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Abstract
There are 3 common physiological estrogens, of which estradiol (E2) is seen to decline rapidly over the menopausal transition.
This decline in E2 has been associated with a number of changes in the brain, including cognitive changes, effects on sleep, and
effects on mood. These effects have been demonstrated in both rodent and non-human preclinical models. Furthermore, E2
interactions have been indicated in a number of neuropsychiatric disorders, including Alzheimer’s disease, schizophrenia, and
depression. In normal brain aging, there are a number of systems that undergo changes and a number of these show interactions
with E2, particularly the cholinergic system, the dopaminergic system, and mitochondrial function. E2 treatment has been shown
to ameliorate some of the behavioral and morphological changes seen in preclinical models of menopause; however, in clinical
populations, the effects of E2 treatment on cognitive changes after menopause are mixed. The future use of sex hormone
treatment will likely focus on personalized or precision medicine for the prevention or treatment of cognitive disturbances during
aging, with a better understanding of who may benefit from such treatment.
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Introduction

This review will explore the effects of estrogens over the
course of normal cognitive aging, and the potential implica-
tions for the development of cognitive disorders associated
with aging. Here, we will discuss estrogens and their physio-
logical signaling, before assessing the effects of reductions in
estrogens in both clinical populations through menopause and
in preclinical models. Next, this review will evaluate the in-
teractions with systems seen to be dysregulated in aging. This

is an important consideration as reductions in estrogens are
most commonly seen during aging following menopause in
females, or in males receiving androgen deprivation therapy
for prostate cancer. Finally, the reported different effects of sex
hormone treatment on cognition in aging will be considered.
This is an area of significant controversy, with conflicting
reports describing different effects and as such will be ex-
plored in detail.

There are three commonly considered estrogens, the most
physiological relevant of which is estradiol (E2). The remain-
ing two estrogens may be synthesized from estradiol, specif-
ically estrone (E1) and estriol (E3). E2 has the highest affinity
of the three for the intracellular estrogen receptors, ERα and
ERβ [1]. In addition to these classical estrogen receptors, E2
also has a high affinity for the membrane-associated G protein
coupled receptor, GPR30/GPER1 [2]. The synthesis of estro-
gens is quite unique, in that it involves the formation of an
aromatic ring, a relative rarity in higher vertebrates, which
commonly use amino acids with existing aromatic rings [3].
The ovary is the primary source of estrogens in females that
are synthesized from acetate and cholesterol in a multi-step
pathway utilizing a cytochrome P-450 aromatase as the final
step. The aromatase is also expressed in non-ovarian sites,
including the brain, testis, adrenals, fetal liver, skin, fat, breast,
and bone marrow in which it acts on circulating precursor
androgens [4]. In males, testosterone is aromatized to produce
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estrogen. This occurs in the testes at high levels in which
estrogen action is important for fertility, as well as the non-
ovarian sites described above [5]. In addition to these typical
estrogens, there are a number of steroids that act through the
estrogen receptors, including D5-androstenediol and 5a-
androstanediol [6]. ERα and ERβ show differential expres-
sion throughout the body, with ERα being expressed in the
epididymis and testis in males, the uterus in females, and
pituitary, kidney and adrenals, as well as weak central nervous
system expression in the thalamus and hypothalamus. In con-
trast, ERβ is expressed at highest levels in the ovary in fe-
males and prostate in males, with moderate expression in the
testes in males, uterus in females, and bladder, and lung, and
low levels of expression in the epididymis in males and pitu-
itary, thymus and throughout the brain and spinal cord [1, 7].
Sex differences in ERα expression has been reported in the
hypothalamus. E2 levels fluctuate throughout the female men-
strual cycle, which consists of the follicular and luteal phases.
The follicular phase starts on day 1 of menstrual bleeding,
which is characterized by a consistent, low level of E2 that
increases just prior to ovulation, around day 14. Following
ovulation, the cycle enters the luteal phase, which displays
increased E2 levels that return to low levels before the cycle
re-enters the follicular phase around day 28 following regres-
sion of the corpus luteum [8]. GPR30/GPER1 is expressed
broadly throughout the brain in rodents, with expression in
the striatum, the hypothalamus, pituitary, hippocampus,
substantia nigra, and areas of the brain stem [9].

As women age, they transition through natural menopause
at an average age of 51 [10]. Natural menopause is defined to
have occurred following 12 consecutive months of
amenorrhrea with no obvious pathological or physiological
cause, with perimenopause encompassing the time prior to
menopause and 1 year postmenopause. The menopausal tran-
sition describes the time prior to menopause when there is
increased menstrual cycle variability resulting in longer
stretches of time in a low estrogen state [11]. Early or prema-
ture menopause may be induced surgically through bilateral
oopherectomy, or following chemotherapy, or may be sponta-
neous due to premature ovarian failure (also called primary
ovarian insufficiency) [12]. The process of menopausal tran-
sition takes 5–8 years on average and produces an array of
variable clinical symptoms that have been investigated in ob-
servation studies such as the Study of Woman Across the
Nation (SWAN) and the Penn Ovarian Aging Study [13,
14]. These studies have shown that 50–80% of women expe-
rience vasomotor symptoms (hot flushes, night sweats) at
some point during the menopause transition [13, 14].
Increased sleep disturbances are reported during menopause
[15], although some studies suggest these disruptions may be
secondary to vasomotor symptoms. Somatic symptoms such
as aches and pains have also been reported through the men-
opausal transition [14]. There have been an array of cognitive

changes reported, including reduced processing speed and re-
duced verbal memory observed through the perimenopausal
period [16]. Finally, depressive symptoms are also associated
with menopausal stage [14]. In contrast, men do not experi-
ence a sudden decrease in E2 in the same way that women do.
The decline inmale testosterone and by extension bioavailable
E2 is subtler and more gradual throughout normal aging [17],
which correlates with decreasing E2 levels [18, 19].

Preclinical models have provided a vital platform for inves-
tigating the influence of E2 on an array of clinical symptoms,
including cognition. However, rodents and non-human pri-
mates display a different lifetime pattern of estrogen change
than what is seen in humans. Female rodents undergo
estropause, during which cycles become irregular through
midlife, before they become acyclic; however, the mecha-
nisms differ from menopause. For example, menopause oc-
curs due to a reduction in ovarian follicles throughout life,
but in rodents, this occurs due to a reduction in the gonadotro-
phin surge which normally occurs prior to ovulation [20].
Ovariectomies of young and in some studies aged rodents
have been used to study this estropause transition. For a trans-
lational model of menopause, 4-vinylcyclohexene diepoxide
has been used, which produces a significant reduction in E2
levels rather than the complete loss seen with ovariectomies
[21]. 4-Vinylcyclohexene diepoxide selectively destroys folli-
cles over time, sparing granulosa cells, and oocytes [22], in a
manner that is suggested to be comparible to the process seen
in clinical patients during natural menopause [23]. Non-
human primates proceed through a more typical menopausal
transition [24], with a number of studies utilizing aged female
non-human primates to model the menopause transition [25,
26]. In addition, ovariectomies are often performed to directly
investigate the effects of E2 loss in non-human primates [27,
28]. It is important to note that although ovariectomy models
the loss of E2, temporally this is markedly different from the
changes that occur during natural menopause. In menopause,
the less abrupt loss of E2 can produce cognitive deficits that
continue to develop through later life. Furthermore, studies
utilizing ovariectomy in young animals will produce a preclin-
ical model that is inappropriate to interogate the interaction
between decreased estrogen, the aging brain, and cognitive
dysfunction. The aging brain and associated cognitive dys-
function is developing concurrently with the menopausal tran-
sition in clinical populations. These age-related changes will
not be occurring in the preclinical model. Ovarectomizing
older animals can partially assess this interaction. However,
higher order cognitive functions that can be dysfunctional in
aging are yet to be conclusivelymodeled in preclinical species.

Brain aging occurs alongside endocrine aging and the in-
teractions of these processes have been implicated in cognitive
decline and pathological conditions. Examination of the struc-
tural, cognitive, and behavioral effects of declining E2 levels
and cognitive performance across aging preclinical species
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and clinical populations will be discussed. In the present re-
view, three main predominant hypotheses of cognitive and
brain aging will also be discussed in relation to changing es-
trogen levels, including the cholinergic hypothesis, the dopa-
minergic hypothesis, the mitochondrial aging hypothesis, and
the effects of inflammation on cognitive aging. Here, we will
explore how decreases in E2 levels impact these different
systems and how therapeutic modulation of E2 levels may
or may not augment normal and/or disease-related cognitive
decline in preclinical species and both females and males.

Cognitive and Morphological Changes
with Changing E2 Levels

This section will focus on changes in the brain that are asso-
ciated a decline in E2.

A. Cellular and morphological changes following E2
loss in the aging brains of rodents and non-human
primates (NHPs)

E2 has both genomic and non-genomic effects, with the
non-genomic effects through mitogen activated protein kinase
(MAPK) activation being potentially relevant in synaptic plas-
ticity in adults [29]. In vitro, E2 has been shown to have an
effect on a timescale of minutes to an hour [30, 31], which is
significantly faster than would be expected by classical tran-
scriptional actions of steroids [32]. Through the use of genetic
knock-out animals, it has been shown that ERα, ERβ, and
GPR30/GPER1 mediate hippocampal synaptic plasticity and
the cognitive effects of estrogens [33, 34]. Selective ERα and
subsequently ERβ activation has displayed synaptic plasticity
through interaction with metabotropic glutamate receptors
[35]. Selective activation of ERα has shown increased den-
dritic spine density and cognitive performance [36], with se-
lective activation of ERβ showing no change in dendritic
spines and improvement in cognition at only certain doses,
in specific tasks [36]. GPR30/GPER1 has been demonstrated
to induce synaptic plasticity within the hippocampus follow-
ing selective activation [37]. This suggests that ERα, ERβ,
and GPR30/GPER1 are all positioned to modulate cognition.
In addition to the classical estrogen receptors ERα, ERβ, and
the GPCRGPR30/GPER1, there is evidence of two additional
membrane localized estrogen receptors within the central ner-
vous system with evidence of G protein coupling [38–40].
Modulation of E2 levels has been shown to be important in
altering synaptic morphology across a number of preclinical
species. In rodents, it has been shown that ovariectomy leads
to a reduction in dendritic spines most notably on apical CA1
pyramidal cells that can be restored by E2 treatment [41]. In
rhesus macaques, it has been shown that natural menopause
promotes the selective loss of a specific synapse class, perfo-
rated synapses, in the dentate gyrus outer molecular layer.

These synapses are purported to be important in maintaining
synaptic long-term potentiation [26]. The same group later
showed that E2 treatment increased synaptic density in the
prefrontal cortex of aged, overectomised rhesus macaques
[42] and that multisynaptic boutons decrease in the dorsolat-
eral prefrontal cortex following ovariectomy in aged rhesus
macaques that are rescued by E2 treatment [43].

B. Structural and network changes secondary to E2 loss
or replacement in clinical populations

In clinical populations, brain imaging techniques are useful
in measuring the structural and network connectivity effects of
E2, and changes that occur during menopause. For example,
work from our laboratory utilizing magnetic resonance imag-
ing (MRI) has shown that E2 treatment dose-dependently en-
hances hippocampal volume in postmenopausal women [44],
which is supported by earlier studies suggesting decreases in
hippocampal volumes over the menopausal transition when
controlling for age [45]. By contrast, earlier work from the
Woman’s Health Initiative Memory Study indicated that
women treated with conjugated equine estrogens (CEE), with
or without medroxyprogesterone acetate, experienced greater
brain atrophy in frontal cortical and hippocampal regions than
patients who did not receive treatment [46]. It should be noted
that the greatest effect was seen in patients who experienced
cognitive deficits prior to initiating hormone therapy. A fur-
ther study demonstrated decreases in gray matter volume in
the superior temporal gyrus, inferior frontal gyrus, olfactory
cortex and supplementary motor area in postmenopausal
women when correcting for age [47]. This provides conflict-
ing evidence for the effects of E2 treatment on brain volume.
The reasons for this discrepancy could include methodologi-
cal differences in the studies, including differences in length of
treatment and different treatment regimens such as E2 treat-
ment a lone , compared to CEE wi th or wi thout
medroxyprogesterone acetate. In particular, work assessing
cognitive and imaging endpoints revealed that greater cogni-
tive decline in postmenopausal women correlate with en-
hanced connectivity in the executive control network and the
temporal lobe, but reduced connectivity in the frontal lobe
[48]. Studies assessing the functional MRI changes with nu-
merous different paradigms suggest that there is improved
efficiency of brain function during a sustained attention task
in postmenopausal females receiving E2 [49], and that during
a working memory task postmenopausal women displayed
increased frontal lobe activation as task difficulty increased
following treatment with E2 [50].

C. Effects on cognition of E2 loss or replacement

Given the array of cellular, morphological, and structural
changes associated with declining E2 levels, reduced dendritic
spines, decreased synaptic density, decreased numbers of spe-
cific synapses, changes in connectivity, and increases or
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reductions in gray matter volume in specific areas, it is unsur-
prising that there are associated cognitive changes. In preclin-
ical models of menopause, ovariectomizing young rodents
produced a reduction in performance in a spatial learning
tasks, including the radial arm maze and the morris water
maze [51–53]. In young and middle aged ovarectomised ro-
dents, E2 supplementation has been shown to normalize these
deficits [51, 54]. In aged overectomized rodents, E2 replace-
ment had mixed results. One study described improvements in
reference memory, but not in working memory [51], and other
work suggested that acetylcholinesterase inhibitors restore the
cognitive enhancing effects of E2 in aged overectomised ro-
dents [53, 54]. In non-human primates, following menstrual
cycle cessation and in ovariectomised aged females, there is a
reduced performance on tasks such as the preclinical memory
tasks the delayed response task and the delayed non-match to
sample task [25–27]. In all these cases, treatment with E2 was
shown to at least partially recover the abnormalities seen [27,
43]. Efforts to differentiate the effects of the different receptors
have shown that all three receptors ERα [35], ERβ [35, 55]
and GPR30/GPER1 are involved in modulating cognitive
function. GPR30/GPER1 has shown involvement in cognitive
function, particularly spatial and working memory tasks in
rodents, with the selective agonist GPR30/GPER1 agonist
G-1 improving performance in delayed match to position
[56], novel object recognition [57], and Y-maze [58] in ovari-
ectomized females.

The postmenopausal cognitive symptoms reported by clin-
ical populations in the literature include self-reported forget-
fulness and difficulty concentrating [59, 60]. Evidence from
some these studies suggest that self-reported cognitive dys-
function correlates with declining cognitive performance
[61]. However, confirming that subjective cognitive com-
plaints correlate with objective impairment has proven com-
plex. For example in previous studies, subjective memory
complaints during the perimenopause did not correlate with
decreased performance on verbal episodic memory tasks, but
did correlate with working memory and vigilance tasks per-
formance [62]. Furthermore, additional associations with de-
pression, sleep disturbances, and somatic symptoms have
been shown [62], with other studies suggesting a domain
and transition stage specific association with cognitive perfor-
mance. As such perimenopausal woman performs worse on
verbal memory, with a reduction in processing speed during
premenopause, early perimenopause, and postmenopause
[63].

D. Effects on sleep

Increased sleep disturbances are reported during meno-
pause [15], with other studies suggesting this occurs predom-
inantly in women who previously experienced poor sleep
[64]. These sleep complaints are strongly correlated with va-
somotor symptoms [64]. In a recent meta-analysis, E2

treatment with or without progesterone/progestin improved
sleep quality in postmenopausal women who had vasomotor
symptoms, but not in those that did not [65]. Hot flashes have
been shown to precede awakenings in the first half of the
night, whereas in the second half of the night, during which
there is typically more rapid eye movement (REM) sleep, hot
flashes follow awakening [66, 67]. During REM sleep, it has
been shown that thermoregulatory responses are greatly de-
creased or abolished [68], which would explain why hot
flashes no longer trigger awakenings in the second half of
the night. REM sleep is controlled by cholinergic firing from
both the basolateral forebrain and mid-pontine nuclei [69, 70],
a system that E2 has been shown to modulate. However, a
recent study displayed no difference between subjective sleep
quality between pre- and postmenopausal women, suggesting
that poor sleep may also be due to age-related changes rather
than just menopause [71].

In preclinical species, there are few studies on the effects of
E2 levels and sleep-wake architecture. It has been shown that
ovariectomised female rats are more sensitive to the cognitive
effects of REM sleep disruption [72]. However, the effects of
E2 supplementation in ovariectomised animals on sleep has
been complex. Previous studies showed that co-dosing E2 and
progesterone increased wakefulness at baseline conditions,
increased electroencephalogram delta power during recovery
non-REM sleep following sleep deprivation, and decreased
REM sleep in the 12-h following sleep deprivation [73, 74].
Whereas in rats that are ovariectomised but not sleep deprived,
E2 treatment promotes wakefulness and reduces both REM
and non-REM sleep during the awake phase [73–75].

E. Effects on mood

Sex hormones may play an important role in mood regula-
tion [76]. Women are at increased risk of depression from first
menarche with the risk declining following menopause,
though increased compared to males [77]. The mechanism
through which E2 effects mood remains unclear; however,
there are a number of hypothesis that may explain the in-
creased incidence of depressive disorders during the reproduc-
tive years [78]. In perimenopausal women, it has been dem-
onstrated that removal of E2 treatment results in increased
depressive symptoms in a subset of individuals who had pre-
viously suffered from depressive symptoms [79]. E2 has been
shown to interact with the brain serotonergic system, a system
implicated in mood regulation and the treatment of depressive
disorders, with E2 supplementation in oopherectomized wom-
en resulting in reduced binding potential of the serotonin
transporter radioligand [11C]MADAM at the serotonin trans-
porter in a PET study [80]. This may be due to increases of
serotonin levels or direct E2 actions reducing expression of
the serotonin transporter [80]. Moreover, studies reducing
levels of brain serotonin via tryptophan depletion are more
likely to produce depressive symptoms in women than in
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men [81], providing further evidence for the importance of the
serotonin system in depression in women. Modulation of E2
levels has also been demonstrated to increase serotonin recep-
tor responsivity to the agonist m-chlorophenylpiperazine
through prolactin and cortisol response in postmenopausal
woman [82], with later studies describing increases in 5-
HT2A binding potential following E2 therapy [83], a receptor
indicated in the prolactin and cortisol response [82]. In pre-
clinical models, it has been demonstrated that treatment with
E2 in ovariectomized rats results in an increase in serotonin 5-
HT2A receptors in the dorsal raphe nucleus, anterior frontal,
and cingulate regions [84] providing further evidence for the
role of E2 in modulating the serotonergic system.

Alternatively, modulation of the stress response system by
E2 may be important in the development of depressive symp-
toms. The stress response system modulates neuroendocrine,
immune, and autonomic responses to stress through interac-
tions with the hypothalamic pituitary axis. The resulting cor-
tisol release may be altered by changing E2 levels [85].
Reduced cortisol responses are seen in premenopausal women
compared to men [86], with alterations in the response seen
during the menstrual cycle and pregnancy [87, 88]. This sug-
gests that changes in E2 can alter the cortisol responses and
may be responsible for the depressive symptoms seen through
the menopause transition.

Estrogens and the Cholinergic System

The cholinergic hypothesis of cognitive aging was first pro-
posed by Bartus in 1982 [89]; it states that the changes in the
brain cholinergic system are responsible for the cognitive dys-
function seen in Alzheimer’s disease and normal aging. This
hypothesis has been supported by an array of clinical and
preclinical studies that show reduced nicotinic cholinergic
binding sites in the cortex of patients with Alzheimer’s dis-
ease, and reduced cholinergic acetyltransferase activity (a
marker of cholinergic neurons) [90]. These alterations in cho-
linergic neurons have been shown to correlate with reduced
cognitive performance [91]. Moreover, reduction in cognitive
performance and cholinergic signaling have been well
established across aged preclinical species [92]. Further sup-
port of the cholinergic hypothesis of cognitive aging and
Alzheimer’s disease stems from the treatments available for
Alzheimer’s disease, specifically the FDA approved acetyl-
cholinesterase inhibitors which act to enhance synaptic levels
of acetylcholine and overall cholinergic signaling [93–95].

The cholinergic system has been hypothesized to interact
with estrogen signaling, a schematic of this hypothesized in-
teraction is shown in Fig. 1. From a cellular perspective, it has
been shown that the G protein coupled estrogen receptor
GPR30/GPER1 co-localizes with cholineacetyltransferase
(ChAT) expressing neurons, particularly in the basal forebrain

[96]. ChAT is a marker for cholinergic neurons, and as such
this expression of GPR30/GPER1 on cholinergic neurons pro-
vides increasing evidence for an interaction of estrogens and
the cholinergic system. Furthermore, ERα but not ERβ has
been shown to co-localize with ChAT expressing neurons in
the basal forebrain [97]. Gibbs and colleagues demonstrated
that in aged rats, in which one would expect greater choliner-
gic decline that E2 treatment alone is unable to improve the
deficits seen following ovariectomy. However, when E2 is
combined with donepezil (an acetylcholinesterase inhibitor),
the effects are similar to what is seen in a middle aged ovari-
ectomized animal treated with E2 [54]. Similar results were
reported in aged rats with another acetylcholinesterase inhib-
itor galantamine [53]. In the same study, the authors showed
that E2 treatment increased cholinergic release in the hippo-
campus in response to food pellets [53]. Further evidence for
the interaction of the E2 with the cholinergic system comes
from a number of studies have explored the effect that E2
treatment has on modulating the effects of scopolamine, a
nonselective muscarinic cholinergic antagonist. In
ovarectomised rodents, E2 with or without progesterone fol-
lowing scopolamine treatment has been reported to improve
spatial working memory [98–100], with evidence that this
effect was observed on both acquisition and retention [101],
but with no effect on reference memory [100].

Finally, neurotrophins have been implicated in protec-
tion of cholinergic neurons, with brain-derived neuro-
trophic factor (BDNF) displaying protective effects on

Estrogen Receptors
ERβ
Colocalize with ChAT in basal 
forebrain

GPER1/GPR30
Colocalize with ChAT at high
levels in basal forebrain

Synaptic plasticity

Increased TrkA
expression

NGF signaling

E2 signaling

Protective neurotrophic
effects
Preserves cholinergic neurons and
signalling

Normal cognitive 
performance

Fig. 1 Hypothesized effects of E2 signaling on cholinergic neurons
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cholinergic neurons following axotomy [102, 103] and
increased survival in vitro [104]. Nerve growth factor
(NGF) displays protective effects following axotomy
[105] and during aging in rats [106], with NGF believed
to be the trophic factor for basal forebrain cholinergic
neurons [107]. Estrogen receptors have been reported to
co-localize with neurotrophin receptors [108, 109], nota-
bly the low affinity nerve growth factor receptors
(p75NGFR) in cholinergic neurons [109], which binds
NGF, BDNF, and neurotrophin 3 [109]. Following E2
treatment, it has been demonstrated that NGF and associ-
ated NGF receptor (p75NGFR) mRNA decrease in select
brain areas, including the medial septum [110]. NGF also
signals through trkA and it has been shown that trkA
decreases in the basal forebrain (nucleus basalis of
Maynert and medial septum) following ovariectomy in
rodents and increases to normal levels following E2 treat-
ment [111, 112]. This suggests that some of the choliner-
gic effects seen may be mediated through the protective
effects of neurotrophin signaling (Fig. 1). It should be
noted that in the nucleus basalis of Meynert increases in
TrkA are seen with concurrent increases in ChAT follow-
ing E2 treatment of ovariectomised rodents, however in
the horizontal limb of the diagonal band of Broca, only
ChAT increases are observed [113].

In humans, it has been shown that the length of hor-
mone treatment positively correlates with vesicular acetyl-
choline transporter (VAChT) binding, particularly in fron-
tal and temporal lobes, and anterior cingulate, and that
age of menopause onset negatively correlates with
VAChT binding [114]. E2/progesterone hormone therapy
initiated early in the menopause transition was associated
with greater cholinergic activity, as measured by acetyl-
cholinesterase activity through PET techniques, in the
hippocampus and posterior cingulate cortex; however,
treatment with E2 alone did not produce these effects
[115]. These data indicate that that treatment timing of
E2 replacement is important due to a time-dependent de-
cline in basal forebrain cholinergic neurons secondary to
hormonal changes during/after the menopause transition.
Clinical MRI imaging studies have shown that E2 treat-
ment also modulates anti-muscarinic and anti-nicotinic in-
duced brain activity [116]. In particular, treatment with
tamoxifen, a selective estrogen receptor modulator,
SERM, reduces anti-nicotinic and anti-muscarinic cogni-
tive effects seen by performance improvements in reaction
time and spatial memory tasks [117]. This combination of
clinical data displaying increased cholinergic binding and
activity following E2 treatment, alongside the experimen-
tal evidence whereby E2 treatment or SERMs attenuate
the effects of anticholinergics provides a strong argument
for the dependence of cholinergic system integrity on E2
levels.

Estrogens and the Dopaminergic System

An alternative literature proposes a dopaminergic hypothesis
for cognitive aging [118, 119]. Reductions in dopamine bind-
ing [120–122], dopaminergic receptors [123], and dopamine
transporter [119] are seen throughout aging. Preclinical stud-
ies in non-human primates and rodents have indicated that
dopaminergic lesions may result in reduced cognitive perfor-
mance [124, 125]. It has been observed that patients with
diseases displaying a dysregulated dopaminergic system such
as Huntington’s disease and Parkinson’s disease, present with
cognitive abnormalities [126]. PET imaging studies have sug-
gested that in individuals with the Huntington’s disease muta-
tion that the amount of striatal dopamine receptor binding
correlates with performance on cognitive tasks, with de-
creased binding corresponding to a poorer performance
[127]. Further evidence for the importance of dopaminergic
signaling in cognition is that dopaminergic antagonists de-
crease cognitive performance in humans [128].

The effects of E2 on dopaminergic signaling have been less
well characterized than in the cholinergic system. In vitro, it
has been shown that E2 protects against 6-hydroxydopamine
toxicity in dopamine neurons [129]. In two different rodent
models of menopause, ovariectomy, and 4-vinylcyclohexene
diepoxide, it was demonstrated using a metabolomics ap-
proach that dopamine levels were found to be increased in
the frontal cortex 6 weeks following ovariectomy with no
change in norepinephrine, and increases in dopamine seen in
the 4-vinylcyclohexene diepoxide model at 1-week post initi-
ation. In contrast in the hippocampus and striatum, dopamine
levels are unchanged in both models; however, norepineph-
rine was decreased at 1-week following initiation of both the
models in the hippocampus, but normalized 6 weeks follow-
ing initiation. In the striatum, norepinephrine is increased 1-
week following ovariectomy, but normalizes by 6 weeks, and
no change is seen in the 4-vinylcyclohexene diepoxide model
[21]. In ovariectomised rats, E2 and progesterone treatment
was implicated in increasing dopamine uptake into dopamine
neurons [130]. In ovariectomized non-human primates, E2
supplementation has been demonstrated to preserve
nigrostriatal dopaminergic tyrosine hydroxylase positive neu-
rons, compared to vehicle ovariectomized controls that
displayed around a 30% decrease in dopaminergic neurons
[131]. In postmenopausal women, there is MRI evidence that
dopaminergic agonists increase activity in the working mem-
ory network, suggesting that the dopaminergic system is still
responsive to pharmacological manipulation after the meno-
pausal transition [132].

It has been suggested that E2 may play a role in the mod-
ulating the development and onset of schizophrenia [133,
134], a disease in which dopaminergic dysfunction is impli-
cated [135]. Women have a peak age of onset in early adult-
hood, with a second peak in midlife at 45–54 years [136].
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Cohen and colleagues suggest that E2 may play a protective
role in the development of schizophrenia with additional data
revealing that earlier puberty results in later onset of clinical
symptoms in women that display schizophrenic symptoms in
early adulthood [137]. Additionally, symptoms inwomen tend
to vary with the menstrual cycle and fewer symptoms are
often seen during pregnancy, a time of high E2 [138]. In sup-
port of this hypothesis, a clinical study showed that a combi-
nation of E2 and haloperidol produced more positive out-
comes in premenopausal females than haloperidol alone
[139]. Trials utilizing the SERM raloxifene as a treatment
for schizophrenia have demonstrated improved probabilistic
learning and associated functional MRI activity in the hippo-
campus and parahippocampal regions [140]. Further cognitive
improvements have been seen in attention and processing
speed following treatment with ralixofene in schizophrenia
[141]. It should be noted that there were no improvements in
the psychotic symptoms [141].

It has been shown that men have a higher risk for
Parkinson’s disease than women [142]. In addition, it has been
suggested that the timing of the menopausal transition is a risk
factor for developing Parkinson’s disease [143]. A retrospec-
tive study indicated that individuals who experienced early
natural menopause, or had not used any estrogen treatment
for at least 6 months after menopause, were at greater risk of
Parkinson’s disease [143]. However, more recent meta-
analyses of observational studies suggest that age of meno-
pausal transition, the use of oral contraceptives, age of men-
arche, and reproductive life span did not convey additional
risk for the development of Parkinson’s disease [144, 145].
In rodents, it has been suggested that E2, SERMs, and other
sex hormones reduce dopaminergic neuron loss in the 1-
methyl 4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) mouse
model of Parkinson’s disease [146]. In the human literature,
it has been suggested that E2 therapy is protective against the
development of dementia in Parkinson’s patients [147].

Among the different hypotheses for the mechanism and
receptor through which E2 exerts its neuroprotective effects
on dopaminergic neurons, one suggestion is that this neuro-
protection is mediated via actions on the local renin-
angiotensin system [148]. The renin-angiotensin system is
typically thought of as a systemic hormone signaling system
involved in blood pressure control; however, it has been ar-
gued that a local system exists in many tissues [149].
Activation of this renin-angiotensin system contributes to ox-
idative stress [150]. A central renin-angiotensin system has
been identified within the brain with high levels of localization
in the dopaminergic system within the substantia nigra [151].
It can be shown that activation of this renin-angiotensin sys-
tem results in toxicity to the dopaminergic neurons that can be
reversed by inhibitors of the system [152, 153]. Recent studies
suggest that E2 can exert neuroprotective effects on dopami-
nergic neurons following local renin-angiotensin activation

after surgically induced menopause in rats [154]. E2 may
mechanistically play an important role in protection of dopa-
minergic neurons and modulation of the neurotoxic effects of
the renin-angiotensin system; however, there appears to be
limited evidence that the hormonal changes associated with
menopause produce any difference in the risk of developing
Parkinson’s disease.

Estrogens and Mitochondrial Dysfunction

The mitochondrial aging hypothesis differs from the choliner-
gic and dopaminergic hypothesis in that it is a general hypoth-
esis of aging suggesting that as mitochondria age, there is
increased mitochondrial DNA damage, leading to increased
reactive oxygen species damage and reduction in mitochon-
drial activity that manifests in signs of aging [155]. This hy-
pothesis had been recently applied to cognitive aging and
more specifically Alzheimer’s disease. It proposes that in-
creases in reactive oxygen species promotes beta-sheet aggre-
gation, apoptosis, or cell cycle arrest producing neurofibrillary
tangles and the hallmarks of Alzheimer’s disease [156]. As
Alzheimer’s disease progresses, it has been demonstrated that
brain glucose uptake decreases leading to a switch from aero-
bic to anaerobic metabolism. This reduction in glucose uptake
persists when correcting for loss of brain volume [157]. These
changes in glucose utilization have been reported to precede
clinical symptoms by a number of years in Alzheimer’s dis-
ease [158] and mitochondrial dysfunction precedes age-
associated cognitive deficits in preclinical species [159]. The
severity of brain hypometabolism has been correlated with
dementia symptoms in later life and the pattern of
hypometabolism has been linked with Braak staging of tau
spread in AD [158].

Brinton and colleagues have performed clinical and
preclinical studies assessing the effects of E2 on mito-
chondrial dysfunction and brain hypometabolism [160,
161]. In rodent studies, they have demonstrated a decrease
in the expression of genes involved in normal glycolytic
function in irregularly cycling animals. As the animals
progress to an acyclic condition, the deficits in glycolytic
genes remain; however, genes involved in mitochondrial
function increase, potentially to compensate for the de-
clining glucose availability [161]. In these acyclic ani-
mals, there is a concurrent increase in gene expression
involved with fatty acid uptake, a transition from glucose
to fatty acids/ketones as the energy source. Through the
utilization of fluorodeoxygenase-positron emission to-
mography (FDG-PET) techniques, Yin and collegues
were able to demonstrate reduced glucose uptake in the
brain of irregularly cycling animals supporting the finding
of a shift from glucose towards ketone metabolism [161].
This reduction in the ability to utilize glucose with
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declining E2 correlated with reduced synaptic plasticity,
an indicator of cognitive performance [161], suggesting
that this failure of glucose metabolism could influence
cognitive deficits seen in aged animals. Further, it has
been demonstrated that there substantial decreases in the
amino acids tryptophan and tyrosine in the hippocampus
[21]. These reductions may be due to the shift towards
ketone metabolism as tyrosine and tryptophan can both
be degraded to form ketones in hypoglycaemic conditions
[21]. This proposed interaction of E2 and mitochondrial
function is shown in Fig. 2.

Data from clinical studies support the hypothesis for the
role of E2 in maintaining appropriate mitochondrial bioener-
getics. One small longitudinal study (n = 9–11/treatment
group) utilizing FDG-PET revealed that postmenopausal
women that had not been taking E2 supplementation had re-
duced glucose uptake in prefrontal, parietal, cingulate, and
temporal lobes 2 years after the initial baseline as compared
to women that had been receiving E2 or conjugated equine
estrogens with progesterone supplementation [162]. A recent
study similarly demonstrated that glucose uptake in the tem-
poral cortex, precuneus and frontal cortex declines during the
menopause transition, reaching its lowest point following
menopause. This was shown to correlate with platelet mito-
chondrial cyclochrome oxidase activity, an important step in
ATP synthesis [160]. These findings suggest that as glucose
uptake decreases, ATP production will also decrease consis-
tent with reductions in the substrates for aerobic cellular
respiration.

Inflammation and Cognitive Aging

Similarly to the mitochondrial hypothesis of aging, low-grade
inflammation has been identified as a possible cause of sys-
temic aging, and more recently specifically for cognitive de-
cline and neurodegenerative diseases [163]. Increased levels
of inflammatory markers such as IL-6 are linked to reduced
cognitive performance in clinical populations [164]. In pre-
clinical species, administering inflammatory cytokines periph-
erally produce impaired cognitive performance which is nor-
malized if a neutralizing antibody is administered prior to the
inflammatory cytokine [165].

In a model of inflammation in rats it has been demonstrated
ERβ down regulates the P2X3 receptor in the periphery, pro-
ducing anti-inflammatory effects [166]. Following ovariecto-
my in rodents a significant increase in blood brain barrier
permeability is observed, which is normalized by a combined
E2/estriol treatment [167]. In a peripheral inflammatorymodel
in female rodents, ovarectomized subjects were seen to have
increased in concentrations of cytokines within the brain,
which was normalized by E2 treatment [168]. Women follow-
ing menopause display an increase in inflammatory markers
such as IL-1, IL-6, and TNF-alpha [169]. These increases in
inflammatory markers appear to be normalized following
treatment with sex hormones [170]. Women that undergo a
premenopausal oophorectomy have been shown to display
increased levels of the inflammatory marker C-reactive pro-
tein when compared to women that undergo hysterectomy
with ovaries intact [171].

E2 Loss

Reduced glucose
utilization
• Reduced glycolytic gene 
expression
• Increased mitochondrial function 
genes as compensation

Reduced synaptic 
plasticity
• Reduced cognitive performance

Ketogenesis
• Increased expression of genes 
involved in fatty acid uptake
• Reduced glucose uptake 
observed on FDG-PET
• Increases in amino acids 
tryptophan and tyrosine

Fig. 2 Hypothesized effects of E2
loss on mitochondrial function
and glucose utilization
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Inflammation is shown to produce a reduction in cognitive
performance in clinical populations and preclinical species,
and that E2 is an important anti-inflammatory factor.
Following menopause the levels of inflammatory cytokines
increase suggesting, and the permeability of the blood brain
barrier increases suggesting this increased generalized inflam-
matory state could contribute to some of the cognitive abnor-
malities seen. Furthermore, chronic inflammation with glial
priming, release of proinflammatory factors, and neuronal
damage may play a key role in the progression of
Alzheimer’s disease [172, 173] for which there is increased
female risk.

Estrogen Support for the Aging Brain

The use of sex hormones to treat the symptoms associated
with menopause has been an area of controversy, with some
research suggesting E2 or conjugated equine estrogen (CEE)
supplementation has limited beneficial effects and an array of
negative risks. Others suggest that E2 treatment alone or in
combination with progesterone or a progestin provides a sig-
nificant benefit when treating a number of the symptoms as-
sociated with menopause.

Some studies have suggested a range of negative effects
with sex hormone treatments. A number of studies from data
collected by the Woman’s Health Initiative suggested that
long-term treatment with CEE or CEE plus the progestin
medroxyprogesterone acetate (MPA) increased the risk of de-
veloping mild cognitive impairment or dementia [174, 175].
However, it should be noted that these studies were limited by
the time of estrogen treatment initiation (later than typical for
menopausal symptom relief), the neurocognitive domains be-
ing tested, the type of estrogen treatment and the effects of
progestins on cognition [176]. In contrast, there are a number
of studies indicating positive effects of sex hormone treat-
ments on cognitive function. For example, E2 treatment with
or without progesterone has shown improved verbal [177] and
visual memory [178].

Preclinical data from aged ovariectomised non-human pri-
mates demonstrated that E2 alone (continuously administered)
or E2 (continuously or cyclically administered) in conjunction
with progesterone (continuously or cyclically administered)
failed to produce positive cognitive effects, but was associated
with negative effects in a delayed response or delayed non-
match to sample working memory task [28]. These data
contrasted with earlier data published by the same group sug-
gesting cyclic E2 treatment had a positive effect on the de-
layed response task in these non-human primatemodels [179].
Collectively, these studies suggests that the precise regimen of
E2 may be important in modulating cognitive performance in
this preclinical model. For example, a study in non-human
primates of E2 or E2 plus cyclic progesterone dosed over a

prolonged period (12 months) showed that continuous E2
administration was effective in improving performance in a
delayed response task [180].

Critical Window Hypothesis

In light of difficulties in reconciling apparently contradictory
data, the critical period or window hypothesis has been devel-
oped, suggesting that there is a specific time when treatment
with sex hormones are most effective in treating the cognitive
symptoms associated with menopause or in producing long-
term cognitive benefit [176]. This critical period is thought to
be around the time of the menopausal transition, when E2 is
initially declining or shortly thereafter. It is during this transi-
tional phase that initial changes in estrogen receptors are also
seen. In rats, ERβ is seen to decline during the transition
before rebounding whereas ERα is unchanged [161]. In other
rodent studies, it has been shown that delaying E2 supplemen-
tation until 10 months following overiectomy (so having an
extended period of time with no estrogen) leads to a reduction
in the positive cognitive effects of E2 treatment [181].
Interestingly, treating with the acetylcholinesterase inhibitor
donepezil restored the ability of E2 to enhance cognition when
there was a long delay in treatment [54]. It has thus been
suggested that this critical period exist at least in part due to
the declining function of basal forebrain cholinergic neurons
through the menopausal transition [182]. Consistent with
these findings, treating with E2 close to the time of ovariecto-
my enhances cognitive performance in a range of cognitive
domains in rodents [54, 181] and non-human primates [27, 43,
179]. A hypothesized progression is of cognitive performance
dependent on the time of sex hormone treatment is shown in
Fig. 3.

Beyond hormone therapy, there are novel treatments that
could be considered when discussing the possible treatments
for cognitive symptoms associated with the menopausal tran-
sition. SERMs, such as tamoxifen and raloxifene, have shown
promise, interacting with ERα, ERβ, and GPR30 [183] and
expressing neuroprotective effects [184]. For example,
SERMs have been demonstrated to reduce activation of
microglial, in turn reducing proinflammatory cytokines and
chemokines following lipopolysaccharide administration in
primary tissue culture [185]. Further, in postmenopausal
women, SERMs have demonstrated efficacy in reducing anti-
cholinergic effects on cognitive performance in some cogni-
tive domains [117].

Relationship to Alzheimer’s Disease Risk

Alzheimer’s disease diagnosis is based on clinical history and
signs with the presence of β-amyloid plaque and tau
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deposition being confirmed via spinal fluid measures, positron
emission tomography imaging of β-amyloid plaque or tau
deposits, and post-mortem. With advances in imaging and
biomarker techniques, it is becoming increasingly understood
that many of the pathological changes occur many years be-
fore the clinical symptoms prevent [186]. A recent meta-
analysis revealed that female sex increases the risk of devel-
oping Alzheimer’s disease compared to men, regardless of
genotype; this is particularly apparent for late onset
Alzheimer’s disease [187]. In postmenopausal women, re-
duced glucose metabolism as measured by FDG-PET is seen
in Alzheimer’s disease vulnerable areas, such as the posterior
cingulate, frontal, parietal medial, and lateral cortices [160]. In
women who had undergone surgical menopause, an earlier
age of procedure was associated with increased risk of cogni-
tive decline and Alzheimer’s associated pathology [188].
Certain observational studies have demonstrated a reduction
in the risk of Alzheimer’s disease with sex hormone treatment
after menopause [189, 190]. A recent pilot study indicated that
transdermal E2 treatment reduced theβ-amyloid deposition in
recently menopausal women [191], suggesting that E2 may
play a role modulating β-amyloid plaque formation.

Preclinical studies have demonstrated that reducing E2
levels results in decreased expression of genes associated with
amyloid processing [161]. Merlo and colleagues [192] thor-
oughly review the mechanisms through which estrogens may
modulate Alzheimer’s disease development. In brief, a num-
ber of in vitro studies have demonstrated that E2 stimulation
results in amyloid being preferentially processed to the soluble
form [193–195]. E2 also regulates β-amyloid degrading en-
zymes, for example, metalloproteases [196] and neprylisin
[197, 198], which may reduce β-amyloid plaque formation
in vivo. Further in vivo studies showed that E2 treatment can
reduce Tau phosphorylation [199] and pharmacologically at-
tenuate tau hyperphosphorylation [200]. This reduction in

phosphorylation may also play a role in reducing
Alzheimer’s associated pathology.

It is important to recognize that two of the systems we have
discussed in this review are dysregulated in Alzheimer’s dis-
ease. The basal forebrain cholinergic system declines as
Alzheimer’s disease progresses [89], and E2 therapy appears
to support the cholinergic system [53, 54]. Likewise, the mi-
tochondrial bioenergetic system is altered in Alzheimer’s dis-
ease, resulting in increased ketone metabolism and production
of reactive oxygen species, a process which is also seen fol-
lowing menopause preclinically and clinically [160, 161].

Estrogens in the Male Brain

As previously discussed, men tend to experience a more grad-
ual decline in sex hormones as they age when compared to
women. However, in prostate cancer patients receiving andro-
gen deprivation therapy, the decline in sex hormones is more
rapid, providing a model for investigating the effects of tes-
tosterone and E2 withdrawal in men. In rodents, it has been
demonstrated that following androgen deprivation therapy
there is a reduction in estrogen receptors in a number of brain
areas, including the hippocampus and prefrontal cortex, areas
which are important for cognition [201]. Prospective random-
ized trials of prostate cancer patients who experienced reduced
E2 levels due to treatment failed to show any effect of E2 loss
or E2 supplementation [202, 203]. Results from a smaller
study utilizing a semi-structured interview rather than perfor-
mance assessments suggested that androgen deprivation ther-
apy for prostate cancer produced worsening concentration,
information processing, verbal fluency, visuospatial function,
memory, and executive function [204]. There are also studies
in men correlating declining E2 levels in aging with decreas-
ing cognitive function, including decreased verbal fluency and
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information processing [205, 206]. One of these studies found
that the greatest effect was seen in men younger than 72 years
old, suggesting there may be a temporal window during the
aging process when E2 is important in modulating cognitive
function in men [205]. However, another study indicated that
when correcting for age and education, cognitive examination
scores declined (indicating worse cognition) with increasing
E2 levels, whereas decreased testosterone levels correlated
with reduced memory and concentration [207].

To date, the effects of E2 in the male brain remain less well
characterized than their effects on the female brain. The dis-
crepancies seen between the studies above whereby some
studies displayed a positive correlation between E2 levels
and cognitive performance, with the other revealing a negative
correlation may be due a number of reasons. A temporal win-
dow when the effects of E2 are most apparent, the difficulty in
separating the effect of androgens from E2 effects, the lack of
an abrupt change in E2 levels as seen in women, and small
sample sizes in a number of the studies.

Discussion

This review has explored the effects of changing E2 level on
cognitive functioning with advancing age. We have identified
that E2 may interact with three systems within the brain im-
portant to cognitive aging: the basal forebrain cholinergic sys-
tem, the dopaminergic system, and the mitochondrial bioen-
ergetic system. Declining E2 levels have been linked with
decreased cognitive performance in clinical and preclinical
studies, with E2 treatment attenuating these symptoms. In
both clinical and preclinical studies, the timing of the treat-
ment may be important, and this critical window may be
linked to the declining cholinergic system. Some later life
disorders appear to show a link to reduced E2 levels and the
timing of menopause, particularly Alzheimer’s disease and
depression. Alzheimer’s disease shows a higher incidence in
women, particularly in women who have experienced an ear-
lier menopause. In addition, schizophrenia displays a second
peak of onset in midlife in women, around the time of meno-
pause, and an early age of first menarche appears protective
against developing schizophrenia.

Given the cholinergic, dopaminergic, and mitochondrial
systems are dysregulated in a number of neurodegenerative
diseases associated with aging (e.g., Alzheimer’s disease) uti-
lization of E2 therapy has been explored in with a number of
clinical trials without success to date [174, 208, 209].
However, it may be that E2 treatment needs to be specifically
tailored based on the patients risk profile. The preclinical stud-
ies assessing time of E2 delivery with reference to time of
reduced E2, and method of E2 delivery, cyclic versus non-
cyclic, with or without progesterone provide possible expla-
nations of the disparate results that are seen in the clinical

literature. It should also be noted that the nature of the meno-
pause (natural or induced) may be important in dictating the
efficacy of potential treatment. Further, not only are the ma-
jority of the positive effects of treatment on cognitive end-
points seen when the treatment is given around the time of
the menopause transition, but this is also the time when the
greatest structural and estrogen receptor changes are seen.

One concept that will become increasingly important over
the coming years is that of personalized or precision medicine.
Specifically, identification of which individuals may benefit
from E2 therapy and which individuals will not. To enable this,
genomics approaches assessing the effects of genetic variables
and different phenotypic presentations on response to different
treatments should be utilized. This strategywill enable the max-
imal benefit to be obtained without treating individuals that do
not require treatment and/or leading to increased risk without
corresponding benefit. The presence of subjective cognitive
decline (SCD), a known risk factor for the development of
cognitive decline and dementia, that first occurs during or after
menopause may indicate a higher risk population for which
specific therapies may be helpful [188]. Additionally, it has
been suggested that a neuroprotective effect of E2 may be de-
pendent on apolipoproteinE genotype, although the specifics of
this interaction are still not fully understood [210]. This does
however provide evidence that based on age, phenotype, and
genotype, it may be possible to identify patients that are at a
higher risk of developing Alzheimer’s disease and may poten-
tially benefit from E2 therapy.

With regard to depressive disorders, it is known that previ-
ous depressive episodes prior to the menopausal transition
increases the risk of further depressive episodes following
menopause in the absence of E2 therapy [79]. Given the high-
ly polymorphic nature of presence or absence of clinical signs
following menopause, it is possible that specific phenotypes
or genotypes predispose women to developingmood dysfunc-
tion following the menopause transition. Future studies that
investigate whether specific phenotypes or genotypes predis-
pose to cognitive or mood dysfunction following menopause,
or whether specific genotypes predispose to responsiveness to
specific therapies, would allow for greatly improved targeting
of therapies by identifying only those individuals that will
likely be responsive to treatment.

Since the publication of the Women’s Health Initiative
studies beginning in the early 2000s, there has been a decline
in the prescription of sex hormone treatment for postmeno-
pausal symptomatology and presumed disease prevention.
This decline was in part appropriate but the subtleties of the
WHI studies and their findings have not been as widely ap-
preciated by clinicians and thus the risks of sex hormone pre-
scriptionmay be perceived as larger than the actual data would
support. Future research will help clarify which hormone
preparations may be potentially useful and at what stage of
l i fe . Rather than ubiqui tous prescr ipt ion for al l
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postmenopausal women, selective use of sex hormone treat-
ment will be aided by better differentiation of which women
have higher or lower risk for late life cognitive or emotional
impairment. In addition, novel hormone preparations or
SERMsmay be developed that allow for brain-specific effects
without risks to peripheral tissues.

With the interaction of E2 and cholinergic, dopaminergic,
and mitochondrial bioenergic systems, it should be considered
that targeting of these systems may have E2 sparing effects, or
potentiate E2 beneficial effects. Acetylcholinesterase inhibi-
tors are the leading treatment for Alzheimer’s disease, which
function through boosting cholinergic synaptic signaling.
Gibbs and colleagues [53, 54] demonstrated acetylcholines-
terase inhibitors can potentiate the effects of E2 in aged rats
following prolonged estrogen deprivation. In clinical popula-
tions, it has been demonstrated that females who received the
acetylcholinesterase inhibitors tacrine in conjunction with es-
tradiol displayed a greater response on cognitive assessment
that females who were not receiving concurrent estradiol ther-
apy [211]. Thus combined hormonal and neurotransmitter-
based approaches may increase the beneficial effects of both
individual therapeutic strategies. Direct targeting of the spe-
cific cholinergic receptors is also becoming an area of interest
for boosting the failing cholinergic system in Alzheimer’s
disease [212–216]. For example, selective M1 acetylcholine
receptor positive allosteric modulators (PAMs) has been of
particular interest in Alzheimer’s disease, with efficacy seen
across cognitive and biomarker measures in preclinical spe-
cies [214–219]. Identification of at-risk individuals, for exam-
ple individuals who are displaying SCD, asymptomatic, or
early symptomatic increased β-amyloid plaque deposition
could provide a population for combined treatment ap-
proaches. In future studies, it will be critical to understand
the potential for M1 PAMs to act synergistically with E2 re-
placement (or similar hormonal approaches) to restore the
cognitive and affective deficits associated with aging and
pathologic decline such as Alzheimer’s disease in preclinical
species and clinical populations.
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