransmitter turn-over by several mechanisms, involving neurotransmitter
synthesis, (re)uptake, release, receptor density, receptor interaction, enzymatic regulation, or gene expression. More
specifically, estrogens can up-regulate cholinergic activity by induction of choline acetyltransferase and
acetylcholine esterase in the basal forebrain, and increasing the high affinity choline uptake which is a regulatory

rate limiting step in acetylcholine synthesis [20, 21].—Estrogen can also increase the rate of degradation of
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monoamine oxidase (MAQ), which occurs in two isoforms, A and B, and metabolizes catecholamines, e.g.
serotonin (5-HT), dopamine (DA), noradrenaline (NA) with different substrate preferences [22]. In the macaque,
one month of estrogen replacement alone decreased the expression of MAO-A, but not B, in the raphe nucleus,
whereas, in hypothalamic nuclei both MAO-A and B mRNA were decreased [23, 24]. In dorsal raphe, short- (1
month), but not long- (5 months) -term estrogen exposure decreases MAQO-A protein expression, and progesterone
supplementation was without effect. In contrast, MAO-B protein was unaffected by estrogen alone, but it was
increased with short- or long-term progesterone supplementation [24]. The differential expression of the degrading
enzymes in the presence of steroids suggests a complex combination of gene transcription, post-transcriptional
processing, and substrate feedback mechanisms which may play a role in serotonin or catecholamine
neurotransmission and hence, mood and cognition in humans.

In the midbrain serotonergic system, estrogen is implicated in the induction of tryptophan hydroxylase, and the
regulation of 5-HT transporters and 5-HT receptor subtypes [24]. Estrogen regulates turnover of DA in hypothalamic
nuclei and in nigrostriatal and mesolimbic DA systems and chronic estrogen administration decreases D1 and D2
receptor concentrations. Estrogen also facilitates amphetamine- or apomorphine-stimulated DA release. Systematic
reviews of the effects of estrogen have concluded that estrogens enhance adrenergic activity by increasing tyrosine
hydroxylase activity, facilitating NA release, and increasing galanin mRNA in some neurons which may affect
noradrenergic tone by reducing NA reuptake. Furthermore, estrogen treatment transiently down-regulates GABA and
Brain-Derived Neurotrophic Factor (BDNF) activity in inhibitory interneurons. Within the glutamate receptor
family, N-methyl-D-aspartate (NMDA) receptors, AMPA receptors and kainite receptors (as well as sigma receptors)
have also been demonstrated to be sensitive to steroid modulation [25].

Given the wide range of effects of steroid hormones on neurotransmitter systems, and also on neuronal
organization and synaptogenesis, multiple neuroprotective effects could be expected on cognitive functions
(notably attentional mechanisms, learning and memory), locomotor activity, pain sensitivity, and vulnerability to
epilepsy (see for reviews [22, 26, 27]). Cognitive functioning and AD may be modulated through acetylcholine
and its positive role on synaptogenesis in the hippocampus, which has a pivotal role in declarative memory [28,
29]. By modulating the activity of the cerebellum and the nigostrial and mesolimbic dopaminergic systems,
estrogens have effects on normal and abnormal locomotor activity. High levels of estrogen exacerbate symptoms of
Parkinson’s disease, whereas low levels facilitate dopaminergic function. Finally, by modulating the sensitivity of

D2-receptors in the brain, estrogens appear to have important neuroleptic-like effect [30].
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On the other hand, progesterone acts as a weak allosteric modulator of GABA’s ability to increase chloride
conductance through the GABA, receptor complex which confers on progesterone and its metabolites an action
similar to that of benzodiazepines and barbiturates and may contribute to its anti-convulsant properties [31].
Progesterone and progestin compounds alone [32] or in combination with estrogens [33] are also capable of

enhancing the DA system.

OTHER NEUROPROTECTIVE EFFECTS OF ESTROGENS

Estrogen has a neuroprotective effect on other specific mechanisms related to cognitive dysfunction, by
blocking the action of neurotoxic agents or inhibiting their generation. It can notably protect cultured neurons
against the neurotoxic effects of the excitatory neurotransmitter L-glutamate [34] or of the essential constituent of
senile plaques in AD, the amyloid 3 (AB) peptide, which is formed through the induction of oxidative stress [35].
The ability of 17B-estradiol to directly scavenge highly reactive free radicals, and thus shield neurons against
exogenous oxidative insults and neuronal apoptosis, is due to the presence of the phenolic A ring [36].

The glial cells of the brain are targets for steroid hormones, and mediate different hormonal effects in the
regulation of the development and plasticity of specific neuronal populations and in the control of endocrine events
(see for review [2]). Glial cells express a number of proteins that can be regulated by estrogens including ApoE,
which is implicated in membrane formation and structural plasticity, and glial fibrillary acidic protein whose
expression increases with brain aging. Estrogens increase cerebral glucose utilization, possibly by inducing glucose
transporter 1 in the endothelial cells of the blood-brain barrier, and thus regulate the ability of the brain to use
glucose as its primary energy source. Neuroimaging studies have also demonstrated the role of estrogen in increasing
both regional cerebral blood flow and glucose metabolism [37-39]. A recent review of neuroimaging studies
concluded that estrogen replacement therapy (ERT) may decrease brain white matter lesions, have a modulatory
effect on the various transmitter systems and alter regional brain activation patterns during cognitive processing [40],
thus suggesting that estrogen may be implicated in functional plasticity in higher order brain functions. Finally,
estrogens have been observed to reduce the acute phase of an inflammatory reaction and are also able to indirectly
modulate lipoprotein levels, by decreasing the levels of LDL-cholesterol and increasing HDL-cholesterol, which
could decrease the risk of atherosclerosis. This action has been hypothesized to confer a protective effect for both

vascular dementia and AD as atherosclerosis has been implicated in both [41].
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In summary, a plethora of in vitro and in vivo experimental data thus converge to support a positive role of
estrogens on various neurotransmitter systems and on neuronal functioning. These various neuronal systems are
notably involved in cognitive function, with global effects on attentional and mnesic functions, as well as more
specific actions related to learning and remembering. Estrogens also appear to be implicated in various
neurodegenerative disorders, notably the dementias, in which cholinergic, serotoninergic, dopaminergic,
noradrenergic, and GABAergic systems are impaired. It would thus appear likely that estrogens could convey a
benefic neuroprotective effect in relation to pathologies implicating cognitive dysfunction. This leads us to the
question of whether endocrine fluctuations across the life-span, and not just one-off interventions with exogenous

estrogenic modulators, may play a role in the onset of cognitive disorder and dementia.

I1. HORMONAL EXPOSURE ACROSS THE LIFE-SPAN AND EFFECTS ON COGNITIVE FUNCTIONING

There has been a considerable body of research which has focused on the potential role of female gonadal
hormones, especially estrogens, as possible modulators of susceptibility to the development and acceleration of
cognitive pathologies. Fluctuations in gonadal hormones throughout reproductive life, from fetal life to old age,
have often been shown to exert direct or potentiating effects on the central nervous system, giving rise in turn to
both psychiatric disorders (notably depression) (Ancelin ML, Ritchie K, submitted for publication) and also,
although less documented, to cognitive dysfunction. Hormonal status may also, at least in part, explain gender

differences in vulnerability to various neuropsychiatric disorders.

FETAL EXPOSURE AND EFFECTS ON NEURAL ORGANIZATION

Ovarian steroids have multiple and complex effects on brain structure and functioning throughout life,
beginning in utero, increasing dramatically at puberty and continuing on into senescence. The process of sexual
differentiation of neuronal organization involves the secretion of testosterone and its conversion into estradiol via
aromatase in fetal or early neonatal life, which largely determines the “defeminization” and “masculinization” of
brain structures and function, for example by increasing neuronal density in the parietal and visual cortex. It has
been observed for example, that during perinatal development, the hippocampus transiently expresses ERs, which
coincide with the transient expression of aromatase. ERs in male would thus be exposed to locally generated
estradiol which could lead to sexual differentiation of hippocampal structure and function. Estrogens affect areas of

the brain that are not primarily involved in reproduction, such as the basal forebrain cholinergic system,
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hippocampus, cerebral cortex, caudate-putamen, midbrain raphe and brain stem locus coeruleus, and spinal cord
(see for reviews [22, 26, 27]).

Estrogens have significant effects on the organization of developing neurons and activational effects on mature
neurons. They can promote neurite growth and synapse formation and increase cholinergic neuronal survival.
Estrogen regulates synaptic plasticity by stimulating axonal sprouting and dendritic spine formation in the
hypothalamus and CAl pyramidal neurons in the hippocampus, where de novo synapse formation involves the
participation of glutamic acid, acting through NMDA receptors. Progesterone appears to have the opposite effect ; it
can inhibit neurotransmission and lower brain excitability, which could notably lead to mood destabilization.
Besides, it has a dismantling effect at the synaptic level. The adverse effect of progestins on cholinergic neuronal
integrity as compared to ERT has also been demonstrated by Single Photon Emission Computed Tomography
(SPECT) [42]. Estrogen regulates the morphology of astrocytes in the hypothalamus and hippocampus; such changes
being perhaps indicative of glial cell activity in normal and lesion-induced synaptic plasticity. The co-localization of
ER with neurotrophic factors (e.g. Nerve Growth Factor, NGF) and their receptors in basal forebrain cholinergic
neurons could also favor interactions with these modulators of cell survival, and their co-regulation could promote
neuronal survival, differentiation and plasticity (see for reviews |2, 3, 27].

Sex differences in brain structure and function are thought to occur as a result of differential exposure of men
and women to sex hormones during fetal life [43]. This is suggested by studies of individuals with genetic disorders
giving rise to abnormal levels of androgen exposure during fetal life. For example girls with congenital adrenal
hyperplasia were found to perform better on tasks of spatial abilities (male-typical skills) and worse on tests of
verbal abilities (female typical skills) compared to their unaffected sisters [44]. Girls with Turner syndrome, on the
other hand, lack early androgen exposure and also show alteration of estrogen production due to abnormal ovarian
function. They are characterized by a specific neurocognitive profile of normal verbal skills, impaired visual-spatial
and visual-perceptual abilities, and impaired nonverbal relative to verbal memory. A recent randomized controlled
trial (RCT) showed that 7-year-old girls with Turner Syndrome who were given two years of ERT showed
improvement in verbal and nonverbal memory [45]. Adolescent girls with Turner syndrome treated for 2 years with
androgen improved specifically in working memory, with no significant change in verbal abilities, spatial

cognition, and executive functioning [46].

PUBERTY AND ADULT DEVELOPMENT AND OBSERVED SEX DIFFERENCES IN COGNITIVE FUNCTIONING

Fluctuating hormone levels associated with the menstrual cycle have been shown to modify cognitive
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performance in women, however, there is presently no consensus on the nature of these changes (which could be
rather small in magnitude) and their possible correlation with seric hormonal levels. Studies vary with regard to the
cognitive tests used and target subjects, but generally indicate that when estradiol levels are highest, i.e. during the
late follicular (proliferative) phase or at the midluteal phase, motor and verbal ability are seen to improve, with
lowering of perceptual-spatial performance compared to levels achieved during menstruation when ovarian
hormone levels are lowest (Table 1). Lack of consensus may be attributable to a number of factors which have not
been adequately controlled for, including mood, which is also known to fluctuate during the cycle, thus constituting
a potential confounder. There is also inconsistency in definitions of menstrual cycle phase and many women
(especially younger women) have an anovulatory cycle with a hormone profile which is different from the
ovulatory cycle [47].

In adults gender differences in cognitive functioning have been extensively reviewed [48-53]. Although no
single study has adequately defined gender differences, conclusions from multiple studies suggest that females, on
average, score higher on verbal abilities, notably on tasks that require rapid access to and use of phonological and
semantic information in long-term memory, production and comprehension of complex prose, and also on fine
motor skills, perceptual speed and accuracy. Males, on average, score higher in spatial and quantitative abilities,
notably on tasks that require transformations in visuo-spatial working memory, motor skills involved in aiming,
spatio-temporal responding, and fluid reasoning. Overall, while scores on most cognitive tests show normal
distributions in both men and women, the female curve tends to be higher at the mean with smaller standard
deviations (kurtosis). Thus while males more frequently have high scores on cognitive tasks, they are also over-
represented in the low-ability end of several distributions, including mental retardation, attention disorders,
dyslexia, stuttering, and delayed speech. However, the effects although consistently found, are modest (0.5-1 SD)
and are not reflected in full-scale IQ scores.

Aging of the normal brain is accompanied by changes in brain structure, metabolism and function which may
differ by sex [54]. Overall, for both sexes, normal brain aging has been associated with a decrease in motor speed
and increase in reaction time as well as alterations in divided attention, visuospatial and learning abilities. On the
other hand, semantic memory and language abilities appear to remain relatively stable or may even improve in the
absence of other pathologies [55]. Cognitive performance is seen to decline overall with age in both sexes,
however, between-gender comparisons of the slope for age on each cognitive function test after adjustment for

education, depressed mood, and estrogen use (in women) indicate that men have a significantly steeper decrement
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with age than women for total recall and long-term memory, on immediate and delayed visual recall, and category
fluency [56]. These results are compatible with other studies showing that women retain an advantage over men in

verbal function well into old age [55, 57].

MENOPAUSE AND COGNITIVE FUNCTIONING

In perimenopause, memory changes and concentration difficulties are commonly reported and short-term
memory loss is considered a common cognitive change during the menopausal transition, although a direct causal
link with hormonal changes has not been established [58]. Very few studies have attempted to objectively measure
such cognitive changes by neuropsychological tests, reports of memory and attentional difficulties being based for
the most part on subjective self report. In a population-based cross-sectional study of 362 women aged 52 to 63
years, no significant difference in episodic verbal memory (assessed by word list learning) was observed during the
menopausal transition or in the years immediately after [59]. On the other hand, women who began HRT during the
menopausal transition had better memory scores (immediate recall) than women who began estrogen after the final
menstrual period which could indicate that there might be a critical window during which HRT must be initiated to
protect memory as has been reported by Resnick et al. for visual memory [60] and Zandi et al. for AD [61]. The
absence of a premenopausal comparison group, and the possibility that women with memory complaints may
preferentially be prescribed HRT, could have limited this study. To date, only one population-based longitudinal
study [62] has followed the cognitive performance of women as they progress through the menopausal transition.
Progression from premenopause to perimenopause through a natural menopausal transition, was not associated in
this study of 803 women with a significant decline in working memory or perceptual speed, although difficulties
were observed at the late perimenopausal and postmenopausal phases. This study was, however, limited by
uncertainty as to the actual timing of the transition and the nature of the cognitive assessment: only two brief
measures of cognitive performance were used, without any evaluation of verbal memory (the cognitive function
most likely to be altered due to estrogen depletion), and without taking into account learning effects (especially
given that learning effects might decrease during the menopausal transition).

The type of menopause which leads to distinct estrogen depletion may also determine type of cognitive
dysfunction. The symptoms associated with surgical menopause are possibly more severe as there is a more abrupt
depletion of estrogens and endogenous androgens than in natural menopause, where the ovaries continue to

produce small amounts of estrogen. Compared to women with natural menopause, women with surgical menopause
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are at greater risk for cardiovascular disorder, osteoporosis, and depression (see for review [63]). Women who have
undergone oophorectomy have also been shown to have lower scores on some post-operative measures of cognitive
functioning, i.e. verbal short-term memory, long-term memory and logical reasoning, whereas patients who had a
hysterectomy, but whose ovaries were retained, showed stability in cognitive performance [64]. Napi ef al. also
reported that surgical menopause affected specifically short-term verbal memory more than physiological
menopause (with no significant difference on attention and psychomotor tasks), with performances correlating both
to the age at the time of ovariectomy and to the years since surgery; higher scores being related to older age at
surgery [65]. Concentration and attention difficulties have also been reported for unnatural menopause in women
treated with adjuvant cancer chemotherapy, although treatment also induced hot flushes which may also be

associated with such difficulties [66].

AGEING-RELATED COGNITIVE DISORDER AND DEMENTIA

At least 10% of persons over 65 years old and 50% of those over 85 have some form of cognitive
impairment ranging from mild deficits to dementia [67]. AD constitutes the most frequent form of dementia which
accounts for about 70% of all dementias, followed by Lewy Body dementia (20%), vascular dementia (15%) and
dementia of the Parkinson type (5%). Prevalence of AD is around 4% increasing logistically from 2% at age 65 to
reach an asymptote at 80 years with an estimated prevalence of 20% [68]. This non-Gaussian increase in
prevalence suggests that AD is not simply a normal involutional process, but that biological factors other than those
implicated in brain ageing are involved. Moreover, age-related changes in the prevalence curve are not the same in
men and women. Women are overall more at risk of developing dementia than men, and the prevalence of AD is
higher in women than in men after the age of 65-70 years, by 2-3-fold. This gender difference persists even after
correcting for differences in life expectancy [69-71]. The meta-analysis performed by Gao et al. |[72] reported a
significantly higher incidence of AD in women compared to men, correcting for increased female longevity (OR =
1.56). Edland ef al. [73] have suggested that sex difference in AD incidence could be related to geographical
differences; a higher incidence for women being observed in European and Asian populations, but not in the US.

In age-related neurodegenerative processes such as AD, the earliest reported symptom is commonly inability
to learn and recall new information followed by a progressive loss of other cognitive abilities. Attention,
concentration and some verbal skills (notably word-finding) are also affected at an carly stage whereas major

spatial disorientation, serious language disorders (absent from normal aging), apraxia and agnosia usually occur at
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a later stage [74]. There is some limited evidence to suggest that the pattern of cognitive loss is not the same in men
and women, and that women have an earlier onset and faster progression (see for review [2]). During the course of
AD, women tend to show greater impairments in language skills, especially naming and word recognition, delayed
recall, semantic memory, and possibly also verbal fluency [75-77]. Bayles ef al. found no significant difference
between the performance scores of male and female subjects with AD, only reporting relatively small effect sizes

of gender, with female patients outperforming males on language tests |73].

ENDOCRINE FLUCTUATIONS AND COGNITIVE FUNCTIONING: A CONTINUUM MODEL

The marked cyclic fluctuations in estrogen and progesterone that occur as part of the reproductive cycle, or
due to other extrinsic causes, appear to play an important role in enhancing susceptibility to cognitive dysfunction
or neurological disorder, as well as substantially influencing clinical course and symptom severity. Similar
symptoms are reported by women complaining of premenstrual syndrome, premenstrual dysphoric disorder,
postpartum depression or postpartum psychosis, and the perimenopausal transition and menopause; all of which
occur at a moment when estrogen level decreases and/or when there is a relative or absolute lack of progesterone or
progestins, although no correlation has been demonstrated with seric levels. These symptoms notably include mood
swings and a decreased sense of well-being, irritability, anxiety, memory and cognitive dysfunction. These
disorders associated with reproductive-cycle transitions in women are often closely related; women with a history
of mood disorder associated with reproductive events (e.g. premenstrual and puerperium disorders) appear to have
an increased risk of depression at perimenopause (see for reviews [79-81]). With regard to depression, a model has
thus begun to emerge which conceptualizes the brain estrogen minimum set point in women as a continuum
starting with a premenstrual syndrome in the 20s, and encompassing postpartum depression in the 30s, followed by
the cyclic symptoms of the perimenopausal 40s and ending with the menopause syndrome itself. This hypothesis of

a continuum of vulnerability has received little attention in relation to cognitive disorders.

In summary, adult females tend to perform better on tasks of verbal memory and fine motor coordination
compared to males, whereas males perform better on perceptual-spatial tasks. However, whenever estrogen levels
in women are decreased, whether during fetal life (related to genetic disorders), or during the menstrual phase, or
after the menopause, this pattern may be inversed; low levels of estrogen favouring typically male skills and being

detrimental to typically female skills. Such a pattern may be reversed, at least partly or temporally, by exogenous
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administration of estrogen which could modulate cognitive function, notably verbal memory (exemplified by the
effects of ERT on girls with Turner Syndrome, of the contraceptive pill on non-menopausal women, and the
possible although controversial, effects of ERT on menopausal women, see below). Hence, it is increasingly
evident, at least for some women biologically vulnerable to normal changes in reproductive hormones, that
whenever brain estrogen levels fall below the minimum brain estrogen requirement, for whatever reason and at

whatever age, brain dysfunction may ensue, leading to various neuro-psychiatric disorders.

III. EXOGENOUS HORMONAL EFFECTORS AND COGNITION

Various clinical studies have investigated the effects of exogenous estrogens or substitutive treatment on
cognitive function, as well as on the risk and course of dementia. Most epidemiological studies of hormonal
intervention have focused on the menopause when hormonal deprivation is the most dramatic and definitive, and

during which some women appear particularly vulnerable to health changes.

THE WORLD-WIDE DIVERSITY OF HRT

Rozenberg et al. have reviewed the various HRT formulations and their use in Europe compared to the U.S.
[82]. A much larger choice of products and administration modes characterizes the European in comparison with
the US market. European women may use a variety of estrogens, whereas in the US, about 90% of postmenopausal
women use oral conjugated equine estrogens (CEE), which mainly contain estrone sulfate (26 metabolites have
been reported for Premarin, one of the most frequently used CEE). Systemic estrogens may be given orally,
transdermally, intradermally, vaginally, or by injection. A nasal spray is also now available in European countries.
In Europe, dermal pathways predominate in the South (France, Italy, Spain) whereas oral formulations prevail in
Anglo-Saxon countries. The older European products contained estradiol valerate, and the more recent ones
micronized 17(-estradiol. These products are more widely publicized and used in European countries than the
CEE, which are also available in Europe. In the U.K., CEE predominate (as in the U.S.) whereas 17 B-estradiol is
the most prescribed compound in France. Weak estrogens, which do not protect against osteoporosis but relieve
women from climacteric symptoms, such as estriol, were very popular until recently in some European countries.

The current consensus is that women who have not undergone hysterectomy should be prescribed an
opposed treatment with added progestagen. The same diversity as for estrogens is also found for progestagens,

which can be divided into three subgroups: the C-21 derivatives of progesterone (medroxyprogesterone acetate —
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MPA-, dydrogesterone), C-19 derivatives of nortestosterone (norethisterone) and natural progesterone and similar
compounds [82]. In the U.S, MPA is the most used progestagen (which is mostly used in combination with
Premarin). In Europe, norethisterone acetate, natural micronized progesterone, medrogeston, cyproterone acetate,
lynestrenol, norgestrel, and dydrogesterone are often used. In France, progesterone or its natural isomer,
dydrogesterone and synthetic derivatives (pregnanes or norpregnanes) are preferred and in U K., the use of acetate
of norethisterone, levonorgestrel and MPA predominates. Progestagens are mostly given orally, but transdermal
systems (norethisterone acetate, levonorgestrel) are also used in the Scandinavian countries.

Tibolone, a hybrid molecule with estrogenic, progestogenic and androgenic properties, is also popular in
some European countries. This product has mainly been used to relieve symptoms and avoid withdrawal bleeding.
Its action in relation to osteoporosis prevention has been recognized in some countries, and its effect on
cardiovascular function is still a subject of research and debate. Raloxifene, which is not a conventional HRT but a
selective estrogen receptor modulator (SERM), has been available in Europe since 1999 [83].

As a result of this heterogeneity and the wide array of products available, Europe lacks large long-term RCT
which use the same products across countries to estimate the risk and benefit of HRT on health outcomes, such as
cognitive function, psychiatric symptomatology, cardiovascular diseases, and breast cancer [82]. In the U.S., The
Women's Health Initiative Study (WHIS) involving the follow-up of 8300 women, and the Women's International
Study of long Duration Oestrogen after Menopause (WISDOM, 2240 women) in the UK., Australia and New
Zealand, due to be completed in 2005 and 2006 respectively, were designed to provide information about the
effects of HRT. The Preventing Postmenopausal Memory Loss and Alzheimer's disease with Replacement
Estrogens study (PREPARE in the U.S.) will specifically address the question of whether estrogens can delay or
prevent dementia [84]. The HRT which is evaluated in all these studies, is continuous oral administration of CEE
with or without MPA. At the present time, both trials of opposed and unopposed estrogen in the WHIS had to be
prematurely discontinued due to an accumulation of risks over benefits (see below). On the basis principally of the
WHIS findings, the WISDOM Study has also been terminated. In Canada, the Estrogen Memory Study currently
underway is evaluating the effectiveness of a safer formulation, using oral administration of 1 mg 17B-estradiol
(continuous) and 0.35 mg norethindrone (cyclophasic), in improving memory in postmenopausal women who may

be at a higher risk for AD (63 postmenopausal women with memory problems, in both arms).

EFFECT OF HRT ON NORMAL COGNITIVE FUNCTIONING

The effect of HRT on cognitive functioning in non-demented menopausal women has been evaluated in 12
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retrospective or cross-sectional studies, 16 prospective studies and 17 RCT. No detrimental effect has been
observed in any of these studies except in one small cross-sectional study in which surgically menopausal women
were treated with an estradiol implant about 10 years before [85]. Eighteen pairs were matched for age, 1Q,
education level, socio-economic status, and occupation. ERT users had poorer mental flexibility (rule reversal) and
long-term episodic memory than the control group; the difference was small but significant even after accounting
for the increase in depression and somatic symptoms in ERT users (p< 0.05). There were no differences in a test of
sustained attention or in a category generation task. The great majority of observational studies actually suggest a
positive effect of HRT on cognitive functioning, but benefits might globally be small and rather inconsistent,
implicating only some specific cognitive functions (see below). The absence of a marked beneficial effects in
women with asymptomatic menopause compared to symptomatic women initially led to the hypothesis that
cognitive improvement was more likely to be a result of improved quality of life due to the resolution of
menopausal symptoms (vasomotor symptoms and depressive symptomatology), “the domino effect”, rather than
from a direct effect of estrogens on cognitive functioning. There is, however, now some evidence in support of a
possible direct positive effect of HRT on cognitive functioning even in asymptomatic postmenopausal women |86,
87] so that it is possible that both direct and indirect effects may interact.

Among the cognitive functions so far examined, verbal learning and memory have been extensively studied
using different research designs. The results suggest there may be improvement in verbal performance, notably
verbal memory, however, studies are not unanimous (see for reviews |53, 88-91]). Visual memory has not been
systematically explored, and the few studies conducted to date have given contradictory results showing either no
effect [86, 92-94]|, some improvement with ERT [60, 95, 96] or decline which could be reversed after
supplementation with dienogest, suggesting an antagonistic effect of progestin [97]. The beneficial effect on visual
memory, if any, is small compared to the possible effect on verbal memory and may only be evidenced in larger
samples using a wide range of neuropsychological tests. A recent review of cross-sectional and longitudinal
Positron Emission Tomography (PET) studies of HRT recipients revealed a between group difference in patterns of
regional brain activation evoked during performance of delayed verbal and figural memory tasks, as well as greater
relative blood flow increases over two years in the hippocampus and other mesial temporal lobe structures that
subserve memory [98].

Several shortcomings in cognitive assessment have been reviewed by Rice and Morse, notably with regard to

attention and concentration, which have not been systematically examined. They also stressed that tests of visual
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memory assume intact visuo-spatial discrimination, but this point is rarely considered. They recommend the
simultancous examination of verbal and visual memory, concept formation and reasoning [91]. Despite the
difficulties inherent in the quantitative summation of studies with widely variable study designs, a meta-analysis
has nonetheless been undertaken by Hogervorst [89]. The results were drawn from the nine more robust studies
over the first 15 RCT carried out before 2001. They suggest improvement with estradiol only (but probably not
Premarin, whether or not associated with a progestagen) on tests of immediate verbal memory recall, verbal
reasoning and motor speed and accuracy, with no consistent effects on other verbal functions, visual or visuospatial
recall, working memory, divided attention, mental tracking, or mental status. These very specific effects were
essentially observed in relatively young surgically menopausal women who had been given a monthly
intramuscular injection of 10 mg estradiol for 3 months [89]. A reduction in ER expression or in cholinergic
function after sustained estrogen level has been reported [21, 99] which could explain why only early and transient
positive effects could be evidenced. Nevertheless, results of the meta-analysis were unable to specify whether
duration, formulation, dose, or progestin could alter cognitive performance to a clinically significant level.

The results of the largest ongoing RCT of hormone therapy, The Women's Health Initiative Memory Study
(WHIMS) were published just after the publication of the meta-analysis of Hogervorst ef al. The study has used
only a brief global measure of cognitive function (the modified MMSE) in postmenopausal women aged 65 years
or older, free of probable dementia at baseline [100]. In the first arm of this study, which was terminated early
because of unacceptable side effects (increased risk of breast cancer, heart disease, stroke and pulmonary embolism
[101], 4532 women received daily oral 0.625 mg of CEE plus 2.5 mg of MPA (continuous administration) or
placebo. The 3MSE mean total scores in both groups increased slightly over time (mean follow-up of 4.2 years)
due to a learning effect. Estrogen plus progestin did not improve global cognitive function when compared with
placebo (mean differences in 3MSE scores between HRT users and placebo was -0.18 units, p=0.055). There was
only a small increase in the proportion of women showing a clinically meaningful cognitive decline (of 2 SD) in
the estrogen plus progestin group (6.7%) compared to the placebo group (4.8%). Very recently, the second arm
(2808 hysterectomized women receiving daily oral 0.625 mg of CEE or placebo) has also been abolished due to
excess of stroke and an absence of benefit for the primary cardiovascular outcomes [102]. During a mean follow-up
of 5.4 years, mean 3MSE scores were 0.26 units lower among women assigned to CEE compared with placebo in
analyses without covariate adjustment (p=0.04) [103]. For women assigned to CEE compared with placebo, the

relative risk of having a 10-unit decrease in 3MSE scores (> 2 SD) was estimated to be 1.47 (Clys 1.04-2.07). The



1duasnuew Joyine vH

=
n
1]
=5
E
o
o
N
B~
€8]
o
[e0]
w
<
1]
-
@,
o
=i
BN

19

adverse effect of hormone therapy was more pronounced among women with lower cognitive function at baseline
(p<0.01). When women who developed cognitive impairment or dementia were excluded, the mean difference was
moderated and no longer statistically significant. In fact, the actual magnitude of the differences in 3MSE scores
between the treated and placebo group is too small to have relevance in clinical practice. It is important to note,
however, that the 3MSE is a brief evaluation of global cognitive function designed exclusively to screen for
dementia in elderly subjects; it cannot be considered as a cognitive battery, it is inappropriate for use in this
population with a wide age range, is inadequate for detecting change across time, and is subject to ceiling effects in
non-dementing subjects. It is also invalid to consider an item equivalent to a specific cognitive test. The detailed

effect on individual cognitive tasks is expected to be published later.

HRT AND DEMENTIA
Preventive effect on Alzheimer’s disease: observation studies

Sixteen observational studies have been published between 1984 and 2002 to evaluate the preventive effect
of HRT on the risk of developing post-menopausal dementia. Seven case-control studies did not indicate a
significant effect: two (the oldest studies) showed a non-significant increased risk of dementia among HRT users
compared to non-users [104, 105], three showed no difference [106-108] and two found a non-significant decreased
risk of dementia among users compared to nonusers [109, 110]. On the other hand, nine studies indicated a
significant protective effect of HRT: five case-control studies [111-115] showing a 48 to 67% reduction in risk of
developing AD, a cross-sectional study [116] showing 76% of risk reduction and the cohort studies, indicating a 41
to 69% reduction in the risk of developing AD [61, 117, 118]. Regarding possible dose effects, only one study
reported a necessary minimum daily dose of 1.25 mg CEE [109], whereas Waring ef al. found no such effect [112].
It is unclear if a critical duration of HRT is necessary to have a protective effect. Different studies indicate positive
effects after 6 months, one, three, seven, or ten years [61, 111, 112, 118]. This wide range observed for optimal
treatment duration is probably mainly related to the timing of the treatment. Zandi ef al. reported recently that prior
HRT use was associated with reduced risk of AD (the strength of the association increasing with the duration of the
past treatment), but without any apparent benefit with current HRT use unless such use exceeded 10 years [61].

In the past five years, four meta-analyses have been performed from the above studies, concluding that there
is a29% [119], 34% [88], 38% [90] and 44% [120], reduction in the risk of developing dementia in the group of

ever users of estrogen, compared to never users. In all cases, the authors emphasize the presence of possible biases
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and lack of control for potential confounders such as education, depressive symptomatology and ApoE genotype,
inadequate information regarding the effects of progestin use, the estrogen preparations, dose or duration of
therapy. The effects of these possible methodological limitations were notably highlighted by the difference in OR
observed when comparing the results of the studies carried out before 1994, i.e. less robust, with less subjects, and
with less rigorous statistical analysis (OR = 1.08 not significant and showing high heterogeneity) with that

performed after 1994 (OR = 0.49, significant and very low heterogeneity) [120].

Preventive effect on Alzheimer’s disease: The specificities of the WHIMS RCT

The recent results of the WHIMS which was carried out in community-dwelling women aged 65 to 79 years,
are not consistent with the findings of mechanistic and observation studies. The WHIMS design involved a 4.2 year
daily oral administration of CEE (0.625 mg) plus MPA (2.5 mg), which was observed to lead to a two-fold increase
of the risk for probable dementia (all dementia types) in 2947 postmenopausal women (HR 2.05, Clys 1.21-3.43).
No significant difference in AD risk was found for either the treatment or placebo arms of the study [121]. The
significant effect in this study was related exclusively to vascular dementia, which was increased in the treatment
arm (12.5%, n=5 vs. 4.8%, n=1 in the placebo group). The number of women with a history of cardiovascular
disease was higher in the treatment than in the placebo arm, a factor which is likely to have significantly affected
the outcome (see also below). In 4532 hysterectomized women, a 5.2 year daily administration of CEE alone
(0.625 mg) did not significantly modify the risk for probable dementia (all types) compared to the placebo group
(HR 1.49, Clys 0.83-2.66) [122]. In this trial, the proportion of women with vascular, AD or mixed dementia was
lower than in the placebo group. Pooling data for both trials (CEE alone and CEE + MPA), the overall HR for
probable dementia was 1.76 (Clys 1.19-2.60). HRT effects on mild cognitive impairment did not significantly differ
between groups whether the women were treated with CEE + MPA (HR 1.07, Clys 0.74-1.55) or with CEE alone
(HR 1.34, Clys 0.95-1.89) or after pooling the data (HR 1.25, Clys 0.97-1.60) [121, 122].

The validity of combining the two analyses, CEE alone with CEE+MPA (as was specified in the original
protocol) could be questioned, as besides having undergone surgical menopause, women in the CEE arm also had
lower mean education and family incomes, lower baseline 3MSE scores, weighed more, consumed less alcohol,
and had more cardiovascular disease, hypertension, diabetes, and vasomotor symptoms. Although the numbers are
small, the incidence of dementia and MCI is 33% higher in hysterectomized women than in those with a uterus,

regardless of treatment with HRT or placebo. It should also be mentioned that about 45% of the women in the
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CEE-alone WHIMS trial had previously taken HRT vs. 31% in the CEE+MPA group. Prior use of HRT appeared
to slightly reduce the risk for probable dementia although not significantly (HR 0.87, Clys 0.32-2.39), compared to
1.95 (Clgs 0.94-4.04) for never users. All these considerations should have been taken into account when
comparing or pooling the two WHIMS interventions. Further analyses estimating each woman postmenopausal
exposure to endogenous and exogenous estrogens, in terms of years since menopause or hysterectomy are required,
however, the number of women in each category may be too small to obtain reliable estimates.

In conclusion, the discrepancies between the WHIMS and other studies may be attributed to a number of
factors. Firstly, with regard to the patient group: in the WHIMS, women were older than 65, far from the
perimenopause period and thus very different from the usual clinical situation in which HRT is prescribed around
menopause. They were also less healthy, with cardiovascular risk at randomization, with an excess of hypertension,
obesity, and tobacco use [101]. The high dropout rate in WHI (42% in the HRT group and 38% in the placebo
group), the more frequent unblinding in the HRT group than in the placebo group, the type of formulation (oral
CEE and MPA, which is probably the combination of a weak neuroprotective estrogen with an ineffective, if not
antagonistic, progestin, see below) as well as the doses used (which can be considered as high for a first-line
treatment in older postmenopausal women) are also causes of concern [123].

The increase in the risk of developing dementia in the CEE + MPA group (but not in the CEE group) may be
due primarily to an increase in vascular risk. This is also consistent with the 31% increase in ischemic stroke
already reported in the WHI study after 5.6 years of CEE + MPA treatment [124]) and the high and rapid increase
in deep venous thrombosis, which increased by 3.6-fold after only one year of treatment [125]. Silent cerebral
infarcts and micro-vascular changes in deep white matter are now recognized to be important risk factors for
vascular and also AD type dementias [126]. The vascular risk hypothesis is also supported by observations that
adverse effects such as venous thrombosis, coronary heart disease or stroke, occur very early in treatment, often in
the first year [125].

Altogether, the WHIMS results do not prove that HRT has no effect on AD, but they clearly indicate that
women older than 65 years should not be treated with CEE with or without MPA to attempt to prevent dementia or
enhance cognition. The WHIMS design was unsuitable for the investigation of a neuroprotective effect, and it is
hardly surprising that no protective effect was found. Furthermore, the results of the WHIMS could also not be

extrapolated to other countries, especially Europe where other HRT using natural steroid hormones (e.g. estradriol
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and progesterone) and other modes of administration (transdermal vs. oral mode) are preferred. These differences

in clinical practice may be related to less harmful effects (see below) and urgently merit further investigation.

Effect of HRT on the severity of Alzheimer’s disease

The effects of HRT on women with AD have been evaluated in eight therapeutic trials (including five RCT).
They have been unable to demonstrate a clear beneficial effect of estrogen therapy on AD severity. More
particularly, the three most recent controlled, double-blind therapeutic trials, conducted by Henderson er al., [127],
Mulnard et al [128] and Wang [129] observed neither a statistically significant benefit of CEE for any of the
individual cognitive or functional assessments, nor a decrease in the severity of dementia after a year of treatment.
In a smaller RCT with 20 postmenopausal women with AD, Asthana ef al. reported improvement in attention and
some verbal, visual and semantic memory tasks in women using a skin patch of 17B-estradiol (0.1 mg/day) for 8
weeks, compared to women receiving placebo [130]. This effect was independent of the hormone effect on mood.
After several weeks of treatment withdrawal, the improvement was no longer evident. In a recent meta-analysis of
five RCTs including 210 women with AD, Hogervorst ef al. could only demonstrate a short term (2 months)
positive treatment effect of transdermal estradiol (but not of CEE) on verbal memory (on cued delayed recall of a
word list) but not on visual memory, language functions, most speeded tests, clinical rating scales or depression.
They also reported a very limited positive effect from low dosage of CEE (0.625 mg/day) but not from higher
dosage (1.25 mg) on the global MMSE score only after 2 months but not after 3, 6 and 12 months of treatment.
Whether age, dementia onset or the use of a particular preparation for a longer duration of treatment could have
different effects remains speculative [131].

Few studies have investigated the enhancing effect of HRT associated with drugs used in the treatment of
AD. In a RCT with 118 women of at least 50 years of age, of whom 13% were taking ERT (mainly CEE) over a
mean period of 11 years, enhancement of the efficacy of the anticholinesterasic agent, tacrine, in the treatment of
cognitive function in dementia was observed after 30-weeks [132, 133]. By contrast, a recent RCT found no
beneficial effect of HRT (transdermal estradiol 0.025 mg/day + oral progesterone 100 mg/day) when co-
administered with rivastigmine for 28 weeks to 59 elderly menopausal women (mean age 76 years, mean
menopause duration 26 years) [134]. The difference in age, time elapsed since menopause as well as treatment type

(unopposed vs. opposed) could probably explain the observed discrepancies between the two studies. It should also
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be noted that the effect of cholinesterase treatment for AD has been reported to vary for women (but not for men)
according to their ApoE &4 status; women with an €4 allele having less of a treatment effect [135].

Thus, whereas some studies suggest that estrogen may act as a preventive agent for neurodegeneration, there
is presently no evidence that this hormone acts as a restorative agent in already degenerated neural tissue, although
such a hypothesis is credible (cf. [60, 61]). Experimental data also supports these findings, indicating that estrogen
could be neuroprotective when administered before or at the same time as the neurodegenerative stimulus, but not

when administered afterwards (see for reviews [2, 136]).

STUDY LIMITATIONS AND VARIABILITY AS THE PRINCIPAL CAUSE OF INCONSISTENCIES IN RESULTS
Epidemiological studies and cognitive evaluation

Most therapeutic trials conducted to date have been unable to conclude that HRT could significantly prevent
the development of AD or decrease its severity. Epidemiological studies, especially the earlier ones (before 1994),
have numerous limitations (see for reviews [91, 119, 120]). Variability in the neuropsychological tests used and
their limited range as well as the lack of standardized diagnostic criteria for dementia are among the principal
shortcomings making difficult any comparison between studies. There are numerous other factors which are
potential confounders which have not been systematically controlled for; most studies showing a high
heterogeneity with regard to subjects (age, education level, ...). More specifically, depressive symptomatology is
an important confounding variable, which has rarely been evaluated. ApoE-£4 status is also rarely given although it
is an important genetic risk factor for AD, and an interaction has also reported with ERT status [137]. Although
current longitudinal studies are better controlled and more robust, randomization precludes the identification of
other potential confounders. In prospective cohort studies on HRT, there is also specific bias. The HRT users are
preferentially healthy, non depressed, with a high level of education and higher socioeconomic status; in
themselves protective factors against cognitive decline (healthy user bias). Another source of bias is that women
with memory complaints may have been preferentially prescribed HRT (bias by indication). Loss of subjects is also
a cause of concern in longitudinal studies. In a recent review, Sherwin ef al. reported that in about half of all
longitudinal studies, the 25 to 30% of women who failed to return for cognitive testing were older, have less
education, had lower MMSE scores at baseline, and were more likely to be non-users [53]. Clinical therapeutic
trials with no control group raise the problem of learning effects which are frequent after repetitive cognitive

evaluation with the same tests. RCT are the most robust studies (although generally of small size and short term)
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but the validity of the double-blind is open to question: women frequently guess the type of treatment they
received, due to bleeding or menopause symptom resolution. Greendale er al. reported that when women were
asked at the end of a 3-year protocol, 60% of the placebo group guessed the type of treatment they received,

compared to 85-90% in the group who received HRT [138].

Menopause, HRT formulations and biological oucomes

Other design problems are related to the heterogeneity of subjects included in HRT studies with regard to age
and health, varying definitions of menopausal status (including or not premenopausal women), and the type of
menopause, natural or surgical, the latter giving perhaps more consistent results due to the sudden and complete
loss of estrogen across subjects (see for reviews [84, 120, 139]). HRT timing is also problematic: the mean duration
of an RCT is usually less than 6 months (the longest trial being WHIMS which lasted 5.2 years) whereas the
average duration of observation studies is 13 years, and the time between the exposure window and the menopause
age, which is probably critical for a beneficial cognitive effect, is highly variable (observation studies being closer
to the real clinical situation than RCT where HRT is not administered during the early menopause transition). There
are also numerous differences with regard to type of HRT (the more recent large RCT only used oral CEE with
continuous MPA, whereas natural steroid hormones are probably more beneficial, due in particular to their distinct
pharmacokinetic properties) [140], or in the sequence of administration of progestin (women with estrogen and
cyclic progestin treatment were shown to be significantly less likely to report cognitive symptoms such as
concentration than when administered with an opposed continuous treatment [141], as well as for estrogen
(continuous administration being susceptible to reduce ER concentration by autoregulation [142]). Lastly, there is
also variability in the preparations used (oral vs. patch, the parenteral mode short-cutting first-pass liver effects),
which can result in various pharmacokinetic patterns. The transdermal administration of estradiol is reported to
provide a rapid rise in estradiol serum level and nearly constant levels (i.e. constant estradiol-estrone ratios) over
the entire application period. Oral administration, on the other hand, results in highly variable serum levels of
estradiol, and lower bioavailability compared with estrone whose plasmatic accumulation could be 3-fold higher
than after estradiol transdermal administration (and 20-fold higher in the mammalian gland) [143].

Distinct biological effects of HRT formulation have already been reported in relation to breast cancer or
cardiovascular outcomes, notably due to variable metabolization. Transdermal estradiol is less harmful on markers

of cardiovascular risk than oral estradiol (or CEE) which activates blood coagulation, increases C Reactive Protein
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(CRP) and modifies other biological markers such as triglyceride or LDL level, or also LDL particle size [144-
148]. This was also recently suggested by a multicentre hospital-based case-control study which showed that oral
but not transdermal ERT was associated with a 4-fold increase in risk of venous thromboembolism in current users
[149]. Moreover, the harmful effect of progestins, especially synthetic derivatives (e.g. MPA) has been reported for
cardiovascular risk [150, 151]. Regarding breast cancer, MPA + oral ERT was reported to increase mitotic activity
in epithelial cells in postmenopausal breast | 152] whereas this mitotic activity was decreased when progesterone
was added to transdermal ERT [153]. The recent data of the Million Women Study in the UK indicated an
increased risk with estrogen-progestagen compared to estrogen only, with very little variation between specific
estrogens and progestagens [154], but it should be mentioned that the complete history of hormonal treatment was
not considered in this study, which only focused on the most recent treatment taken. On the other hand, the first
French prospective study in which 83% of the 3175 postmenopausal women were receiving a combination of a
transdermal estradiol gel and a progestin other than MPA did not show any evidence of increase in breast cancer
risk even after 9 years of treatment [155] whereas an increase in breast cancer was observed early after treatment
with CEE + MPA (RR 1.26, Clys (1.00-1.59) afer a mean follow-up of 5.2 years) [125]).

The addition of progestin may have had a modifying effect on the risk of developing dementia because
progestins, especially MPA, have been reported to attenuate or counteract the effects of estrogen and possibly
increase the risk of thromboembolic events [156], or cardiovascular disease [157]. With regard to neuroprotective
effects, there is also accumulating evidence for a different effect between MPA and other progestins. Progesterone
has been reported in vitro to be neuroprotective alone or when administered with estradiol (although to a lesser
degree than estradiol alone) whereas MPA was an ineffective neuroprotectant and even completely antagonized
estrogen-induced neuroprotection when co-administered [158, 159]. This is also suggested by a prospective
observational study in which women taking CEE + MPA scored significantly lower in global cognitive functioning,
abstract reasoning and verbal fluency than both never users and ERT only users after a 2-yr treatment |160]. Hence,
there are several lines of evidence to suggest that HRT prescribed in the U.S. (oral CEE and MPA) could be less
neuroprotective (or more harmful) than that prescribed in Europe and especially in France (transdermal estradiol
and natural progesterone) regarding various clinical outcomes (see for review [161]). All of these points have
undoubtedly to be taken into account before drawing any definitive conclusion regarding the effects of HRT on

cognitive functioning and dementia.
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EFFECTS OF OTHER ESTROGENIC MODULATORS ON COGNITIVE DISORDERS

Many estrogen-related diseases, including breast cancer, and polycistic ovarian syndrome, endometrial
cancer and endometriosis are treated with drugs possessing antiestrogenic activity, which may also elicit most of
the same symptoms as those commonly shared by women with low estrogen exposure [79]. There has thus been
some concern that antiestrogen treatment for breast cancer prevention may be associated with cognitive
dysfunction. Synthetic, nonhormonal compounds, SERM, have been developed that could have estrogen agonist
and antagonist actions in estrogen-responsive tissues. The two most widely recognized SERM, tamoxifen and
raloxifene, have estrogen-agonist properties on bone and lipids and estrogen-antagonist effects on breast, whereas
raloxifene unlike tamoxifen, has estrogen-antagonist effects on the uterus [162]. Their effects on brain have been
reviewed leading to the conclusion that tamoxifen may antagonize some of the beneficial effects of estrogen on the
CNS (it notably acts as a pure estradiol antagonist with respect to serotonergic mechanisms), whereas raloxifen
may exert estrogen-like effects on cholinergic transmission [163]. The anti-ER effect is also supported by the fact
that women with breast cancer treated with tamoxifen commonly report vasomotor symptoms, mood instability,
and cognitive dysfunction.

In a study aimed at comparing cognitive functioning in 1163 women (aged 57-75), little difference between
women who had used tamoxifen for five years and never users were reported on three cognitive tests (clock
drawing, copying a box drawing and narrative writing) [164]. Current users had a significantly lower mean
complexity score only on the narrative writing task, indicating that current use of tamoxifen may adversely effect
certain cognitive functions in a reversible way since there was no difference between past users and non-users.
Current users also reported more frequently consulting their physicians for memory problems than nonusers. Using
a battery of neuropsychological tests, van Dam et al. reported a dose-dependent deleterious effect on cognitive
function in women who have received standard or high doses of adjuvant chemotherapy plus tamoxifen compared
to controls, but in the absence of a tamoxifen arm (without adjuvant chemotherapy) one cannot conclude that there
is a specific effect with tamoxifen [165]. Another cross-sectional study failed to detect any significant deleterious
effects on cognitive functioning. Tamoxifen may in fact have deleterious effects on cognitive function specifically
at the beginning of therapy and if high dosages are used (see for review [163]).

With regard to raloxifene, an RCT with 143 postmenopausal women reported no consistent effect on
cognitive functioning using a battery of computerized tests, nor on mood, compared to placebo over one year [166].

The large trial of raloxifene in 7,478 osteoporotic postmenopausal women was completed over three years (the
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Multiple Outcomes of Raloxifene Evaluation [MORE] trial). On the six cognitive tests performed, mean cognitive
scores improved slightly over the three years. Compared to the placebo group, women assigned to raloxifene had a
slightly lower risk of developing cognitive decline on attention and verbal memory tests only [167]. Improvement
in verbal memory with raloxifene has also been reported in two smaller studies, one including postmenopausal
women without AD and the other postmenopausal women with AD [168].

Hence tamoxifen may have estrogen-antagonist effects on the brain, whereas raloxifen may have estrogen-
agonist properties. These data require confirmation by well-designed longitudinal studies, taking into account the
methodological limitations in most previous studies. For example, the relative contributions of adjuvant
chemotherapy, adjuvant hormonal therapy (i.e. SERM by itself) and chemotherapy-induced menopause remain to
be explored as well as other confounding factors related to female susceptibility (i.e. age, education, depressive
symptomatology...) [163]. A large American and Canadian study, the Co-STAR study (Study of Tamoxifen And
Raloxifen/cognition) is currently investigating the effects of tamoxifen and raloxifen on cognition in 2000 women
aged 65 years or over and with high breast cancer risk.

Finally, gonadotropin releasing hormone (GnRH) agonists which are used to treat benign chronic
gynecological disorders such as endometriosis and uterine fibroids or myoma, or premenstrual syndrome, suppress
ovarian function and thus have hypo-estrogenic side effects, vasomotor symptoms, mood disorders, and bone
demineralization. Temporary cognitive decline has also been reported. As an example, the GnRH agonist,
leuprolide acetate depot (3.75 mg, intramuscularly, every week), was shown to decrease verbal memory and
learning (but not visual memory) after 12 weeks of therapy in young, healthy women, compared to pretreatment
baseline when their ovaries functioned normally. Mood scores also increased during the ovarian suppression phase,
but this was not clinically significant and did not influence cognitive scores significantly. This memory deficit
could be prevented (as were the symptoms of hypoestrogenism) by concurrent "add-back" estrogen administration
(CEE 0.625 mg for 8 weeks) [169]. This suggests that estrogen may help to maintain verbal memory in women and
that, at least in the short term, cognitive changes due to estrogen deprivation could be reversible with ERT provided

the delay between cognitive symptom onset and treatment is not too long.

In summary, whereas a neuroprotective role for estrogen might be expected, this has not as yet been
adequately demonstrated. Comparing cognitive performance across or between conditions associated with different

hormone exposure, such as phases of the menstrual cycle, (surgical) menopause and various exogenous hormonal
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effectors, including ERT, SERM or GnRH agonists, suggests a possible effect at least on verbal memory, but this
has not been conclusively demonstrated. On the other hand, it is still uncertain as to whether there is a preventive
effect on dementia in spite of the numerous studies already performed. One probable short-coming has been the
focus on late-onset (menopausal) hormonal changes i.e. at a time when the neurodegenerative process has already
begun, and without taking into account individual life-time exposure to hormonal variability. Many of the
inconsistencies reported in the literature may be due to the fact that women do not arrive at menopause with equal
risk of cognitive decline, or equal susceptibility to the effects of HRT. There is now some evidence to suggest the
existence of vulnerable female subgroups at high risk of developing neuro-psychiatric disorders at specific
moments in their reproductive life, e.g. when a drastic drop in estrogens occurs, such as at the premenstrual phase
of the cycle, after postpartum, or at the perimenopause period. While the identification of this subset of hormone-
sensitive subjects would permit the preventive use of a tailored therapy based on steroid hormones, the key

hormonal determinants of risk of cognitive impairment and psychiatric disorder, still remain to be characterized.

IV. PHYSIOLOGICAL MARKERS ASSOCIATED WITH LIFELONG CUMULATIVE ESTROGEN EXPOSURE

SERUM HORMONAL LEVELS AND GENDER DIFFERENCES

Understanding of the peripheral metabolism of precursor steroids in the main estrogen target tissues appears
fundamental to ascertaining the mechanisms underlying the development of diseases associated with the decline in
circulating estrogen levels after menopause. Although the ovaries are the principal source of systemic estrogen in
the premenopausal non-pregnant woman, other sites of estrogen biosynthesis are present throughout the body: the
mesenchymal cells of adipose tissue and skin, osteoblasts and perhaps chondrocytes in bone, vascular endothelial
and aortic smooth muscle cells, as well as several sites in the brain, including the medial hypothalamus, the
amygdale and the hippocampus. In men and postmenopausal women, the estrogen synthesized within these
extragonadal compartments probably has no major role as a circulating hormone, but is rather only biologically
active at a local tissue level in a paracrine or intracrine fashion (see for review [170]).

Extragonadal estrogen synthesis involves the enzymatic transformation, by aromatase, of androgens which
become the principal source of estrogens after menopause. Compared with women, men maintain a high circulating
level of active precursor testosterone throughout life (10-30 nM vs. 0-5 nM in women), which is available for
aromatisation, in extragonadal sites. Because the levels of circulating testosterone in the male are similar to the K,

of aromatase (20-30 nM), it is likely that circulating testosterone in men can be converted efficiently in
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extragonadal sites to produce sufficiently high local concentrations of estradiol sufficient for transactivation of ER
(both a and 3, Kd around 1 nM) whereas in women the conversion to estradiol would be less efficient. The level of
circulating testosterone in men is also 2-3 orders of magnitude greater than the mean level of circulating estradiol in
postmenopausal women (30-70 pM) and in men (25-130 pM) (see for review [170]). Given that much of the
circulating estradiol is bound to sex hormone-binding globulin, it is unlikely to have a major impact on
transactivation of the ER, compared with estrogen produced locally as a consequence of aromatisation of
circulating testosterone. Thus, the uninterrupted sufficiency of circulating testosterone in men throughout life
supports the significant local production of estradiol by testosterone aromatization, and could probably afford
ongoing protection against estrogen deficiency related diseases. Aromatization is probably important in terms of
protecting the bones of men against mineral loss [171], and might also contribute to the maintenance of cognitive
function and prevention of AD in men.

Several factors must be thus taken into account when considering the physiology of estrogen levels. In
general, ovarian steroids are concentrated several-fold in brain relative to plasma, and the turnover rate of brain
sequestration of blood-borne sex steroids is high compared with other steroids such as corticosteroids [26]. Due to
the difference in kinetic diffusion rates across the blood brain barrier for estrogen, progesterone and testosterone,
the presence of localized brain neurosteroids and aromatase, and the possible variations in progesterone receptor

dimerization, blood tests and serum level evaluation are generally not very helpful or informative |79].

SERUM HORMONAL LEVELS AND COGNITIVE DISORDERS

Within this context it might be expected that research aiming to establish a correlation between seric
endogenous hormonal levels and disease with a gender specific pattern would be inconclusive and controversial.
Whereas some studies conducted in elderly women have shown positive relationships between high endogenous
serum levels of estrogens (and testosterone) to some verbal memory functions and negative relationships to
visuospatial functions, other studies have not found any relationships with cognitive performance (Table 2). More
recently, Hogervorst et al. reported that high levels of total estradiol had a positive relationship with verbal memory
in women, but not in men, whereas total testosterone had a negative relation to verbal recall especially in women.
On the other hand, some other verbal (paired associates, graded naming) and visuospatial tasks (paired associates,
recognition) showed no relationships with hormone levels. Hence, not all cognitive functions could be improved

with higher levels of sex steroids and such effects seemed to be modified by sex; the sex-sensitive tests showing the
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clearest effects with possible interaction of age with levels of sex hormones [172].

Possible associations of seric hormonal levels with dementia have also been investigated. Senanarong ef al.
reported, that lower estradiol levels were correlated with poor cognitive, behavioral, neuropsychiatric symptoms
and functional status in 135 community-based older men and women of whom 72 had dementia and 63 did not
[173]. They defined a threshold level of endogenous estradiol in the elderly for the risk of developing dementia
being less than 15 pg/ml (< 55 pM) in men and less than 1 pg/ml in women [173]. This threshold varies somewhat
from that reported by Manly ef al. who found that the risk for AD in postmenopausal women was increased 4-fold
for estradiol levels less than 20 pg/ml [174], with no significant association with estrone serum levels.

In a recent RCT carried out with 120 hysterectomized postmenopausal women with AD, no association was
found between estradiol or estrone levels and neuropsychological test scores on 7 different assessments at baseline
compared to 2 or 12 months follow-up [175]. Geerlings ef al. also could not find any association between higher
levels of endogenous total or bicavailable estradiol and reduced risk of dementia in 584 women or 493 men [176].
No significant differences in estradiol levels were found in a further small study of 21 AD and 12 healthy women
[177]. Hogervorst ef al. found no difference in female testosterone levels between cases of AD and controls. By
contrast, men with AD had significantly lower levels of testosterone, which could indicate that low testosterone
may be a co-morbid feature of AD in men, or that low testosterone levels could exacerbate the disease [178].

Finally, Hogersvorst ef al. pointed out that the sensitivity of the assay could determine the reported value of
the estradiol levels [179]. They carried out a meta-analysis to assess whether the sensitivity of the assays of past
studies had affected the reported level of total estradiol, and also measured total estradiol in 66 women with AD
and 62 controls. Two assays were used to assess the difference between sensitive (radioimmunoassay with a
specific rabbit antibody, 3 pM) and relatively insensitive (immunoassay, 37 pM) assays. The meta-analysis of nine
studies indicated that insensitive assays gave higher levels of total estradiol when a large number of samples fall
below the level of insensivity of the method. This might explain earlier reports of low levels of total estradiol in
AD, since total estradiol levels (using the sensitive assay) in controls were one third of those reported in the earlier
studies. Using the sensitive assay they found that women with AD had significantly higher levels (26 + 13 pM) of
total estradiol than controls (21 + 13 pM). Using the insensitive assay, there was no significant difference in the
levels of total estradiol. The sensitivity of the assay could thus have determined the previously reported value of the
estradiol levels. Studies using a sensitive assay do not report significantly lower levels of total estradiol in women

with AD, which argues against the hypothesis that low levels of total estradiol are a risk factor for AD. At the
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present time, the reasons for estradiol increase in AD remain unclear, one explanation being ER polymorphic
variability in AD cases.

The association between steroid hormone level and cognitive functioning thus remains controversial and at
the present time it is still uncertain as to which steroid serum level is the better predictor (estradiol, estrone,
testosterone. .. ), under which form (total or non-protein-bound and bioavailable), whether this could be specific for
only some cognitive functions and time points and even the direction of the association (increase or decrease). The
link with serum gonadotropins (e.g. luteinizing hormones (LH), and follicle stimulating hormones (FSH) which are
sensitive to changes in estrogen and the primary regulator of estrogen production) also remains to be clarified [ 180,
181]. Whether a seric threshold could be defined for any of these steroids, whether this threshold is distinct for men
and women or whether optimal levels of steroids are needed to maintain brain function with no therapeutic value
for ERT once AD is present are some of the questions which remain unanswered. Interestingly, the absence of an
association with postmenopausal estrogen levels has also been reported with other pathologies such as osteoporosis
and vertebral fractures, for which the protective effect of estrogen is nevertheless well documented [182]. For
breast cancer, the data available from prospective studies of estradiol level among premenopausal women are also
inconclusive whereas for postmenopausal women a positive association was shown between serum estradiol
concentrations and risks (see for review [183]). Direct determination of serum estrogen levels, especially in the
premenopause period, may thus not represent the best means of detecting relative estrogen deficiency, as serum
levels fluctuate and the level of any single estrogen may not always reflect the total integrated end-organ effects of
multiple circulating compounds possessing estrogenic properties [184]. More clinically useful measures of
endogenous estrogenic effects at the level of specific tissues (notably brain) must be sought, for instance using PET

scans in combination with biomarkers.

PHYSIOLOGICAL MARKERS ASSOCIATED WITH LIFELONG ESTROGEN FLUCTUATION

Apart from cyclic variations in serum hormonal levels during reproductive life, various clinical markers are
candidate indicators of lifelong endocrine fluctuations. Earlier age at menarche (< 11 years) which favors a higher
than average estradiol serum level for 10 to 30 years after menarche, nulliparity and late first pregnancy (after 30),
and late menopause (after 55) are among the physiological factors associated with an increased exposure to
estrogens. Conversely a later age at menarche, pregnancy and longer time since menopause result in decreased

exposure to estrogens. Obesity during the climacteric is also a key factor associated with an increase in estrogen
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exposure. After the menopause, mesenchymal cells of adipose tissue become the main source of estrogen via
testosterone aromatization. Therefore, in the post-reproductive years, the extent of female estrogenization is mainly
determined by adiposity. This is of clinical importance considering that corpulent women are relatively protected
against AD [185] and osteoporosis [186] but more at risk of estrogen dependent breast cancer [187].

Pregnancy is associated with specific variations. Serum estrogens (estrone, estradiol and estriol) and
progesterone levels are increased very quickly during pregnancy, while smoking during pregnancy lower the
maternal estriol levels by 20% or more throughout pregnancy. After parturition, serum estrogen levels are
dramatically decreased but at sufficient levels to continue to stimulate prolactine liberation for 2 days. During
lactation, estradiol levels are as low as at postmenopause (see for review [ 188]).

Regarding exogenous endocrine effectors, use of OCs and postmenopausal ERT (whose dosage is generally
lower than OCs), their time and duration of use are exogenous factors also contributing to modify estrogens levels,
whose effects could be further modulated in case of combination with progestins. By contrast, a decreased exposure
to estrogens could result from various events, including castration (after surgery, chemotherapy or radiation), or
exposure to various compounds possessing antiestrogenic activity, such as tamoxifen (or other SERM), progestins,
antiandrogens, (which could be used for treatment of hormonal dependent cancers), GnRH agonists (used in benign
chronic gynecological disorders or for the treatment of sterility) or diethylstilbestrol DES (which has been used in
the past to avoid miscarriage during pregnancy).

The search for consistent associations between endogenous estrogen levels and cognitive function has been
inconclusive. An interesting alternative is bone mineral density (BMD), which is a potential surrogate marker for
endogenous estrogen. Bone contains ER, and BMD is positively correlated both with endogenous and exogenous
estrogens and could thus be considered a marker for lifelong estrogen exposure. BMD is also an associated factor
in various hormone-dependant pathologies. For example, high BMD has been shown to be a marker for risk of
breast cancer [189-192], whereas women with higher bone mass, have a decreased risk of colon cancer [193],
probably reflecting greater cumulative estrogen exposure. BMD was also reported to be a marker of cumulative
estrogen exposure associated with cognitive function in non-demented older women. Yaffe ef al. have shown that
women with osteoporosis, whether measured by baseline BMD, reductions in BMD, or vertebral fractures, have
poorer cognitive function and greater risk of cognitive deterioration [194]. BMD was also shown to be associated
with verbal memory impairment (delayed recall) among 4,304 elderly subjects in the Third National Health and

Nutrition Examination Survey [195]. More recently, Lui ef al. [196] observed that women with more rapid hipbone
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loss were more likely to develop global cognitive decline - defined as a decline of 3 or more points on repeat
mMMSE score - (after a mean follow up of 4.5 years of 4462 women older than 70) than those who had lower rate
of loss (or who gained bone mass), an association which could not be explained by known suspected risk factors for

bone loss and cognitive decline. Women with dementia are also at higher risk of fracture of the femur.

In summary, the association between hormonal serum level and cognitive functioning remains controversial.
Gobal marker(s) of cumulative estrogen exposure should be explored as possible indirect measures of base-line
hormonal status, to be used as co-variates in establishing associations with cognitive and neuro-psychiatric

disorders, rather than more “instantancous” or local markers such as serum hormonal levels.

V. TOWARDS AN INTEGRATIVE MODEL OF CUMULATIVE ESTROGEN EXPOSURE

The decrease or increase of estrogen associated with specific markers has been associated with the risk of
developing hormone-dependent conditions, including osteoporosis and certain cancers, in which the notions of
cumulative hormonal exposure and hormonal windows have been largely used [197-200]. The study of
reproductive and menstrual factors on risk for hormone-sensitive cancer has increasingly relied on mathematical
models that combine multiple markers into a single equation [201-203] as such indices provide greater predictive
power than consideration of individual markers [204]. For breast cancer, the well-established reproductive risk
factors are early age at menarche, nulliparity, late age at first full term pregnancy, late age at any birth, low parity
among parous women and late age at menopause. Regarding exogenous hormonal effectors, such as OCs, an
increased risk was observed, especially for women continuing treatment close to the menopause (see for review
[183]). In relation to HRT, a recent meta-analysis reported an increased risk of 1.35 for 5 years of use or more
[203]. This notion has also been widely used for BMD, a higher bone density being associated with a longer
endogenous (e.g. early menarche, parity, and late menopause) or exogenous hormonal exposure: HRT prevents the
menopausal decrease in bone density and thus decreases the risk of hip fracture, whereas premenopausal use of
0Cs, also affects bone loss and reduces the risk of hip fracture [205-208]. This bone protective effect increases
with OC dose and probably also with duration of administration; better protection being observed in older women,
i.e. those who were the closest to menopause [208].

While the utility of global clinical markers of estrogen exposure has been established in breast cancer and

osteoporosis, little work has been done to determine if they are useful in understanding the effects of estrogens on
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brain functioning. This methodology has only just begun to be applied in the area of cerebral functioning to
examine cognitive disorder in the elderly, but this research is limited with regard both to the cognitive functions
selected and the estrogen markers studied. Smith ef al. reported for 87 elderly nondemented women that an index,
combining menstrual, reproductive, and physical markers associated with estrogen levels (e.g. body mass index),
was related to better performance on two verbal tasks [209]. No individual marker showed a pattern of associations
with cognitive performance as consistent as did this combined index, indicating that the effects of estrogen on brain
may be more apparent when the cumulative effects of exposure are evaluated [209]. This also suggests some
interplay between long-term structural changes and short-term activational mechanisms. Nappi ef al. also reported
that early surgical menopause was associated with poorer cognitive function (in short term verbal memory but not
in attention tasks) in a study with 103 young patients [65]. In a longitudinal study including 361 post-menopausal
women, nulliparity and late menopause were associated with significantly less cognitive decline at follow up as
measured by changes in MMSE, which suggests that a higher lifetime, natural exposure to estrogen is associated
with less age-related cognitive decline [210]. Others possible markers that could influence hormonal function such
as age at menarche, number of total pregnancies (resulting or not in live births), lactation, have not been explored in
this study. Alternatively, Richards ef al. have investigated the association between cognitive function at ages 8, 11,
15, 26, and 43 years and timing of the menopause using a Cox proportional hazard models in 1572 women from the
British 1946 birth cohort. Higher cognitive scores were shown to be associated with later menopause (with the
strongest effect in childhood cognitive performance) [211]. Cognitive testing will be repeated in this study at age
53 years, so that it will be possible to determine whether women who come early to menopause are at greater risk
for cognitive decline, suggesting that causal factors could be in place long before the onset of the climacteric. Such
long term prospective studies provide a more appropriate means of evaluating the possible associations of cognitive
dysfunction with life time estrogen exposure, than retrospective studies which are subject to memory bias with
regard to self report of markers of lifetime exposure.

The association between life-time hormonal exposure and AD has received less attention than the
relationship with sub-clinical cognitive dysfunction. An association between parity and AD has been reported in
106 women with a diagnosis of AD compared to 189 control women without dementia [212]. Studies of the
association of increased risk of AD with advanced age at menarche and advanced age at menopause are
inconclusive, one study showing a positive association with age of menarche but not with age of menopause [109],

another showing the opposite [116], whereas other studies found no effect for either factor [112, 118]. An earlier
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onset of menopause was found in women at risk of dementia, i.e. with a positive family history of disease, but this
was not found in those without a family history of dementia [213]. However, it is not clear whether early
menopause is the cause or the consequence of the AD pathology. Another study of 3601 women aged 55 years and
over, using as markers only age at menarche and menopause, found a significant increase in risk of dementia in
women with natural menopause and more reproductive years and who were also ApoE €4 carriers. No such

association was observed in non-carriers [214].

In summary, numerous studies suggest that a combined index reflecting lifetime cumulative estrogen
exposure, may constitute a more significant determinant of cognitive functioning in the elderly than a single marker
(such as ERT). Hence, the characterisitics of the reproductive period merit further examination as potential markers
of long-term exposure to endogenous estrogen. However, the studies conducted to date have focused on only a
small number of reproductive life events (generally age at menopause or/and age at menarche) without considering
other endogenous factors (such as menstrual cycle history, total pregnancies, lactation) and exogenous factors such

as OCs or antiestrogen effectors (as is the case in hormone sensitive cancer or endometriosis) have been neglected.

CONCLUSION AND FUTURE DIRECTIONS

A plethora of strong in vitro and in vivo experimental evidence converge to support a positive role of
estrogens on various neurotransmitter systems and on neuronal functioning. The estrogen influence on cognitive
functioning is also suggested by gender differences in cognitive performance (females performing better on tasks of
verbal memory and fine motor coordination and males performing better on perceptual-spatial tasks). Comparing
performance across or between conditions associated with different hormonal exposures, such as phases of the
menstrual cycle, (surgical) menopause and various exogenous hormonal effectors also suggests a possible effect at
least on verbal memory, but this was not firmly demonstrated, the effects being sometimes modest or with limited
clinical relevance. The search for consistent associations between endogenous estrogen levels and cognitive
function has been inconclusive, but it should be mentioned that measurement of endogenous estrogen is technically
difficult, and it is unclear how serum levels may reflect local brain estrogen concentrations or how well a single
measurement is correlated with cumulative estrogen exposure.

On the other hand, it is still unclear as to whether estrogen has a preventive effect on dementia in spite of the

numerous studies performed. Whereas most observational studies conducted in the 10 last years (i.e. the most
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robust ones) consistently indicated a 41-76% decreased risk of developing AD among HRT users, the recent results
of the WHIMS did not show any significant effect after 5.2 years of CEE treatment and even indicated a two-fold
increase in dementia (essentially vascular dementia, but not AD) after 4.2 years of treatment of CEE+MPA.
Current therapeutic trials are unsuitable for the detection of neuroprotective effects of HRT, considering the
populations studied (women aged 65 years and older, very far from the menopause and thus from the usual clinical
situation), and the duration, dose, and type of HRT (oral CEE and MPA) whose neuroprotective properties have
never been recognized and whose side-effects (especially cardiovascular) could be extensive. This is quite different
from observation studies in which women begin HRT younger, at the perimenopausal period, and using (especially
in Europe) natural steroids whose pharmacodynamic properties are probably more favorable.

One key short-coming has probably been the focus on late-onset (postmenopausal) hormonal changes i.e. at a
time when the neurodegenerative process has already begun and without taking into account individual life-time
exposure to hormonal variability. There is now some compelling evidence to suggest that combining the effects of
clinical, reproductive, and menstrual events within a cumulative exposure model integrating all the characteristics
of the reproductive period as well as exogenous hormonal effectors, may provide a more useful approach to the
understanding of the effects of steroids on the brain. Further research is needed regarding the possible differential
effects on risk of cognitive dysfunction, of endogenous vs. exogenous and short vs. long-term effects of estrogen,
especially at the critical period of the perimenopausal transition. Analyses providing both detailed reproductive
histories and adequate longitudinal data on cognitive decline are lacking. Multifactorial models based on an
exhaustive view of all the hormonal events throughout the reproductive life should be explored more thoroughly to
isolate the key hormonal determinants of cognitive disorders in the elderly. This could also lead to the identification
of vulnerable sub-groups of hormone-sensitive women, who may be at high risk of developing cognitive symptoms
(on the basis of their lifetime endocrine pattern). This would open up the possibility of offering tailored therapies
based on steroid hormones. The public health consequences of such a preventive programe would be considerable
bearing in mind the projected increases in AD prevalence (14 million people worldwide may be suffering with AD
by the middle of the 21% century [215]) and also the increase in menopausal women (who presently constitute
around 15% of the western population) due to population aging. In the U.S., Henderson has predicted that should a
neuroprotective effect of ERT be established, its widespread use during menopause could reduce the number of
women with AD by more than one million [216]. At a more general level, Brookmeyer ef al. have estimated that

delaying disease onset by only two years, could permit a decrease in AD prevalence by at least 20% [217].
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Women do not arrive at menopause with equal risk of cognitive decline or equal susceptibility to the effects
of HRT. The reason why some women seem more vulnerable to neuropsychiatric disorders remains poorly
understood and a multifactorial approach incorporating other predisposing factors (environmental, genetic, or
biological, e.g. vascular factors) is required. At the present time there is little data to support these hypotheses and
further studies should focus on the integration of adequate information on reproductive history. Geerlings ef al.
reported that the risk of dementia appeared more pronounced in Apog4 women with higher reproductive years
(calculated as the difference of age of menopause minus age at menarche), whereas in non carriers no clear
association was observed [214]. In yet another study, estrogen use was associated with less cognitive decline
among £4-negative women but not €4-positive women. Potential mechanisms, including carotid atherosclerosis, by
which €4 may interact with estrogen and cognition have been evoked and also warrant further investigation [137].
The existence of several polymorphisms of ER (0 or 3) could also contribute to a distinct susceptibility of women
to the beneficial (or harmful) effects of estrogens; a possibility which has not yet been adequately explored.

Future research will also involve the development of new SERM and studies of their interaction with ER
subtypes. The “ideal” SERM which is still actively being sought, should provide the benefits of estrogen with
regard to postmenopausal health but with minimal risks; that is maintaining bone density and serum lipids, without
increasing the risk of breast or endometrial cancer, and without the side effects associated with current SERM (e.g.
venous thromboembolism and hot flushes). It could thus provide protection against menopausal symptoms,
osteoporosis, cardiovascular disease, hormone dependent cancer, and also cognitive function. The present review
has suggested a number of directions for future clinical research. Large trials are now required to explore these
hypotheses within a multifactorial model which takes into account reproductive history and genetic predisposition
including ER polymorphisms. In the future it may also be useful to extend such a cumulative risk model beyond

cognitive factors to include psychiatric disorders.
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Table 1 : Fluctuations in cognitive performance according to phase of menstrual cycle
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Ovarian Hormones

Day of cycle

5-6

21 28

Ovarian Phases

Follicular

Luteal
(midluteal)

Endometrial cycle

Menstrual

Proliferative
(late phase)

Secretory

Study

Nb.

Cognitive test

Hampson, 1990
[218]

45

Spatial Ability

Deductive reasoning
Verbal fluency

Articulation

Manual speed/ coordination
Perceptual speed

] « < < —> —

I - 5 - « «

(7 in 2/3 tests)

Hampson, 1990
[219]

50

Spatial Ability

Deductive reasoning
Verbal fluency

Articulation

Manual speed/ coordination
Perceptual speed

-

| « «

(I

| - —

Phillips & Sherwin, 1992
[220]

25

Attention

Verbal memory (Long and
Short term)

Short term Visual memory
Long term Visual memory

(118 g

Gordon & Lee, 1993
[221]

34

Verbosequential composite
(perception & recall of
audifory sequences,,
written word production)

Visuospatial composite
(2D or 3D processing)

Phillips & Silverman, 1997
[222]

60

Visuospatial ability:
2D processing
3D processing

Epting & Overman 1998
[223]

27

Visuospatial ability (2D)
Visuospatial memory
Motor dexterity

=

Hausmann et al, 2000
[224]

12

Visuospatial ability
(mental rotation)

Maki et al, 2002
[225]

16

Verbal priming

Spatial priming

Spatial synthesis
(mental rotation)

Motor skill

Fluency

Cued verbal recall

| <« «

1
1

1 improved cognitive performances, | decreased cognitive performances, = no modification ; E,: estradiol; Pg: progesterone;

Ov: ovulation.
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