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Abstract: 17p-Estradiol (estradiol or E2) is a steroid hormone that has been broadly applied as a
neuroprotective therapy for a variety of neurodegenerative and cerebrovascular disorders such as
ischemic stroke, Alzheimer's disease, and Parkinson's disease. Several laboratory and clinical stud-
ies have reported that Estrogen Replacement Therapy (ERT) had no effect against these diseases in
elderly postmenopausal women, and at worst, increased their risk of onset and mortality. This re-
view focuses on the growing body of data from in vitro and animal models characterizing the poten-
tial underlying mechanisms and signaling pathways that govern successful neuroprotection by ERT,
including the roles of E2 receptors in mediating neuroprotection, E2 genomic regulation of apopto-
sis-related pathways, membrane-bound receptor-mediated non-genomic signaling pathways, and the
antioxidant mechanisms of E2. Also discussed is the current evidence for a critical period of effec-
tive treatment with estrogen following natural or surgical menopause and the outcomes of E2
administration within an advantageous time period. The known mechanisms governing the duration
of the critical period include depletion of E2 receptors, the switch to a ketogenic metabolic profile
by neuronal mitochondria, and a decrease in acetylcholine that accompanies E2 deficiency. Also the
major clinical trials and observational studies concerning postmenopausal Hormone Therapy (HT)
are summarized to compare their outcomes with respect to neurological disease and discuss their
relevance to the critical period hypothesis. Finally, potential controversies and future directions for

this field are discussed throughout the review.
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1. INTRODUCTION: MENOPAUSE AND NEURO-
DEGENERATIVE DISEASES

The process of menopause, whether by natural reproduc-
tive senescence, or by surgical removal of the uterus of one
or both ovaries, leads to the induction of amenorrhea [1, 2]
and corresponding physiological changes in women.
Although this change typically occurs around 51 years of
age, ovariectomy can lead to indications of menopause in
younger women, though some hysterectomized or unilater-
ally ovariectomized women with one or both ovaries intact
will lose menses but not technically undergo menopause
until the loss of ovarian follicles occurs naturally, since they
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continue to produce estradiol (E2) [1]. The hormonal effect
of diminished circulating E2 is commensurate with follicular
senescence in the ovaries, and halted menstruation [2], ac-
companied by characteristic perimenopausal symptoms in-
cluding depression and irritability, hot flashes with intense
perspiration and elevated heart rate, vaginal discomfort such
as dryness and dyspareunia-associated pain, variable loss of
bladder control, and other discomforts [3].

As the duration of time increases from the cessation of
E2, the risk increases for potentially deadly or debilitating
conditions such as osteoporosis (due to decreases in bone
density), heart attack, and atherosclerosis [2, 4]. Further-
more, cardiovascular diseases in post-menopausal women
have been correlated with a higher risk for ischemic stroke,
cognitive impairment especially following surgical meno-
pause [5, 6], Parkinsonism [7], and Alzheimer’s Disease
(AD) [8], thus suggesting that E2 deficiency can indirectly
lead to cerebrovascular diseases and dysfunction. For exam-
ple, premenopausal women with circulating estrogen are
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reportedly less susceptible to stroke than men of the same
age [9]. Conversely, women who experience premature
menopause (<40 years of age) and receive no further treat-
ment with E2 show five times greater susceptibility to mor-
tality from neurological disorders (e.g., Parkinson’s Disease
and dementia), stroke, and coronary disease [4, 5, 7, 10] than
women who have not experienced premature estradiol depri-
vation [11]. Furthermore, the incidence of stroke increases
with age, and after age 55, 1 in 5 women are likely to de-
velop a stroke, while for men of the same age, this condition
afflicts only 1 in 6 [12].

Therefore, the loss of circulating E2 leads to several
short-term and long-term physiological and pathological
consequences for women, the risks of which are com-
pounded for women who undergo early surgical menopause.
Thus, Estrogen Replacement Therapy (ERT) is an appropriate
treatment to minimize these risks. However, there is a critical
window of opportunity following natural and surgical meno-
pause in which ERT provides the maximum benefit in neu-
roprotection, delaying the effects of endogenous E2 deple-
tion, but after which, the risks of ischemic stroke and neu-
rodegenerative diseases are heightened by E2 administration.
This review discusses experimental and clinical evidence for
the critical window for estrogen therapy following meno-
pause, the mechanisms underlying E2 neuroprotection, and
the mechanisms governing the duration of the critical win-
dow following long-term estrogen deprivation, particularly
in the context of cerebrovascular and neurodegenerative dis-
eases such as ischemic stroke, Alzheimer’s dementia, and
Parkinsonism.

2. NEUROPROTECTIVE BENEFITS OF ERT
AGAINST NEURODEGENERATIVE DISEASES

2.1. Benefits and Risks of ERT Identified in Clinical
and Observational Studies of Premature- and Post-
menopausal Women

Cognitive function in women is often measured using
serum E2 as a biochemical marker since high levels of serum
E2 have been correlated with significantly enhanced verbal
working memory [13, 14]. In postmenopausal women, low
levels of serum E2 have been associated with the prevalence
of cognitive impairment, while estrogen hormone therapy
(HT) in postmenopausal women resulted in stronger per-
formance on neuropsychological cognition tests [14]. Addi-
tionally, in postmenopausal women undergoing current
treatment with HT (any type of estrogen + progestogens), the
hippocampal volumes were revealed to be larger than those
of women who had used HT in the past, women who had
never used HT, and men [15]; exogenous E2 administration
in these postmenopausal women provided protection against
neuronal cell death caused by global ischemia [16].

Research by Schmidt ef al. showed that the incidence of
stroke, as well the degree of neurodegeneration due to
ischemic injury, can be greatly reduced in postmenopausal
women through estradiol replacement therapy (ERT) [17].
An observational cohort study revealed an association be-
tween a reduced risk of incident strokes as well as hemor-
rhagic strokes and treatment with estrogen therapy 0-5 years
after menopause, regardless of regimen and duration, com-
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pared to never use patients [18]. Although, ERT has been
identified as the most effective treatment for amelioration of
menopausal symptoms, randomized controlled trials have
verified that this treatment is also related to cardiovascular
events. While no correlation was found between the routes of
administration (oral, transdermal, or vaginal) or active ingre-
dients (Conjugated Equine Estrogens [CEEs] or estradiol)
and an increased risk of stroke when applied during the early
stages of menopause, these variables bear careful considera-
tion because later application of CEE was found to be asso-
ciated with increased risk of hemorrhagic stroke [19].

A population-based study showed a significantly lower
incidence of ischemic stroke in women with diabetes aged
over 55 years who had been administered CEE than in the
control group that had not received CEE [20]. Another study
examining the risk of stroke associated with different routes
for hormone administration showed that transdermal estro-
gens alone or combined with micronized progesterone may
be the safest option for minimizing the likelihood of stroke
[21]. Data from this study also demonstrated an elevated risk
of ischemic stroke from dose-dependent oral estrogen treat-
ment, strongly suggesting that the route of administration
can affect outcomes.

As with stroke, the loss of E2 production, either through
ovariectomy or menopause, can also significantly increase
the likelihood of diseases such as Alzheimer’s disease [22-
24], Parkinson’s disease, decreased cognitive function, and
death from neurological pathology and dysfunction [1, 4, 6].
In contrast, oral administration of estrogens was found
through meta-analyses to decrease risk by 29-44% [22-24].
In a pilot study of women who participated in the random-
ized, double blinded, placebo-controlled Kronos Early Es-
trogen Prevention Study found that at 3 years after a 4-year
regimen of either CEE, placebo, or transdermal 17(3-
estradiol, 17B-estradiol treatment was correlated with lower
B-amyloid deposition in subjects who carried the APOE &4
risk factor for AD, but not in non-carriers of APOE ¢4 allele
[25].

The treatment of AD with estrogen has remained contro-
versial since several studies have revealed no clear therapeu-
tic effect of ERT on AD, based on disease progression or the
Clinical Global Impression of Change (CGIC) 7-point scale
[26-28]. However, observational studies have generally pro-
vided strong support for the successful intervention of AD
within the critical window after menopause [29]. In particu-
lar, two large studies, the Cache County study [30] and the
Women’s Health Initiative Memory Study (WHIMS) [31]
showed no beneficial effects of ERT, and in fact, accelerated
the risk of AD from treatment with CEE plus medroxypro-
gesterone acetate (CEE-MPA) in an older cohort of post-
menopausal women. Reexamination of data from the Cache
County study revealed that although there was no positive
effect of ERT on women who started treatment more than 5
years post-menopause, there was a 30% reduction in risk of
AD for women who began ERT treatment without MPA
within 5 years of menopause, and if the treatment was ex-
tended for 10 years, the risk was lowered further to a 37%
decrease [32].
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In addition to ERT, treatment with raloxifene, a selective
estrogen receptor modulator, has been widely studied and
applied for alleviating the risks of osteoporosis and breast
cancer that increase in post-menopausal women. A follow-up
study at four years after the Multiple Outcomes of
Raloxifene Evaluation randomized trial examined the effects
of raloxifene on the risk of cardiovascular events in osteo-
porotic postmenopausal women [33]. Although raloxifene
treatment did not detectably affect post-menopausal cardio-
vascular risks among the overall cohort, for a subset of study
participants with increased risk of cardiovascular events,
these risks were significantly reduced. Similarly, in healthy
post-menopausal women, raloxifene treatment exerted no
significant effects on levels of C-Reactive protein, an in-
flammatory marker for cardiovascular disease. Notably, both
HRT and raloxifene were found to comparably lower serum
homocysteine levels, an independent risk factor for cardio-
vascular disease in the same subjects. [34]. In addition to
homocysteine, raloxifene has been shown to lower LDL-C,
fibrinogen, and lipoprotein(a), while raising HDL2-C but not
triglycerides associated with cardiovascular disease [35].
Raloxifene and ERT also improved vascular endothelial
function in postmenopausal women [36], though further
studies are necessary to determine the full cerebrovascular
effects of estrogen receptor modulators in post-menopausal
women.

Despite the benefits of ERT, the risks of hormone recep-
tor-positive breast cancer, which comprise a large proportion
of breast cancer cases, necessitates treatment with anti-
hormone therapeutics that block estrogen stimulation. These
anti-hormone treatments, especially third-generation aro-
matase inhibitors (Als) such as exemestane (steroidal AI) or
anastrozole and letrozole (nonsteroidal Als), have been
shown to provide beneficial effects against both early and
advanced hormone-sensitive breast cancer in post-
menopausal women [37]. Data provided by a Japanese sub-
study of the Tamoxifen Exemestane Adjuvant Multinational
(TEAM) project revealed that tamoxifen treatments led to a
significant alteration in the lipid profiles of post-menopausal
women, and in particular TC and LDL-C were significantly
decreased, whereas no clinically significant effects were ob-
served on serum lipid profiles following exemestane and
anastrozole regimens [38]. Furthermore, tamoxifen may be
used to mitigate high cardiovascular risks, such as the devel-
opment of hyperlipidemia, in breast cancer patients. A meta-
analysis of studies examining the effects of anastrozole, ex-
emestane, or letrozole aromatase inhibitors between 2000 to
2009 indicated that, in comparison with tamoxifen, treatment
with these compounds potentially led to an elevated risk of
cardiovascular disease and bone fractures [39]. However, a
comparative study of endocrine adjuvant breast cancer thera-
pies conducted over 10 years used a benefit/risk index to
determine that tamoxifen exhibited lower efficacy and bene-
fits than aromatase inhibitors in postmenopausal women
[40].

2.2. Neuroprotective Benefits of ERT Demonstrated in
vitro and in Animal Models of Menopause

Estradiol has been implicated in neuroprotection in post-
ovariectomized (OVX) rats prior to stroke induction. Early
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evidence for the neuroprotective activity of E2 was shown
by Hall ef al. [41]. Several studies examining brain injury
caused by focal ischemia found that E2 treatment was effec-
tive for mitigating cerebral damage in OVX female rats [42-
44] as well as male rats [45]. Pre-treatment with E2 was
found to mediate neuroprotection through the up-regulation
of antiapoptotic Bcl-2 protein expression mediated by ERo
in cultures of rat hippocampal neurons [46]. In experiments
with OVX female rats subjected to middle cerebral artery
occlusion (MCAO), E2 dosage also showed a significant
correlation with stroke infarct size [47], while in contrast,
infarct size was increased by pre-treatment with ICI 182 780,
a competitive antagonist of Estrogen Receptors o and B prior
to stroke induction [48]. Additionally, ischemic stroke was
exacerbated by the administration of aromatase inhibitors
that block the conversion of androgen into estrogens.

In male gerbils, treatment with E2 prevented the induc-
tion of apoptosis signaling cascades in the hippocampal CA1
region. Global ischemia resulted in higher levels of activated
caspase-3 in the CAl cells, as well as induction of proapop-
totic neurotrophin receptor p75(NTR), while exogenous E2
mitigated the increase in caspase-3 and prevented upregula-
tion of p75(NTR) [16].

In order to test the hypothesis that higher levels of circu-
lating E2 prior to menopause lead to a decreased risk of
Parkinson’s disease in women compared to men, Siani et al.
[18] examined the progression of nigrostriatal damage, acti-
vation of microglia and astrocytes, as well as the polarization
of microglia. These neurological disruptions were induced
by intrastriatal injection of the dopaminergic neurotoxin 6-
hydroxydopamine (6-OHDA) in male, fertile female, OVX
female, and OVX mice treated with 17(3-estradiol (OVX+E).
Observation by immunohistochemistry of tyrosine hydroxy-
lase to measure dopaminergic activity, immunofluorescence
of microglial marker IBA1 and astrocyte marker GFAP, as
well as triple immunofluorescent staining of DAPI/IBA1/
TNFo or DAPI/IBA1/CD206 to identify M1 (cytotoxic) or
M2 (cytoprotective) microglial activation states, respectively,
revealed that microglia were induced to an M1 state in OVX
and male mice in response to 6-OHDA, while in fertile fe-
male and OVX+E mice, microglia were polarized to the M2
phenotype [18].

Estrogen replacement therapy has also been widely stud-
ied in the treatment of Alzheimer’s dementia. In particular,
the accumulation of B-amyloid plaques is one of the hall-
marks of Alzheimer’s disease. Estradiol treatment was
shown to decrease 3-amyloid production in embryonic cere-
brocortical neurons derived from rats, humans, and mice, as
well as in neuroblastoma cells [49]. In the APPswe/PS1dE9
double transgenic mouse model of Alzheimer’s disease,
treatment of OVX or non-OVX young mice with 173-estradiol,
or its brain-selective prodrug 108, 17B-dihydroxyestra-1,4-
dien-3-one (DHED), resulted in decreased levels of brain j3-
amyloid for both OVX and intact mice, as well as increased
cognitive performance for both OVX double transgenic and
intact mice, compared to controls, thereby suggesting a
strong potential for both E2 and DHED as early interven-
tions for AD [50]. In human cell lines, cultured astrocytes
derived from Alzheimer’s patients showed that glutamate
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uptake was reduced in patients with AD, and that treatment
with E2 increased uptake in a dose-dependent manner. Fur-
thermore, E2 treatment led to transcriptional up-regulation of
the GLT-1 and GLAST glutamate transporters, indicating
that the E2-mediated regulation of glutamate transport in
astrocytes may contribute to neuroprotection against AD
[51].

3. MECHANISMS OF ERT NEUROPROTECTION

3.1. The Importance of ERs in Neuroprotection

The vast majority of E2-mediated neuroprotection is
conducted through estrogen receptors that participate across
a range of signaling pathways to affect very rapid transcrip-
tional and physiological responses (reviewed in [52]). Estro-
gen signaling is primarily mediated through the two nuclear
and membrane-associated estrogen-binding receptor proteins
ERo and ERP, which act as nuclear transcription factors [53-
56]. The increased risk of cerebrovascular and neurological
disorders experienced by women following estrogen depriva-
tion is due in large part to the loss of estrogen-binding recep-
tors, without which treatment with estrogen cannot effec-
tively activate neuroprotective pathways. Once the receptors
have been lost, due to depletion of estrogen which partici-
pates in inducing their biosynthesis, so too is the ability to
respond to estrogen.

3.2. ER Participates in Maintaining the Blood Brain
Barrier

A multitude of studies has examined the neuroprotective
effects of estrogen against global and focal ischemia. For
example, supra-physiological doses of E2 had protective
effects against global cerebral ischemia (GCI)-induced hip-
pocampal injury [57, 58], and GCI in six-month-old female
OVX rats, prior estrogen treatment resulted in a significant
decrease in the breakdown of the blood-brain barrier [46].
Specifically, E2 activation of ERs in the cytosol has been
reported to upregulate transcription of claudin-5 and oc-
cludin, two critical proteins necessary for maintaining tight
junctions in endothelial cells of the blood brain barrier fol-
lowing global and focal-induced ischemia in rat brains. Bu-
rek et al. 2014 found that both ERs bind to Estrogen Re-
sponse Elements and SP1 sites in the cldn-5 promoter [59].
In OVX mice, E2 treatment induced occludin mRNA ex-
pression in brain endothelial cells [60], and that agonist-
activated ER[P decreased levels of vascular endothelial
growth factor (VEGF) and hypoxia-inducible factor 1o fol-
lowing ischemic stroke [61]. In OVX rats with induced
global cerebral ischemia (GCI), treatment with an E2 G-
protein coupled receptor GPER-1 agonist after reperfusion
resulted in decreased levels of VEGF in the CA1 as well as
immunoglobulin extravasation, while increasing levels of
claudin and occludin [62]. In addition to maintain the integ-
rity of the blood brain barrier, there is strong evidence that
estradiol activates the receptor for insulin-like growth factor-
1 (IFG-1R) to activate the anti-apoptotic protein bcl-2 in
hippocampal neurons [63]. Dubal et al. found, using ovariec-
tomized ERa and B knockout mice with induced ischemia,
that ERa was essential for E2 to confer protective effects
against brain injury, though ERP was not [44].
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3.3. Genomic Regulation of Apoptosis-related Genes

Both ERs are expressed at relatively high levels in the
brain, strongly suggesting a role for ERs in promoting learn-
ing and memory function, and subsequently contributing to
E2-mediated neuroprotection against Alzheimer’s disease
[46]. Administration of the selective ER agonists PPT and
DPN, for either ERo and ERP, respectively, increased the
survival rate of cultured hippocampal neurons following
treatment with excitotoxic glutamate [46]. Treatment with
high doses of E2 was also shown to act through ERs o and 3
in the mitigation of neuronal death via inhibition of apoptotic
signal cascades in the hippocampal CA1 [16, 64]. Further-
more, long-term treatment with E, or tamoxifen (which ex-
hibits estrogen-like effects) was found to protect hippocam-
pal neurons by specifically preventing the downregulation of
antiapoptotic Bcl-2 and upregulation of proapoptotic Bax in
OVX rats [48]. Furthermore, E2 was shown to ameliorate 3-
amyloid toxicity and oxidative stress, a hallmark of AD, in
hippocampal HT22 clonal cells stably expressing either ERa
or ERP in vitro, and that this activity required activation of
the MAPK signal pathway [65]. Survivin, a pro-survival
inhibitor-of-apoptosis protein and STAT3 target gene, is
well-established as an essential component in E2-mediated
neuroprotection against global ischemia [66], as demon-
strated by the reversal of neuroprotection concurrent with
down-regulation of survivin.

3.4. E2-mediated Non-genomic Signaling

Rapid response to cerebral injury or neuronal damage is
mediated by so-called “non-genomic” signaling, meaning that
E2 can interact with receptors on the plasma membrane to
induce a fast, intracellular, neuroprotective response [67, 68]
in addition to nuclear signaling pathways governing the tran-
scriptional regulation of apoptosis-related genes. The canonical
signal pathways transducing this response are the phosphati-
dylinositol 3-kinase (PI3K)/Akt/glycogen synthase kinase 3
(GSK3) pathway and through extra-cellular Signal-Regulated
Kinases (ERKs) [69-72]. ERKs, for example, have been shown
to mediate an E2 neuroprotective response to stroke,
ischemic brain injury, and glutamate toxicity associated with
AD through the Raf/MEK/ERK pathway [73, 74] Fig. (1).

Estrogen Receptor o (ER) is localized to signalosomes
or protein complexes associated with dynamic lipid raft mi-
crostructures on the membrane surface [75]. Several recent
studies have explored the rapid intracellular signaling re-
sponse mediated by E2-activated membrane-bound estrogen
receptors that protect neurons against degradation, such as
those occurring in AD. Reduction in serum E2, for example
due to menopause or OVX, may lead to structural changes in
signalosomes, thereby disrupting ER functionality, and po-
tentially resulting in loss of E2 neuroprotection, as has been
observed in the brains of AD patients [76]. Destabilization of
the lipid raft followed by displacement and degradation of
ERo leads to a subsequent loss of E2 signaling-mediated
neuroprotection. The loss of ERs from the cell membrane,
which leads to insensitivity to E2, thus relieves this regula-
tory mechanism and abolishes the signaling pathway for neu-
roprotection. This hypothesis is in agreement with research
showing that in hippocampal and cortical tissue of AD
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Fig. (1). Differential and integrated effects from genomic and non-genomic estrogen activity in the central nervous system (CNS) [92].
(A4 higher resolution / colour version of this figure is available in the electronic copy of the article).

patients, ERot binds to tau protein and co-localizes to neu-
rofibrillary tangles. Additionally, overexpression of tau pro-
tein in M17 human neuroblastoma cells inhibited the
transcriptional activity of an ERa-reporter regardless of E2
treatment, indicating a loss of ERo-mediated E2 neuropro-
tection in AD patients [77].

The G protein-coupled estrogen receptor 1 (GPR30), a 7-
transmembrane-spanning G protein-coupled receptor [78],
has been shown to participate in the rapid estrogen-mediated
response on the scale of seconds to minutes [79]. Several
studies have shown that GPR30 activates the cell survival
PI3K/Akt pathway across several model systems for neuro-
logical disease including Alzheimer’s disease (AD) [80],
Parkinson’s disease (PD) [81], spinal cord injury (SCI) [82],
and traumatic brain injury [80]. In addition, activation of
PI3K signaling by GPR30 is an essential step in the regula-
tion of neuritogenesis during hippocampal neuron develop-
ment [83] and in the protection of cognitive function [80].
Activation of GPR30 is also necessary for modulation of the
c-Jun N-terminal kinase (JNK) pathway to mediate neuro-
protection, during which GPR30 participates in the rapid
induction of the pro-survival kinases, Akt and ERK, while
mitigating the pro-apoptotic downstream effects of JINK ac-
tivation [84].

A study by Gangadhara ef al. (2015) demonstrated that
following global cerebral ischemia (GCI), proline-, glutamic
acid-, and leucine-rich protein 1 (PELP1), an estrogen recep-
tor co-regulator protein, engages in “rapid signaling” in the
hippocampal CA1 region. This co-mediation of rapid signal-
ing is essential for extranuclear signaling, E2 mediation of

neuroprotection, and the maintenance of cognitive function
[85]. This work revealed that E2 modulates the interactions
of PELP1 with GSK38.

3.5. Initiation of Antioxidant Mechanisms

Several studies consistently show that E2 treatment initi-
ated immediately following OVX resulted in neuroprotection
after ischemic stroke through attenuation of central and pe-
ripheral production of proinflammatory cytokines [86].
However, the effects of E2 on suppression of the production
of deleterious proinflammatory molecules was obliterated
when E2 was administered after 10 weeks post-ovariectomy
in the rat hippocampal CA1 [86, 87]. Loss of estradiol neu-
roprotective function for the hippocampal CA1 region in
LTED (10 W) animals was also confirmed by NeuN and
Fluoro Jade B staining to count the surviving neurons [87].
Additionally, E, ceases to suppress activation of NADPH
oxidase and O, production in the CA1 region by 3 h after
reperfusion in LTED (10 W) animals [87]. Furthermore, E2
treatment following cerebral ischemia inhibited GTPase
Racl in an Akt-dependent manner, thus preventing the in-
duction of NADPH oxidase via NOX2 [87], indicating that
E2 can mitigate oxidative stress in neurons through ERo
kinase activation rather than binding to DNA responsive
elements. Interestingly, Prokai et al. (2003) showed that es-
trogens can directly scavenge hydroxyl radicals [88], con-
verting them into non-phenolic quinols that do not bind to
ERs, but are subsequently reduced using NADPH as a co-
factor to restore the original estrogen without generating
reactive oxygen species [89, 90]. Other studies have indi-
cated that estrogen also induces neuroprotection of dopa-
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minergic pathway signaling. More specifically, both in vivo
and in vitro models of PD have been used to show that the
benefits of estrogen are mediated by inhibition of the brain
Renin-Angiotensin System (RAS) [91]. In the substantia
nigra, ERT can ameliorate the effects of diminished levels of
ER-o that are concurrent with increased angiotensin activity,
NADPH-oxidase activity, and expression of neuroinflamma-
tory markers that result from ovariectomy.

4. CRITICAL PERIOD HYPOTHESIS FOR ERT
NEUROPROTECTION

4.1. Overview of the Critical Period Hypothesis

Given that ERT has obvious neuroprotective effects
against neurodegenerative diseases for postmenopausal
women or OVX female animals, the findings of many basic
and clinical studies support a critical period for ERT follow-
ing menopause. During this period ERT is neuroprotective
and appropriate, but after which the neuroprotective benefits
are lost and, in some cases, may incur more serious damage.
The ‘‘Critical Period Hypothesis’’, proposed by Sherwin,
Maki, and others, has provided valuable insight into the ef-
fective application of hormone therapy following menopause
by identifying a precise window of opportunity during which
HT is successful for protection against neurological damage
and degenerative diseases [92-97]. Specifically, this theory
suggests that if HT is initiated soon after natural or surgical
menopause, it may prevent cognitive decline [92-96], while
administration of estradiol HT shows only limited benefits at
best and detrimental effects at worst, if it is initiated outside
the window of opportunity, i.e., after a significant meno-
pausal period of time [95, 96].

The complementary but competing hypothesis of
“‘healthy cell bias of E2 benefit’’ put forward by Brinton,
shares the underlying, fundamental concept that E2 only
yields neurological benefit if it is applied to healthy neurons
[90, 98, 99]. Inasmuch as healthy neurons deteriorate with
aging in postmenopausal women, the beneficial role of E,
declines as the time increases since the onset of menopause,
with E2 treatment eventually becoming potentially detrimen-
tal and exacerbating neurological injury [90, 98, 99]. We,
therefore, review the basic science and clinical evidence for
the Critical Period Hypothesis in light of these theoretical
mechanisms by which E2 functions in neuroprotection.

4.2. Outcomes for Women Treated within the Advanta-
geous Time Period

The Women’s Health Initiative Memory Study
(WHIMS), a multi-center, randomized, placebo-controlled
trial of over 16,000 postmenopausal women, investigated the
relationship between orally administered HT and the inci-
dence of stroke [100]. However, instead of the expected de-
crease in stroke cases during treatment with ERT, admini-
stration of Conjugated Equine Estrogens (CEEs) plus me-
droxyprogesterone acetate (MPA) significantly increased the
risk for ischemic stroke in postmenopausal women (1.8%
strokes with a hazard ratio (HR) of 1.44 in CEE plus MPA
users compared to only 1.3% incidence of strokes in the pla-
cebo group), consequently leading to a premature termina-
tion of the WHIMS [1]. Importantly, this study revealed that
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in late postmenopausal women, initiating hormone therapy
led to negative outcomes for subjects. Since this finding con-
tradicted a wealth of previous data supporting the benefits of
ERT for postmenopausal women, the ‘‘critical period” and
the “‘healthy cell bias’’ hypotheses were developed and ex-
plored to explain the underlying mechanisms for the success
of HT in premenopausal women [90, 95, 96, 98].

In order to test the validity of the critical period hypothe-
sis, one study assessed cognitive function in 428 women
aged 60 or older who began systemic hormone therapy
within a five-year span from the time of menopause (natural
or hysterectomy plus bilateral ovariectomy) [101]. Although
this study included a smaller sample size than the WHI, the
results showed that women who had initiated HT earlier fol-
lowing menopause performed significantly better on cogni-
tive tests than women who had initiated HT later or who had
never used HT, thus demonstrating that the timing of E2
replacement following menopause had a significant impact
on the neurological benefits of the treatment [101]. Addi-
tionally, Dumas et al. investigated the cognitive effects of E2
treatment in younger (50-62) versus older (70-81) post-
menopausal women in a small, randomized, placebo-
controlled trial of oral E2 (17b-estradiol) [84]. This study
clearly established the positive effects on cognition con-
ferred by pre-treatment with oral E2 through attenuation of
anti-cholinergic drug-induced deficits of episodic memory in
the younger, postmenopausal women, while surprisingly it
showed the converse was true in older postmenopausal
women for whom episodic memory was further hindered
[102].

Ensuing research further demonstrated a broad neuropro-
tective effect by E2 for early menopausal women at high risk
of ischemic stroke. Estradiol was thus shown to serve in
multiple roles to provide protection against neurological in-
jury when applied during the first 10 years following meno-
pause, though other research shows that E2 treatment can
accelerate decline in cognitive ability when administered at
20 years or more after menopausal onset [101]. More re-
cently, Rocca [1, 103] performed meta-analyses of clinical
studies on cognitive aging, which further substantiated pre-
vious data supporting the E2-mediated critical period hy-
pothesis [1, 103]. Taken together, these analyses show spe-
cifically that ERT induces neuroprotection in women who
initiated hormone therapy in early menopause (50-60 years
of age), but conversely, also suggest that postmenopausal
(65-79 years of age) ERT may cause an increased risk of
dementia and cognitive decline [1, 103].

Most importantly, the WHI 10-year follow-up study has
great clinical significance for determining the actual critical
window for ERT because the global index of chronic dis-
eases was decreased in women aged 50-59 (HR 0.85, 95%
CI 0.70-1.03), neutral in women aged 60-69 (HR 1.00, 95%
CI 0.89-1.13) and elevated in women aged 70-79 (HR 1.15,
95% CI 1.01-1.32) [104]. Thus, the WHI’s estrogen-only
trial suggests that there is a clear, estrogen-mediated benefit
for perimenopausal women aged 50-59, and that this benefit
may decline as the time of menopause onset is prolonged.
The benefit of estrogen administration eventually converts
into a risk when applied in late menopausal women.
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In 2016, a clinical study of 643 women treated with ei-
ther estradiol or placebo, and stratified by early (<6 years) or
late (>10 years) stages following menopause, strongly sup-
ported the existence of a critical period for estrogen replace-
ment therapy [105]. For women in the early post-menopausal
stage, there was a significant decrease in the rate of progres-
sion of carotid artery intima-media thickness between estra-
diol treatment group and the placebo control. This effect was
not observed in the late post-menopausal group, indicating a
window for E2 treatment of atherosclerosis progression
within 6 years of menopause [105].

4.3. In Vitro and Model Studies Supporting a Critical
Period for ERT

There remains some debate over the specific functional
mechanisms by which ERT protects against the neuronal
death induced by Global Cerebral Ischemia (GCI) or Medial
Cerebral Artery Occlusion (MCAO). Several studies in
model animals also indicate that ERT has neuroprotective
benefits for recently ovariectomized animals but an increased
risk of neurological degeneration when administered to ani-
mals following LTED. For example, ovariectomized ma-
caques treated with estradiol and equol following long term
estrogen deprivation (>4 years since OVX) showed signifi-
cant wane in hippocampal responsiveness, indicating that
ERT did not provide therapeutic benefits after that duration
of estrogen deprivation [106]. Another study on the critical
period for ERT found that middle-aged female rats treated
with E, immediately after ovariectomy showed enhanced
working memory, while this effect was not found in the
treatment group subject to S-month menopause, a standard
model of ovarian hormone deprivation [107]. Other similar
studies have also clearly demonstrated that chronic E2 treat-
ment improved the cognitive performance of middle-aged,
OVX rats, and that administering E, after long-term estradiol
deprivation directly attenuated this effect [108].

The mechanisms by which E2 treatment mitigates neu-
ronal damage to the hippocampus has also been explored in
model organisms in vitro and in vivo. Two processes in-
volved in learning and memory, long-term potentiation, and
dendritic spine density at hippocampal CA3-CA1 synapses,
were both increased following E, replacement at 15-months
post-ovariectomy in young adult rats [109]. However, ad-
ministration of E, on a second treatment group of the same
rats after 19-months of estrogen deprivation following ova-
riectomy resulted in diametrically opposite effects on hippo-
campal synaptic physiology, thus providing strong support
for a critical period of ERT [109]. Furthermore, a separate
study on rats with a 5-month E2 deficiency indicated that
ovarian hormone deprivation prevented intrinsic membrane
excitability and acute sensitivity to estrogen in CA1 hippo-
campal neurons [110].

Recent work exploring the specific timing and duration
of the critical period for postmenopausal E2 treatment exam-
ined the effects of estradiol on gene regulatory networks in
the arcuate nucleus and medial preoptic area of the hypo-
thalamus of rats [111]. A quantitative low-density PCR array
of 48 neuronal genes was examined among eight treatment
groups consisting of 4-month-old “mature” rats treated with
either the vehicle or E2 for 3 months post OVX, 11-month-
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old “aging” rats treated for 3 months with either the vehicle
or E2 post OVX, aging rats treated with the vehicle or E2 for
6 months post OVX, aging rats treated with the vehicle for 3
months post OVX followed by E2 for 3 months, and aging
rats treated with E2 for 3 months post OVX then treated with
the vehicle for 3 months. Weighted gene co-expression net-
work analysis revealed that E2 treatment had the largest ef-
fect on gene expression, moreso than age, and suites of genes
in the hypothalamic tissue related to energy balance, cir-
cadian rhythms, and reproduction were differentially affected
by these treatments [111].

In order to test the critical period hypothesis in non-
human primates, cognitive function was assayed in aged,
OVX rhesus monkeys that had been subsequently treated
with either the vehicle for two years, cyclic E2 for two years,
the vehicle for two years followed by delayed cyclic E2
treatment, or E2 treatment for 1 year, then withdrawn and
followed by treatment with the vehicle for 1 year. Among
the four treatment regimens, two-year cyclic E2 and the
withdrawn cyclic E2 treatment both led to higher cognitive
capability in delayed response tasks and delayed nonmatch-
ing-to-sample tasks at the two-year mark, compared to un-
treated and delayed treatment. These findings support the
critical period hypothesis since even 1 year of treatment con-
ferred cognitive advantages over monkeys that waited two
years before receiving ERT [112].

Other studies in Rhesus monkeys have shown that fol-
lowing menopause, there are morphological changes to the
mitochondria of neurons in Brodmann’s Area 46 of the dor-
solateral prefrontal cortex, which is significant because of
the high energy demand of these neurons to mediate working
memory, for example measured by delayed response accu-
racy. Hence, a shift in mitochondrial configuration to donut-
shaped, rather than straight or curved, correlates with post-
menopausal cognitive decline that can be restored by E2
treatment [113]. Concurrently, there is also a mitochondria-
dependent decrease in the density of dendritic spines neces-
sary for synaptic function [113, 114]. Estradiol treatment
thus restores spine density in the hippocampus and the pre-
frontal cortex, and subsequently synaptic integrity, as part of
its neuroprotective mechanisms maintaining neuronal mito-
chondrial and cognitive function following menopause
[115]. These findings comport well with other data indicat-
ing that postmenopausal neuronal mitochondria undergo a
bioenergetic shift toward lower energy ketogenic profile (see
section 5.2).

5. THE MECHANISMS UNDERLYING THE
CRITICAL PERIOD HYPOTHESIS

Several mechanisms governing the duration of the critical
period for effective ERT have been explored through basic
and clinical studies. The mechanisms governing pathogene-
sis of neurodegenerative and cerebrovascular diseases con-
versely demonstrate how E2 may play a positive or negative
role in neuron survival at specific times following meno-
pause. Some of the salient experimental questions concern-
ing the neuroprotective function of E2 include: What gov-
erns the specific duration of the critical period for E2 treat-
ment, and what markers can be used to determine if that pe-
riod has passed? Does E2 alter the homeostatic functions of
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neurons in the brain? What molecules and peptides interact
with E2? How does E2 and its receptors interact with and
regulate other signaling pathways? The neurological conse-
quences of long-term E, deprivation include neurodegenera-
tion, cognitive impairment, and E2 neuroprotective loss. Al-
though much remains to be clarified about the genetic and
physiological mechanisms involved in the critical period of
ERT, the primary mechanisms, as we currently understand
them, are summarized below.

5.1. Estrogen Receptor Degradation after Long Term E2
Deprivation (LTED)

LTED, in the absence of early E2 treatment, was found to
result in the degradation of the E, cognate receptor ERa in
the hippocampal CAl region, the result of which is a de-
crease in sensitivity to E2-mediated neuroprotective activity
[116]. While there are several steps preceding degradation of
the ERs, such as dissociation from lipid raft signalosomes, it
is the final step in which carboxyl terminus of Hsc70-
interacting protein (CHIP)-mediated ubiquitination and pro-
teasomal degradation of estrogen receptors in the brain that
occurs following LTED or natural aging that determines the
end of the critical period for treatment. Specifically, Fan et
al. (2005) showed that although the heat shock protein 90
(Hsp90) chaperone complex can prevent degradation of ERa
in the absence of E2 [117], CHIP, which targets Hsp90-
interacting proteins for degradation, induces proteasomal
degradation of ERa and decreases transcription of genes up-
regulated by ERa, when stably expressed with ERa in ER-
negative HeLa cells [118]. Furthermore, shRNA silencing of
CHIP or mutation of the U-box and the tetratricopeptide re-
peat (necessary for ubiquitination and chaperone/ERa bind-
ing, respectively) led to increased protein levels of ERa
[118]. The significance of this finding is not only that ERa is
post-translationally regulated by CHIP, but also that during
LTED, in which E2 is absent, CHIP mediates the steady deg-
radation of unliganded ERa, thus leading to the loss of the
critical window, and ultimately to desensitization to E2.

In LTED rats, for example, interactions between ERa and
the cochaperone BcL-2-associated athanogene 1 (Bag-1)
increased 2- to 3-fold over their levels of interaction in short-
term E2-deprived rats [116]. Bag-1 reportedly mediates
transport of the ubiquitinated estrogen receptor for protea-
somal degradation [116, 118-120]. This interaction with
Bag-1 strongly suggests a heightened activity by E3 ubig-
uitin ligase CHIP in binding unliganded ERa in hippocampal
CA1 region after long term depletion of E2 [116], which was
supported by a 50-60% loss of ERa protein levels and obser-
vations of elevated ERa ubiquitination in this hippocampal
tissue in old (aged 24 months), but not young (3-month-old)
F344 rats. While ERa degradation occurs in both 10-week-
old OVX rats and old rats, ERf} degradation was only ob-
served in old rats [116]. This loss of ER]} was commensurate
with increased ubiquitination and interaction with CHIP by
ERP that did not occur in young rats. Furthermore, CHIP
levels remain relatively constant with age, as do transcription
levels of ERa and ER, thus indicating that the most likely
cause of ER depletion is due to protein degradation, rather
than transcriptional downregulation (Fig. 2).
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Several amino acid residues have been implicated in pre-
venting or increasing UBQ-mediated ER degradation in the
absence of circulating E2. For example, phosphorylation of
SER118 (pSER118-ERa) and SER167 in human ERa in-
duced by reactive oxygen species was reported to inhibit
proteasomal degradation [116, 121, 122], which was sup-
ported by a clear decrease in pSER118- ERa levels in LTED
rat hippocampus tissue [116]. Similarly, work by Berry et al.
(2008) showed that mutation of the lysine K302 and K303
residues to alanines in the hinge region of ERa expressed in
C4-12 breast cancer cells, resulted in a dramatic increase in
polyubiquitination via association with CHIP and Bag-1 in
the unliganded state, which was reversed by the addition of
E2. In contrast, WT ERa expressed in the same cells were
quickly ubiquitinated when bound to E2, but not so in the
unliganded state, thus indicating that these residues interact
with E2 to regulate the basal turnover of ERa [119].

As mentioned above, raft-associated ER signalosomes
have been shown to participate in the induction of several
different neuronal responses [123]. The anchor for ERo,
caveolin-1, reportedly interacts with ERo in regions of the
brain responsible for memory and cognition and governs ER
interactions with lipid raft-associated glutamate receptors in
the hippocampus and striatum [124, 125]. Caveolin-1 also
mediates coordinated signaling between ERa and insulin
growth factor-1 receptor b (IGF-1Rb) wherein E2 and IGF-1
tandem signaling act synergistically in the inhibition of AD
onset and age-related neuron dysfunction [126-129].

The loss of circulating E2, loss of E2 neuroprotection,
and degradation of ERa is connected to E2 modulation of
voltage-dependent anion channel (VDAC) gating, for exam-
ple during Ab toxicity, and deterioration of ERo sig-
nalosome integrity. VDAC channels have been found ac-
companying ERa lipid raft signalosomes across both murine
and human neurons from several brain regions, most notably
for the purposes of this review, in the hippocampus [130-
132]. Specifically, the loss of E2 may be correlated with the
deregulation of VDAC gating, which subsequently precedes
AD pathogenesis [133], while E2 activation of the ERo sig-
nalosome inhibits the dephosphorylation of VDACs, leading
to neuroprotection against Ab-mediated degradation in neu-
rons [104, 134]. Furthermore, shifts in the composition of
lipid rafts in the hippocampus and cortex, such as changes in
ganglioside content, increases in GM1, GM2, GM3, GM4,
and GD3, and decreases in GD1b and GT1b, are correlated
with early stages of age-related neurological disorders such
as AD and PD [135-138].

The composition of lipid rafts differs dramatically be-
tween women with AD and perimenopausal women, whereas
the differences in composition are not substantial between
the brains of post-menopausal and AD women. More impor-
tantly, these changes in composition can result in degrada-
tion of ERo and IGF-1Rb receptors due to caveolin-1 disso-
ciation in post-menopausal women [139, 140], ultimately
leading to dephosphorylation and a change in VDAC local-
ization to membrane regions outside the lipid raft [140]. This
destabilization has been observed by Ramirez ef al. in lipid
rafts of the hippocampus and cortex of AD patients [132].
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Fig. (2). Long-Term Estradiol Deprivation (LTED) Leads to
Brain-Specific Degradation of Unliganded Estrogen Receptor.
LTED or natural aging increases levels of unliganded estrogen re-
ceptors, which displays enhanced binding with the E3 ubiquitin
ligase, CHIP, and the co-chaperone Bagl, leading to accelerated
ubiquitination and proteasomal degradation of estrogen receptors.
Proteasomal estrogen receptor degradation leads to the loss of es-
trogen neuroprotection [116]. (4 higher resolution / colour version
of this figure is available in the electronic copy of the article).

In addition, in 9-month-old rats, given E2 treatment at 6
days or 180 days after ovariectomy (equivalent to 4 months
or 11 years post-menopause in humans), an ERf dominant
negative splice variant, ERB2, increased in expression in the
hippocampus and white blood cells of all rats, regardless of
treatment. However, in rats given E2 shortly after OVX,
ERP2 expression was lower, hippocampal cells showed
higher proliferation, and rats showed higher mobility in
forced swim tests compared to rats given delayed E2 treat-
ment, indicating that ERB2 levels in hippocampal and pe-
ripheral blood cells could potentially serve as marker for the
critical window in postmenopausal women [141].
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A relatively recent finding suggests that the activity of
ERo, specifically in the hippocampus, dictates the duration
of the therapeutic window for ERT by regulating the mecha-
nisms governing synaptic plasticity necessary for memory
[142]. Although no improvement to cognitive performance
was observed following an increase in ER, up-regulation of
ERa expression in the hippocampus led to a restoration in
the efficacy of E2 and rejuvenation of E2-induced hippo-
campal NMDAR-mediated plasticity following LTED.

5.2. Mitochondrial Switch to Ketogenic Profile in
Neurons

A study conducted by Brinton and colleagues suggests
that LTED promotes an energetic switch from glucose to
ketogenic profile in the brain [143]. However, less energy is
provided for neurons by ketones than is available from glu-
cose, thus decreasing neuronal ATP, the final result of which
is neurological impairment [143].

Estrogen also participates in processes critical for main-
taining a high bioenergetic state in the mitochondria of hip-
pocampal neurons necessary for strong cognitive function
and memory. However, E2 deprivation can lead to a shift in
mitochondrial bioenergetics associated with ketogenic rather
than glycolytic profile. This change to lower energetic me-
tabolism is characteristic of neurological disorders such as
Alzheimer’s disease wherein a decrease in mitochondrial
respiration is caused by diminished availability of glucose in
brain tissue. There is a subsequent shift away from glycoly-
sis through decreased activities of pyruvate dehydrogenase
(PDH) and Complex IV cytochrome C oxidase (COX) [143],
thus creating a demand for ATP that activates ketogenic
beta-oxidation of long chain fatty acids by hydroxyacyl-
Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thio-
lase/enoyl-Coenzyme A hydratase alpha subunit (HADHA),
and ketone oxidation by 3-oxoacid-CoA transferase 1
(SCOT), to produce Acetyl-CoA for ATP biosynthesis [143-
145]. The use of ketones for energy production indicates a
state of lower mitochondrial bioenergetics that is a hallmark
for brains affected by Alzheimer’s disease [143].

Estradiol has been reported to stimulate the flow of blood
to brain tissue in vivo as well as up-regulating neuronal glu-
cose transporters. The resulting increase in glucose availabil-
ity, therefore, prolongs a higher bioenergetic state in the mi-
tochondria of brain tissue [90, 99, 144]. E2 treatment during
the critical window of opportunity can also enhance respira-
tory oxidative phosphorylation by inducing expression of
Complexes I and II in the mitochondrial electron transport
chain, presenting another mechanism by which it can main-
tain a high bioenergetic metabolism in neuronal mitochon-
dria [106]. In mouse model systems, estradiol has thus been
demonstrated to inhibit pathways for mitochondrial hypome-
tabolism characteristic of dysbiosis leading to Alzheimer’s
disease.

5.3. Decrease
Deficiency

in Acetylcholine Following Estrogen

Finally, LTED attenuates the ability of estradiol treat-
ment to increase hippocampal ChAT protein levels [146].
Several studies have shown in the rat model that a prolonged
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period following menopausal (natural or surgical) with-
drawal of E2 not only inhibits the cognitive and neuroprotec-
tive benefits of subsequent ERT, but in fact may exacerbate
the effects of cerebral injury such as from experimental mid-
dle cerebral artery occlusion (MCAO) or ischemic stroke
[147-149]. Estradiol increases expression of cholinergic
markers such as brain-derived neurotrophic factor (BDNF)
in the cortex and hippocampus [147, 148] and the neurotro-
phic system, in turn, mediates the effects of E2 on the
physiological structure and cognitive functions related to
memory in the hippocampus [108, 146-149].

There is a substantial body of evidence showing that es-
trogen may share overlap in receptors with neurotrophic fac-
tors, such as BDNF, indicating that E2 participates in regu-
lating the neurotrophic system [150, 151]. As with receptors
discussed above, the loss of serum E2 can ultimately lead to
changes in the cholinergic system that are consistent with the
critical window hypothesis. In particular, there is evidence
suggesting that receptor cross talk leads to either reciprocal-
or co-regulation of acetylcholine and E2 [146]. Following
LTED, the cholinergic system also undergoes substantial
changes (discussed below), after which ERT does not show
the same benefits as when applied during the critical window
after menopause.

Age-associated estrogen deficiency is concurrent with
decreases in hippocampal levels of acetylcholine (ACh), a
critical neurotransmitter, and Choline Acetyltransferase
(ChAT), which is critical for Ach biosynthesis [146]. ACh is
abundant in so-called cholinergic neurons of the CA1 of the
hippocampus and pre-frontal cortex [146]. Reduction in ace-
tylcholine and choline acetyltransferase [ChAT] has been
historically implicated as an important determinant in Alz-
heimer’s Disease (AD) pathogenesis [152, 153], and simi-
larly, a significant loss of basal forebrain cholinergic projec-
tion neurons in the medial septal nucleus (MS) and the nu-
cleus basalis magnocellularis (NBM), necessary for memory
and attention [154-156], is associated with symptoms of
memory dysfunction in Alzheimer’s disease [152-159]. In
postmenopausal women given long term treatment with es-
trogen since initiation of menopause, growth hormone re-
sponse showed a significant positive correlation with the
duration of estrogen treatment following administration of
the cholinesterase inhibitor pyridostigmine [160, 161]. Con-
versely, when estradiol treatment was initiated immediately
after ovariectomy in both young adult and middle-aged rats,
ChAT levels significantly increased in the hippocampus,
though, as with other studies, estradiol treatment initiated at
5 months after surgical menopause did not result in an in-
crease in hippocampal ChAT [146].

The relationship between estradiol neuroprotection and
cholinergic function converges on the morphology and den-
sity of dendritic spines in the CAl, which mediate spatial
memory in cognitive performance [162]. Estradiol treatment
has been shown to increase apical spine density by 30% in
CALl pyramidal cells in OVX rats [163], leading to an in-
crease in new excitatory synaptic connections between neu-
rons [164]. Taken together, the facts that a) estrogen recep-
tors are expressed in cholinergic neurons and co-localize
with receptors for neurotrophic growth factors [165]; that b)
in the MS and NBM at 6 months following OVX mice, there
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was substantial depletion of tropomyosin-related kinase re-
ceptor A [166]; and that c¢) in the mouse model in vivo, es-
tradiol can regulate the expression of neurotrophin receptors
[167] suggest to some researchers that estrogen is a regulator
of the neurotrophin system in the basal forebrain [168].

CONCLUSION AND FUTURE PROSPECTS

In summary, growing evidence supports the critical role
of E, in the attenuation of damage from cerebral ischemia
and in the delay of onset of cognitive decline in both animals
and humans. Unfortunately, a consequence of both natural
reproductive senescence and surgical menopause induced by
bilateral ovariectomy is a dramatic decline in the level of
circulating E,. Subsequently, a deficiency in estradiol leads
to a significant increase in the risk of postmenopausal psy-
chological disorders, osteoporosis, cardiovascular diseases,
cerebrovascular diseases, Parkinsonism, and Alzheimer’s
dementia. To preventatively address these problems by de-
creasing the risk of disease, ERT is available and well-
documented in both basic and clinical studies to provide ap-
parent neuroprotective functions. Although the large-scale
Women’s Health Initiative (WHI) study brought dramatic
changes to clinical practice and laboratory research on estro-
gen replacement therapy due to its findings that commencing
hormone therapy in postmenopausal women 65-79 years old
imposed an increased risk of stroke and dementia, the new
paradigm shifts were introduced to the field of estrogen re-
placement therapy.

Closer examination of this study showed that the WHI’s
timing for initiation of hormone therapy in late menopause,
and the types of estrogen used (i.e., CEE + MPA), as well as
their routes of administration, may all have been contributing
factors in the increased incidence of stroke and other dis-
eases among participants. In response to these findings, the
formative “critical period hypothesis of ERT” and the
“healthy cell bias of ERT” were proposed to explain the
dramatically contradictory effects of E2 treatment between
postmenopausal women of different ages. Both of these hy-
potheses emphasized the importance of timing of ERT at the
onset of menopause, and subsequently opened new avenues
for exploring the multifaceted and complex role of E2 in the
response to ischemia. However, if menopausal women expe-
rience a period of long-term E, deprivation (e.g., 10 years
post menopause) and are then administered a delayed hor-
mone therapy, estrogen may become detrimental to the pa-
tient and pose a threat in the form of exaggerated risk of ve-
nous thromboembolism, ischemic stroke, and dementia.

In the absence of circulating E2, the receptors and signal-
ing mechanisms at the neuronal membrane are diminished,
as are E2-mediated regulation of neurotrophic and anti-
apoptotic pathways in the brain (especially in the hippocam-
pus), dendritic spines necessary for synaptic contact in the
cholinergic neurons, and potentially some integral proteins
such as caudlin-5 and occludin from the tight junctions of
endothelial cells necessary for maintaining integrity of the
blood brain barrier. In addition, lower levels of E2 also lead
to the decreased anti-oxidant capacity for scavenging hy-
droxyl radicals, and a switch to lower energy, ketogenic
metabolic profile for mitochondria in neurons, thus leading
to less available energy for excitatory signal transduction.
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In brief, our review indicates that ERT exerts profound
neuroprotective function both in early menopausal women
and in OVX non-human primate and rodent models. The
critical period hypothesis of ERT provides a practical and
safe bridge between the benefits of ERT for cerebrovascular
health in women during early menopause while avoiding the
potential dangers of E2 administration late in menopause.
There remain many unsolved issues that merit further inves-
tigation, and some aspects of ERT which remain controver-
sial among researchers require considerable attention to re-
solve. ERT is a well-documented treatment, so as clinical
physician researchers we strongly advocate for ERT as close
to the onset of menopause as possible to alleviate meno-
pausal symptoms and to attenuate postmenopausal risk of
diseases, while we build on this foundation to push forward
in the development of new treatments for age- and meno-
pause-related diseases such as ischemic stroke, Parkinson’s
disease, and Alzheimer’s disease.

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

This study was funded by the Natural Science Founda-
tion of China (No.81801138, 81801193, 81971226), Beijing
Municipal Science &  Technology =~ Commission
(No.1811000017180022), the Beijing Natural Science Foun-
dation (no.7194321) and Miaopu Foundation of Chinese
PLA General Hospital (No.18KMM47).

REFERENCES

[1] Rocca, W.A.; Grossardt, B.R.; Shuster, L.T. Oophorectomy, meno-
pause, estrogen treatment, and cognitive aging: clinical evidence
for a window of opportunity. Brain Res., 2011, 1379, 188-198.
http://dx.doi.org/10.1016/j.brainres.2010.10.031 PMID: 20965156

[2] Kato, I.; Toniolo, P.; Akhmedkhanov, A.; Koenig, K.L.; Shore, R.;
Zeleniuch-Jacquotte, A. Prospective study of factors influencing
the onset of natural menopause. J. Clin. Epidemiol., 1998, 51(12),
1271-1276.
http://dx.doi.org/10.1016/S0895-4356(98)00119-X PMID:
10086819

[3] Woods, N.F.; Mitchell, E.S. Symptoms during the perimenopause:
prevalence, severity, trajectory, and significance in women's lives.
Am. J. Med., 2005, 118 Suppl 12B, 14-24.

[4] Shuster, L.T.; Rhodes, D.J.; Gostout, B.S.; Grossardt, B.R.; Rocca,
W.A. Premature menopause or early menopause: long-term health
consequences. Maturitas, 2010, 65(2), 161-166.
http://dx.doi.org/10.1016/j.maturitas.2009.08.003 PMID: 19733988

[5] Henderson, V.W.; Sherwin, B.B. Surgical versus natural meno-
pause: cognitive issues. Menopause, 2007, 14(3 Pt 2), 572-579.
http://dx.doi.org/10.1097/gme.0b013e31803df49¢c PMID:

17476147

[6] Rocca, W.A.; Bower, J.H.; Maraganore, D.M.; Ahlskog, J.E.;
Grossardt, B.R.; de Andrade, M.; Melton, L.J., III Increased risk of
cognitive impairment or dementia in women who underwent
oophorectomy before menopause. Neurology, 2007, 69(11), 1074-
1083.

[10]

[11]

[16]

[17]

[20]

Current Neuropharmacology, 2020, Vol. 18, No. 6 495

http://dx.doi.org/10.1212/01.wnl.0000276984.19542.¢6 PMID:
17761551

Rocca, W.A.; Shuster, L.T.; Grossardt, B.R.; Maraganore, D.M.;
Gostout, B.S.; Geda, Y .E.; Melton, L.J., IIT Long-term effects of bi-
lateral oophorectomy on brain aging: unanswered questions from
the Mayo Clinic Cohort Study of oophorectomy and aging.
Womens Health (Lond), 2009, 5(1), 39-48.
http://dx.doi.org/10.2217/17455057.5.1.39 PMID: 19102639
Nation, D.A.; Hong, S.; Jak, A.J.; Delano-Wood, L.; Mills, P.J.;
Bondi, M.W.; Dimsdale, J.E. Stress, exercise, and Alzheimer’s dis-
ease: a neurovascular pathway. Med. Hypotheses, 2011, 76(6), 847-
854.

http://dx.doi.org/10.1016/j.mehy.2011.02.034 PMID: 21398043
Appelros, P.; Stegmayr, B.; Terént, A. Sex differences in stroke
epidemiology: a systematic review. Stroke, 2009, 40(4), 1082-
1090. http://dx.doi.org/10.1161/STROKEAHA.108.540781 PMID:
19211488

Rivera, C.M.; Grossardt, B.R.; Rhodes, D.J.; Rocca, W.A. In-
creased mortality for neurological and mental diseases following
early bilateral oophorectomy. Neuroepidemiology, 2009, 33(1), 32-
40. http://dx.doi.org/10.1159/000211951 PMID: 19365140

Shen, L.; Song, L.; Liu, B.; Li, H.; Zheng, X.; Zhang, L.; Yuan, J.;
Liang, Y.; Wang, Y. Effects of early age at natural menopause on
coronary heart disease and stroke in Chinese women. Int. J. Car-
diol., 2017, 241, 6-11.
http://dx.doi.org/10.1016/j.ijcard.2017.03.127 PMID: 28392079
Murphy, S.J.; McCullough, L.D.; Smith, J.M. Stroke in the female:
role of biological sex and estrogen. ILAR J., 2004, 45(2), 147-159.
http://dx.doi.org/10.1093/ilar.45.2.147 PMID: 15111734
Rosenberg, L.; Park, S. Verbal and spatial functions across the
menstrual cycle in healthy young women. Psychoneuroendocrinol-
ogy, 2002, 27(7), 835-841.
http://dx.doi.org/10.1016/S0306-4530(01)00083-X PMID:
12183218

Sherwin, B.B. Estrogen and cognitive functioning in women. En-
docr. Rev., 2003, 24(2), 133-151.
http://dx.doi.org/10.1210/er.2001-0016 PMID: 12700177

Lord, C.; Buss, C.; Lupien, S.J.; Pruessner, J.C. Hippocampal vol-
umes are larger in postmenopausal women using estrogen therapy
compared to past users, never users and men: a possible window of
opportunity effect. Neurobiol. Aging, 2008, 29(1), 95-101.
http://dx.doi.org/10.1016/j.neurobiolaging.2006.09.001 PMID:
17030472

Jover, T.; Tanaka, H.; Calderone, A.; Oguro, K.; Bennett, M.V_;
Etgen, A.M.; Zukin, R.S. Estrogen protects against global ische-
mia-induced neuronal death and prevents activation of apoptotic
signaling cascades in the hippocampal CAl. J. Neurosci., 2002,
22(6),2115-2124.
http://dx.doi.org/10.1523/JNEUROSCI.22-06-02115.2002 PMID:
11896151

Schmidt, R.; Fazekas, F.; Reinhart, B.; Kapeller, P.; Fazekas, G.;
Offenbacher, H.; Eber, B.; Schumacher, M.; Freidl, W. Estrogen
replacement therapy in older women: a neuropsychological and
brain MRI study. J. Am. Geriatr. Soc., 1996, 44(11), 1307-1313.
http://dx.doi.org/10.1111/j.1532-5415.1996.tb01400.x PMID:
8909345

Siani, F.; Greco, R.; Levandis, G. Influence of Estrogen Modula-
tion on Glia Activation in a Murine Model of Parkinson’s Disease.
Front Neurosci, 2017, 11, 306.

Carrasquilla, G.D.; Frumento, P.; Berglund, A.; Borgfeldt, C.;
Bottai, M.; Chiavenna, C. Postmenopausal hormone therapy and
risk ofstroke: A pooled analysis of data from population-based cohort
studies. PLoS Med., 2017, 14(11), e1002445. PMID: 29149179
Chen, Y.H.; Hsieh, T.F.; Lee, C.C.; Wu, M.J.; Fu, Y.C. Estrogen
therapy and ischemic stroke in women with diabetes aged over 55
years: a nation-wide prospective population-based study in Taiwan.
PLoS One, 2015, 10(12), €0144910.
http://dx.doi.org/10.1371/journal.pone.0144910 PMID: 26658781
Canonico, M.; Carcaillon, L.; Plu-Bureau, G.; Oger, E.; Singh-
Manoux, A.; Tubert-Bitter, P.; Elbaz, A.; Scarabin, P.Y. Post-
menopausal hormone therapy and risk of stroke: impact of the route
of estrogen administration and type of progestogen. Stroke, 2016,
47(7),1734-1741.
http://dx.doi.org/10.1161/STROKEAHA.116.013052 PMID:
27256671



496 Current Neuropharmacology, 2020, Vol. 18, No. 6

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[31]

[32]

Brann, D.W.; Dhandapani, K.; Wakade, C.; Mahesh, V.B.; Khan,
M.M. Neurotrophic and neuroprotective actions of estrogen: basic
mechanisms and clinical implications. Steroids, 2007, 72(5), 381-
405.

http://dx.doi.org/10.1016/j.steroids.2007.02.003 PMID: 17379265
Hogervorst, E.; Williams, J.; Budge, M.; Riedel, W.; Jolles, J. The
nature of the effect of female gonadal hormone replacement ther-
apy on cognitive function in post-menopausal women: a meta-
analysis. Neuroscience, 2000, 101(3), 485-512.
http://dx.doi.org/10.1016/S0306-4522(00)00410-3 PMID:
11113299

Yaffe, K.; Sawaya, G.; Lieberburg, 1.; Grady, D. Estrogen therapy
in postmenopausal women: effects on cognitive function and de-
mentia. JAMA, 1998, 279(9), 688-695.
http://dx.doi.org/10.1001/jama.279.9.688 PMID: 9496988
Kantarci, K.; Lowe, V.J.; Lesnick, T.G.; Tosakulwong, N.; Bailey,
K.R.; Fields, J.A.; Shuster, L.T.; Zuk, S.M.; Senjem, M.L.; Mielke,
M.M.; Gleason, C.; Jack, C.R.; Rocca, W.A.; Miller, V.M. Early
Postmenopausal Transdermal 17B-Estradiol Therapy and Amyloid-
B Deposition. J. Alzheimers Dis., 2016, 53(2), 547-556.
http://dx.doi.org/10.3233/JAD-160258 PMID: 27163830

Wang, P.N.; Liao, S.Q.; Liu, R.S.; Liu, C.Y.; Chao, H.T.; Lu, S.R.;
Yu, H.Y.; Wang, S.J.; Liu, H.C. Effects of estrogen on cognition,
mood, and cerebral blood flow in AD: a controlled study. Neurol-
ogy, 2000, 54(11), 2061-2066.
http://dx.doi.org/10.1212/WNL.54.11.2061 PMID: 10851363
Mulnard, R.A.; Cotman, C.W.; Kawas, C.; van Dyck, C.H.; Sano,
M.; Doody, R.; Koss, E.; Pfeiffer, E.; Jin, S.; Gamst, A.; Grund-
man, M.; Thomas, R.; Thal, L.J. Estrogen replacement therapy for
treatment of mild to moderate Alzheimer disease: a randomized
controlled trial. Alzheimer’s Disease Cooperative Study. JAMA,
2000, 283(8), 1007-1015.
http://dx.doi.org/10.1001/jama.283.8.1007 PMID: 10697060
Henderson, V.W.; Paganini-Hill, A.; Miller, B.L.; Elble, R.J;
Reyes, P.F.; Shoupe, D.; McCleary, C.A.; Klein, R.A.; Hake, A.M.;
Farlow, M.R. Estrogen for Alzheimer’s disease in women: random-
ized, double-blind, placebo-controlled trial. Neurology, 2000,
54(2),295-301.

http://dx.doi.org/10.1212/WNL.54.2.295 PMID: 10668686

Maki, P.M. Critical window hypothesis of hormone therapy and
cognition: a scientific update on clinical studies. Menopause, 2013,
20(6), 695-709.

http://dx.doi.org/10.1097/GME.0b013e3182960cf8 PMID:
23715379

Zandi, P.P.; Carlson, M.C.; Plassman, B.L.; Welsh-Bohmer, K.A_;
Mayer, L.S.; Steffens, D.C.; Breitner, J.C. Hormone replacement
therapy and incidence of Alzheimer disease in older women: the
Cache County Study. JAMA, 2002, 288(17), 2123-2129.
http://dx.doi.org/10.1001/jama.288.17.2123 PMID: 12413371
Shumaker, S.A.; Legault, C.; Rapp, S.R.; Thal, L.; Wallace, R.B.;
Ockene, J.K.; Hendrix, S.L.; Jones, B.N., III; Assaf, A.R.; Jackson,
R.D.; Kotchen, J.M.; Wassertheil-Smoller, S.; Wactawski-Wende,
J. Estrogen plus progestin and the incidence of dementia and mild
cognitive impairment in postmenopausal women: the Women’s
Health Initiative Memory Study: a randomized controlled trial.
JAMA, 2003, 289(20), 2651-2662.
http://dx.doi.org/10.1001/jama.289.20.2651 PMID: 12771112
Shao, H.; Breitner, J.C.; Whitmer, R.A.; Wang, J.; Hayden, K.;
Wengreen, H.; Corcoran, C.; Tschanz, J.; Norton, M.; Munger, R.;
Welsh-Bohmer, K.; Zandi, P.P. Hormone therapy and Alzheimer
disease dementia: new findings from the Cache County Study.
Neurology, 2012, 79(18), 1846-1852.
http://dx.doi.org/10.1212/WNL.0b013e318271£823 PMID:
23100399

Barrett-Connor, E.; Grady, D.; Sashegyi, A.; Anderson, P.W.; Cox,
D.A.; Hoszowski, K.; Rautaharju, P.; Harper, K.D. Raloxifene and
cardiovascular events in osteoporotic postmenopausal women:
four-year results from the MORE (Multiple Outcomes of
Raloxifene Evaluation) randomized trial. JAMA, 2002, 287(7), 847-
857. http://dx.doi.org/10.1001/jama.287.7.847 PMID: 11851576
Walsh, B.W.; Paul, S.; Wild, R.A.; Dean, R.A.; Tracy, R.P.; Cox,
D.A.; Anderson, P.W. The effects of hormone replacement therapy
and raloxifene on C-reactive protein and homocysteine in healthy
postmenopausal women: a randomized, controlled trial. J. Clin.
Endocrinol. Metab., 2000, 85(1),214-218. PMID: 10634389

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[45]

[46]

[47]

Guo et al.

Walsh, B.W.; Kuller, L.H.; Wild, R.A.; Paul, S.; Farmer, M.; Law-
rence, J.B.; Shah, A.S.; Anderson, P.W. Effects of raloxifene on se-
rum lipids and coagulation factors in healthy postmenopausal
women. JAMA, 1998, 279(18), 1445-1451.
http://dx.doi.org/10.1001/jama.279.18.1445 PMID: 9600478

Saitta, A.; Altavilla, D.; Cucinotta, D.; Morabito, N.; Frisina, N.;
Corrado, F.; D’Anna, R.; Lasco, A.; Squadrito, G.; Gaudio, A.;
Cancellieri, F.; Arcoraci, V.; Squadrito, F. Randomized, double-
blind, placebo-controlled study on effects of raloxifene and hor-
mone replacement therapy on plasma no concentrations, endo-
thelin-1 levels, and endothelium-dependent vasodilation in post-
menopausal women. Arterioscler. Thromb. Vasc. Biol, 2001,
21(9), 1512-1519.

http://dx.doi.org/10.1161/hq0901.095565 PMID: 11557681

Goss, P.E. Emerging role of aromatase inhibitors in the adjuvant
setting. Am. J. Clin. Oncol., 2003, 26(4), S27-S33.
http://dx.doi.org/10.1097/00000421-200308001-00005 PMID:
12902874

Hozumi, Y.; Suemasu, K.; Takei, H.; Aihara, T.; Takehara, M.;
Saito, T.; Ohsumi, S.; Masuda, N.; Ohashi, Y. The effect of exeme-
stane, anastrozole, and tamoxifen on lipid profiles in Japanese
postmenopausal early breast cancer patients: final results of Na-
tional Surgical Adjuvant Study BC 04, the TEAM Japan sub-study.
Ann. Oncol., 2011, 22(8), 1777-1782.
http://dx.doi.org/10.1093/annonc/mdq707 PMID: 21285133

Amir, E.; Seruga, B.; Niraula, S.; Carlsson, L.; Ocafia, A. Toxicity
of adjuvant endocrine therapy in postmenopausal breast cancer pa-
tients: a systematic review and meta-analysis. J. Natl. Cancer Inst.,
2011, 103(17), 1299-1309.

http://dx.doi.org/10.1093/jnci/djr242 PMID: 21743022
Chlebowski, R.T.; Haque, R.; Hedlin, H.; Col, N.; Paskett, E.;
Manson, J.E.; Kubo, J.T.; Johnson, K.C.; Wactawski-Wende, J.;
Pan, K.; Anderson, G. Benefit/risk for adjuvant breast cancer ther-
apy with tamoxifen or aromatase inhibitor use by age, and
race/ethnicity. Breast Cancer Res. Treat., 2015, 154(3), 609-616.
http://dx.doi.org/10.1007/s10549-015-3647-1 PMID: 26602222
Hall, J.E.; Bhatta, N.; Adams, J.M.; Rivier, J.E.; Vale, W.W.;
Crowley, W.F., Jr Variable tolerance of the developing follicle and
corpus luteum to gonadotropin-releasing hormone antagonist-
induced gonadotropin withdrawal in the human. J. Clin. Endocri-
nol. Metab., 1991, 72(5), 993-1000.
http://dx.doi.org/10.1210/jcem-72-5-993 PMID: 1902489

Dubal, D.B.; Kashon, M.L.; Pettigrew, L.C.; Ren, J.M.; Fin-
klestein, S.P.; Rau, S.W.; Wise, P.M. Estradiol protects against
ischemic injury. J. Cereb. Blood Flow Metab., 1998, 18(11), 1253-
1258. http://dx.doi.org/10.1097/00004647-199811000-00012
PMID: 9809515

Rusa, R.; Alkayed, N.J.; Crain, B.J.; Traystman, R.J.; Kimes, A.S.;
London, E.D.; Klaus, J.A.; Hurn, P.D. 17beta-estradiol reduces
stroke injury in estrogen-deficient female animals. Stroke, 1999,
30(8), 1665-1670.

http://dx.doi.org/10.1161/01.STR.30.8.1665 PMID: 10436119
Dubal, D.B.; Zhu, H.; Yu, J.; Rau, S.W.; Shughrue, P.J.; Merchen-
thaler, I.; Kindy, M.S.; Wise, P.M. Estrogen receptor alpha, not
beta, is a critical link in estradiol-mediated protection against brain
injury. Proc. Natl. Acad. Sci. US4, 2001, 98(4), 1952-1957.
http://dx.doi.org/10.1073/pnas.041483198 PMID: 11172057
Toung, T.J.; Traystman, R.J.; Hurn, P.D. Estrogen-mediated neuro-
protection after experimental stroke in male rats. Stroke, 1998,
29(8), 1666-1670.

http://dx.doi.org/10.1161/01.STR.29.8.1666 PMID: 9707210

Zhao, L.; Wu, T.W.; Brinton, R.D. Estrogen receptor subtypes
alpha and beta contribute to neuroprotection and increased Bcl-2
expression in primary hippocampal neurons. Brain Res., 2004,
1010(1-2),22-34.

http://dx.doi.org/10.1016/j.brainres.2004.02.066 PMID: 15126114
Ingberg, E.; Theodorsson, E.; Theodorsson, A.; Strom, J.O. Effects
of high and low 17f-estradiol doses on focal cerebral ischemia in
rats. Sci. Rep., 2016, 6,20228.

http://dx.doi.org/10.1038/srep20228 PMID: 26839007

Sharma, K.; Mehra, R.D. Long-term administration of estrogen or
tamoxifen to ovariectomized rats affords neuroprotection to hippo-
campal neurons by modulating the expression of Bcl-2 and Bax.
Brain Res., 2008, 1204, 1-15.
http://dx.doi.org/10.1016/j.brainres.2008.01.080 PMID: 18342840



The Critical Period for Neuroprotection by Estrogen Replacement Therapy

[49]

[50]

[51]

[52]

[53]

[55]

[56]

[57]

[59]

[60]

[61]

[62]

Xu, H.; Gouras, G.K.; Greenfield, J.P.; Vincent, B.; Naslund, J.;
Mazzarelli, L.; Fried, G.; Jovanovic, J.N.; Seeger, M.; Relkin,
N.R.; Liao, F.; Checler, F.; Buxbaum, J.D.; Chait, B.T.; Thina-
karan, G.; Sisodia, S.S.; Wang, R.; Greengard, P.; Gandy, S. Estro-
gen reduces neuronal generation of Alzheimer B-amyloid peptides.
Nat. Med., 1998, 4(4), 447-451.
http://dx.doi.org/10.1038/nm0498-447 PMID: 9546791

Tschiffely, A.E.; Schuh, R.A.; Prokai-Tatrai, K.; Prokai, L.; Ot-
tinger, M.A. A comparative evaluation of treatments with 1783-
estradiol and its brain-selective prodrug in a double-transgenic
mouse model of Alzheimer’s disease. Horm. Behav., 2016, 83, 39-
44.

http://dx.doi.org/10.1016/j.yhbeh.2016.05.009 PMID: 27210479
Liang, Z.; Valla, J.; Sefidvash-Hockley, S.; Rogers, J.; Li, R. Ef-
fects of estrogen treatment on glutamate uptake in cultured human
astrocytes derived from cortex of Alzheimer’s disease patients. J.
Neurochem., 2002, 80(5), 807-814.
http://dx.doi.org/10.1046/j.0022-3042.2002.00779.x PMID:
11948244

Jia, M.; Dahlman-Wright, K.; Gustafsson, J.A. Estrogen receptor
alpha and beta in health and disease. Best Pract. Res. Clin. Endo-
crinol. Metab., 2015, 29(4), 557-568.
http://dx.doi.org/10.1016/j.beem.2015.04.008 PMID: 26303083
Merchenthaler, 1.; Lane, M.V.; Numan, S.; Dellovade, T.L. Distri-
bution of estrogen receptor alpha and beta in the mouse central
nervous system: in vivo autoradiographic and immunocytochemical
analyses. J. Comp. Neurol., 2004, 473(2),270-291.
http://dx.doi.org/10.1002/cne.20128 PMID: 15101093

Pérez, S.E.; Chen, E.Y.; Mufson, E.J. Distribution of estrogen
receptor alpha and beta immunoreactive profiles in the postnatal rat
brain. Brain Res. Dev. Brain Res., 2003, 145(1), 117-139.
http://dx.doi.org/10.1016/S0165-3806(03)00223-2 PMID:
14519499

Mitra, S.W.; Hoskin, E.; Yudkovitz, J.; Pear, L.; Wilkinson, H.A.;
Hayashi, S.; Pfaff, D.W.; Ogawa, S.; Rohrer, S.P.; Schaeffer, J.M.;
McEwen, B.S.; Alves, S.E. Immunolocalization of estrogen recep-
tor beta in the mouse brain: comparison with estrogen receptor al-
pha. Endocrinology, 2003, 144(5), 2055-2067.
http://dx.doi.org/10.1210/en.2002-221069 PMID: 12697714
Shughrue, P.J.; Lane, M.V.; Merchenthaler, I. Comparative distri-
bution of estrogen receptor-alpha and -beta mRNA in the rat central
nervous system. J. Comp. Neurol., 1997, 388(4), 507-525.
http://dx.doi.org/10.1002/(SICI)1096-
9861(19971201)388:4<507::AID-CNE1>3.0.CO;2-6 PMID:
9388012

Sudo, S.; Wen, T.C.; Desaki, J.; Matsuda, S.; Tanaka, J.; Arai, T.;
Maeda, N.; Sakanaka, M. Beta-estradiol protects hippocampal CA1
neurons against transient forebrain ischemia in gerbil. Neurosci.
Res., 1997, 29(4), 345-354.
http://dx.doi.org/10.1016/S0168-0102(97)00106-5 PMID: 9527626
Chen, J.; Adachi, N.; Liu, K.; Arai, T. The effects of 17beta-
estradiol on ischemia-induced neuronal damage in the gerbil hippo-
campus. Neuroscience, 1998, 87(4), 817-822.
http://dx.doi.org/10.1016/S0306-4522(98)00198-5 PMID: 9759969
Burek, M.; Steinberg, K.; Forster, C.Y. Mechanisms of transcrip-
tional activation of the mouse claudin-5 promoter by estrogen re-
ceptor alpha and beta. Mol. Cell. Endocrinol., 2014, 392(1-2), 144-
151.

http://dx.doi.org/10.1016/j.mce.2014.05.003 PMID: 24846172
Kang, H.S.; Ahn, H.S.; Kang, H.J.; Gye, M.C. Effect of estrogen
on the expression of occludin in ovariectomized mouse brain. Neu-
rosci. Lett., 2006, 402(1-2), 30-34.
http://dx.doi.org/10.1016/j.neulet.2006.03.052 PMID: 16632200
Shin, J.A.; Yang, S.J.; Jeong, S.I.; Park, H.J.; Choi, Y.H.; Park,
E.M. Activation of estrogen receptor B reduces blood-brain barrier
breakdown following ischemic injury. Neuroscience, 2013, 235,
165-173.

http://dx.doi.org/10.1016/j.neuroscience.2013.01.031 PMID:
23376369

Lu, D.; Qu, Y.; Shi, F.; Feng, D.; Tao, K.; Gao, G.; He, S.; Zhao, T.
Activation of G protein-coupled estrogen receptor 1 (GPER-1)
ameliorates blood-brain barrier permeability after global cerebral
ischemia in ovariectomized rats. Biochem. Biophys. Res. Commun.,
2016, 477(2), 209-214.
http://dx.doi.org/10.1016/j.bbrc.2016.06.044 PMID: 27311857

[64]

[67]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

Current Neuropharmacology, 2020, Vol. 18, No. 6 497

Garcia-Segura, L.M.; Arévalo, M.A.; Azcoitia, 1. Interactions of
estradiol and insulin-like growth factor-I signalling in the nervous
system: new advances. Prog. Brain Res., 2010, 181,251-272.
http://dx.doi.org/10.1016/S0079-6123(08)81014-X PMID:
20478442

Miller, N.R.; Jover, T.; Cohen, H.W.; Zukin, R.S.; Etgen, A.M.;
Anne, M. Estrogen can act via estrogen receptor alpha and beta to
protect hippocampal neurons against global ischemia-induced cell
death. Endocrinology, 2005, 146(7), 3070-3079.
http://dx.doi.org/10.1210/en.2004-1515 PMID: 15817665
Fitzpatrick, J.L.; Mize, A.L.; Wade, C.B.; Harris, J.A.; Shapiro,
R.A.; Dorsa, D.M. Estrogen-mediated neuroprotection against p-
amyloid toxicity requires expression of estrogen receptor o or  and
activation of the MAPK pathway. J. Neurochem., 2002, 82(3), 674-
682. http://dx.doi.org/10.1046/j.1471-4159.2002.01000.x PMID:
12153491

Sehara, Y.; Sawicka, K.; Hwang, J.Y.; Latuszek-Barrantes, A.;
Etgen, A.M.; Zukin, R.S. Survivin Is a transcriptional target of
STATS3 critical to estradiol neuroprotection in global ischemia. J.
Neurosci., 2013, 33(30), 12364-12374.
http://dx.doi.org/10.1523/JNEUROSCI.1852-13.2013 PMID:
23884942

Pietras, R.J.; Szego, C.M. Specific binding sites for oestrogen at the
outer surfaces of isolated endometrial cells. Nature, 1977,
265(5589), 69-72.

http://dx.doi.org/10.1038/265069a0 PMID: 834244

Levin, E.R. Plasma membrane estrogen receptors. Trends Endocri-
nol. Metab., 2009, 20(10), 477-482.
http://dx.doi.org/10.1016/j.tem.2009.06.009 PMID: 19783454
Marin, R.; Guerra, B.; Alonso, R.; Ramirez, C.M.; Diaz, M. Estro-
gen activates classical and alternative mechanisms to orchestrate
neuroprotection. Curr. Neurovasc. Res., 2005, 2(4),287-301.
http://dx.doi.org/10.2174/156720205774322629 PMID: 16181121
Garcia-Segura, L.M.; Sanz, A.; Mendez, P. Cross-talk between
IGF-I and estradiol in the brain: focus on neuroprotection. Neu-
roendocrinology, 2006, 84(4), 275-279.
http://dx.doi.org/10.1159/000097485 PMID: 17124377

Sheppard, P.A.S.; Koss, W.A.; Frick, K.M.; Choleris, E. Rapid
actions of estrogens and their receptors on memory acquisition and
consolidation in females. J. Neuroendocrinol., 2017, 30, ¢12485.
http://dx.doi.org/10.1111/jne.12485

Kelly, M.J.; Levin, E.R. Rapid actions of plasma membrane estro-
gen receptors. Trends Endocrinol. Metab., 2001, 12(4), 152-156.
http://dx.doi.org/10.1016/S1043-2760(01)00377-0 PMID:
11295570

Bryant, D.N.; Sheldahl, L.C.; Marriott, L.K.; Shapiro, R.A.; Dorsa,
D.M. Multiple pathways transmit neuroprotective effects of go-
nadal steroids. Endocrine, 2006, 29(2), 199-207.
http://dx.doi.org/10.1385/ENDO:29:2:199 PMID: 16785596
Lebesgue, D.; Chevaleyre, V.; Zukin, R.S.; Etgen, A.M. Estradiol
rescues neurons from global ischemia-induced cell death: multiple
cellular pathways of neuroprotection. Steroids, 2009, 74(7), 555-
561.

http://dx.doi.org/10.1016/j.steroids.2009.01.003 PMID: 19428444
Lingwood, D.; Simons, K. Lipid rafts as a membrane-organizing
principle. Science, 2010, 327(5961), 46-50.
http://dx.doi.org/10.1126/science.1174621 PMID: 20044567
Goodenough, S.; Schleusner, D.; Pietrzik, C.; Skutella, T.; Behl, C.
Glycogen synthase kinase 3beta links neuroprotection by 17beta-
estradiol to key Alzheimer processes. Neuroscience, 2005, 132(3),
581-589. http://dx.doi.org/10.1016/j.neuroscience.2004.12.029
PMID: 15837120

Wang, C.; Zhang, F.; Jiang, S.; Siedlak, S.L.; Shen, L.; Perry, G.;
Wang, X.; Tang, B.; Zhu, X. Estrogen receptor-o is localized to
neurofibrillary tangles in Alzheimer’s disease. Sci. Rep., 2016, 6,
20352. http://dx.doi.org/10.1038/srep20352 PMID: 26837465
Kvingedal, A.M.; Smeland, E.B. A novel putative G-protein-
coupled receptor expressed in lung, heart and lymphoid tissue.
FEBS Lett., 1997, 407(1), 59-62.
http://dx.doi.org/10.1016/S0014-5793(97)00278-0 PMID: 9141481
Prossnitz, E.R.; Arterburn, J.B.; Smith, H.O.; Oprea, T.I.; Sklar,
L.A.; Hathaway, H.J. Estrogen signaling through the transmem-
brane G protein-coupled receptor GPR30. Annu. Rev. Physiol.,
2008, 70, 165-190.



498 Current Neuropharmacology, 2020, Vol. 18, No. 6

(81]

(83]

(85]

(86]

(87]

(89]

[90]

http://dx.doi.org/10.1146/annurev.physiol.70.113006.100518
PMID: 18271749

Wang, Z.F.; Pan, Z.Y.; Xu, C.S.; Li, Z.Q. Activation of G-protein
coupled estrogen receptor 1 improves early-onset cognitive im-
pairment via PI3K/Akt pathway in rats with traumatic brain injury.
Biochem. Biophys. Res. Commun., 2017, 482(4), 948-953.
http://dx.doi.org/10.1016/j.bbrc.2016.11.138 PMID: 27908726
Bessa, A.; Campos, F.L.; Videira, R.A.; Mendes-Oliveira, J.;
Bessa-Neto, D.; Baltazar, G. GPER: A new tool to protect dopa-
minergic neurons? Biochim. Biophys. Acta, 2015, 1852(10 Pt A),
2035-2041.

http://dx.doi.org/10.1016/j.bbadis.2015.07.004 PMID: 26170064
Chen, J.; Hu, R.; Ge, H.; Duanmu, W.; Li, Y.; Xue, X.; Hu, S.;
Feng, H. G-protein-coupled receptor 30-mediated antiapoptotic ef-
fect of estrogen on spinal motor neurons following injury and its
underlying mechanisms. Mol. Med. Rep., 2015, 12(2), 1733-1740.
http://dx.doi.org/10.3892/mmr.2015.3601 PMID: 25872489
Ruiz-Palmero, I.; Hernando, M.; Garcia-Segura, L.M.; Arevalo,
M.A. G protein-coupled estrogen receptor is required for the neuri-
togenic mechanism of 17B-estradiol in developing hippocampal
neurons. Mol. Cell. Endocrinol., 2013, 372(1-2), 105-115.
http://dx.doi.org/10.1016/j.mce.2013.03.018 PMID: 23545157
Tang, H.; Zhang, Q.; Yang, L.; Dong, Y.; Khan, M.; Yang, F.;
Brann, D.W.; Wang, R. Reprint of “GPR30 mediates estrogen rapid
signaling and neuroprotection”. Mol. Cell. Endocrinol., 2014,
389(1-2),92-98.

http://dx.doi.org/10.1016/j.mce.2014.05.005 PMID: 24835924
Sareddy, G.R.; Zhang, Q.; Wang, R.; Scott, E.; Zou, Y.; O’Connor,
J.C.; Chen, Y.; Dong, Y.; Vadlamudi, R.K.; Brann, D. Proline-,
glutamic acid-, and leucine-rich protein 1 mediates estrogen rapid
signaling and neuroprotection in the brain. Proc. Natl. Acad. Sci.
US4, 2015, 112(48), E6673-E6682.
http://dx.doi.org/10.1073/pnas.1516729112 PMID: 26627258
Suzuki, S.; Brown, C.M.; Dela Cruz, C.D.; Yang, E.; Bridwell,
D.A.; Wise, P.M. Timing of estrogen therapy after ovariectomy
dictates the efficacy of its neuroprotective and antiinflammatory ac-
tions. Proc. Natl. Acad. Sci. US4, 2007, 104(14), 6013-6018.
http://dx.doi.org/10.1073/pnas.0610394104 PMID: 17389368
Zhang, Q.G.; Raz, L.; Wang, R.; Han, D.; De Sevilla, L.; Yang, F.;
Vadlamudi, R.K.; Brann, D.W. Estrogen attenuates ischemic oxida-
tive damage via an estrogen receptor alpha-mediated inhibition of
NADPH oxidase activation. J. Neurosci., 2009, 29(44), 13823-
13836. http://dx.doi.org/10.1523/INEUROSCI.3574-09.2009
PMID: 19889994

Prokai, L.; Prokai-Tatrai, K.; Perjesi, P.; Zharikova, A.D.; Perez,
EJ.; Liu, R.; Simpkins, J.W. Quinol-based cyclic antioxidant
mechanism in estrogen neuroprotection. Proc. Natl. Acad. Sci.
US4, 2003, 100(20), 11741-11746.
http://dx.doi.org/10.1073/pnas.2032621100 PMID: 14504383

Sun, X.; He, G.; Qing, H.; Zhou, W.; Dobie, F.; Cai, F.; Staufen-
biel, M.; Huang, L.E.; Song, W. Hypoxia facilitates Alzheimer’s
disease pathogenesis by up-regulating BACEl gene expression.
Proc. Natl. Acad. Sci. US4, 2006, 103(49), 18727-18732.
http://dx.doi.org/10.1073/pnas.0606298103 PMID: 17121991
Brinton, R.D. The healthy cell bias of estrogen action: mitochon-
drial bioenergetics and neurological implications. Trends Neuro-
sci., 2008, 31(10), 529-537.
http://dx.doi.org/10.1016/j.tins.2008.07.003 PMID: 18774188
Labandeira-Garcia, J.L.; Rodriguez-Perez, A.L.; Valenzuela, R.;
Costa-Besada, M.A.; Guerra, M.J. Menopause and Parkinson’s dis-
ease. Interaction between estrogens and brain renin-angiotensin
system in dopaminergic degeneration. Front. Neuroendocrinol.,
2016, 43, 44-59.

http://dx.doi.org/10.1016/j.yfrne.2016.09.003 PMID: 27693730
Genazzani, A.R.; Pluchino, N.; Luisi, S.; Luisi, M. Estrogen, cogni-
tion and female ageing. Hum. Reprod. Update, 2007, 13(2), 175-
187. http://dx.doi.org/10.1093/humupd/dml042 PMID: 17135285
Henderson, V.W. Alzheimer’s disease and other neurological dis-
orders. Climacteric, 2007, 10(Suppl. 2), 92-96.
http://dx.doi.org/10.1080/13697130701534097 PMID: 17882682
Maki, P.M. Hormone therapy and cognitive function: is there a
critical period for benefit? Neuroscience, 2006, 138(3), 1027-1030.
http://dx.doi.org/10.1016/j.neuroscience.2006.01.001 PMID:
16488547

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Guo et al.

Sherwin, B.B. The clinical relevance of the relationship between
estrogen and cognition in women. J. Steroid Biochem. Mol. Biol.,
2007, 106(1-5), 151-156.
http://dx.doi.org/10.1016/j.jsbmb.2007.05.016 PMID: 17588742
Sherwin, B.B. The critical period hypothesis: can it explain dis-
crepancies in the oestrogen-cognition literature? J. Neuroendocri-
nol., 2007, 19(2), 77-81.
http://dx.doi.org/10.1111/j.1365-2826.2006.01508.x PMID:
17214869

Sherwin, B.B. Estrogen therapy: is time of initiation critical for
neuroprotection? Nat. Rev. Endocrinol., 2009, 5(11), 620-627.
http://dx.doi.org/10.1038/nrendo.2009.193 PMID: 19844249
Brinton, R.D. Investigative models for determining hormone ther-
apy-induced outcomes in brain: evidence in support of a healthy
cell bias of estrogen action. Ann. N. Y. Acad. Sci., 2005, 1052, 57-
74. http://dx.doi.org/10.1196/annals.1347.005 PMID: 16024751
Brinton, R.D. Estrogen regulation of glucose metabolism and mito-
chondrial function: therapeutic implications for prevention of Alz-
heimer’s disease. Adv. Drug Deliv. Rev., 2008, 60(13-14), 1504-
1511. http://dx.doi.org/10.1016/j.addr.2008.06.003 PMID: 18647624
Wassertheil-Smoller, S.; Hendrix, S.L.; Limacher, M.; Heiss, G.;
Kooperberg, C.; Baird, A.; Kotchen, T.; Curb, J.D.; Black, H.; Ros-
souw, J.E.; Aragaki, A.; Safford, M.; Stein, E.; Laowattana, S.;
Mysiw, W.J. Effect of estrogen plus progestin on stroke in post-
menopausal women: the Women’s Health Initiative: a randomized
trial. JAMA, 2003, 289(20), 2673-2684.
http://dx.doi.org/10.1001/jama.289.20.2673 PMID: 12771114
MacLennan, A.H.; Henderson, V.W.; Paine, B.J.; Mathias, J.;
Ramsay, E.N.; Ryan, P.; Stocks, N.P.; Taylor, A.W. Hormone ther-
apy, timing of initiation, and cognition in women aged older than
60 years: the REMEMBER pilot study. Menopause, 2006, 13(1),
28-36. http://dx.doi.org/10.1097/01.gme.0000191204.38664.61
PMID: 16607096

Dumas, J.; Hancur-Bucci, C.; Naylor, M.; Sites, C.; Newhouse, P.
Estradiol interacts with the cholinergic system to affect verbal
memory in postmenopausal women: evidence for the critical period
hypothesis. Horm. Behav., 2008, 53(1), 159-169.
http://dx.doi.org/10.1016/j.yhbeh.2007.09.011 PMID: 17964576
Rocca, W.A.; Grossardt, B.R.; Shuster, L.T. Oophorectomy, meno-
pause, estrogen, and cognitive aging: the timing hypothesis. Neu-
rodegener. Dis., 2010, 7(1-3), 163-166.
http://dx.doi.org/10.1159/000289229 PMID: 20197698

Thinnes, F.P. New findings concerning vertebrate porin II--on the
relevance of glycine motifs of type-1 VDAC. Mol. Genet. Metab.,
2013, 108(4), 212-224.
http://dx.doi.org/10.1016/j.ymgme.2013.01.008 PMID: 23419876
Hodis, H.N.; Mack, W.J.; Henderson, V.W.; Shoupe, D.; Budoff,
M.J.; Hwang-Levine, J.; Li, Y.; Feng, M.; Dustin, L.; Kono, N.;
Stanczyk, F.Z.; Selzer, R.H.; Azen, S.P. Vascular Effects of Early
versus Late Postmenopausal Treatment with Estradiol. N. Engl. J.
Med., 2016, 374(13), 1221-1231.
http://dx.doi.org/10.1056/NEJMoal505241 PMID: 27028912
Hamilton, R.T.; Rettberg, J.R.; Mao, Z.; To, J.; Zhao, L.; Appt,
S.E.; Register, T.C.; Kaplan, J.R.; Brinton, R.D. Hippocampal re-
sponsiveness to 17-estradiol and equol after long-term ovariec-
tomy: implication for a therapeutic window of opportunity. Brain
Res., 2011, 1379, 11-22.
http://dx.doi.org/10.1016/j.brainres.2011.01.029 PMID: 21241683
Daniel, J.M.; Hulst, J.L.; Berbling, J.L. Estradiol replacement en-
hances working memory in middle-aged rats when initiated imme-
diately after ovariectomy but not after a long-term period of ovar-
ian hormone deprivation. Endocrinology, 2006, 147(1), 607-614.
http://dx.doi.org/10.1210/en.2005-0998 PMID: 16239296
Bohacek, J.; Daniel, JM. The beneficial effects of estradiol on
attentional processes are dependent on timing of treatment initia-
tion following ovariectomy in middle-aged rats. Psychoneuroendo-
crinology, 2010, 35(5), 694-705.
http://dx.doi.org/10.1016/j.psyneuen.2009.10.010 PMID: 19926225
Smith, C.C.; Vedder, L.C.; Nelson, A.R.; Bredemann, T.M.;
McMahon, L.L. Duration of estrogen deprivation, not chronologi-
cal age, prevents estrogen’s ability to enhance hippocampal synap-
tic physiology. Proc. Natl. Acad. Sci. US4, 2010, 107(45), 19543-
19548.

http://dx.doi.org/10.1073/pnas.1009307107 PMID: 20974957



The Critical Period for Neuroprotection by Estrogen Replacement Therapy

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Wu, W.W.; Adelman, J.P.; Maylie, J. Ovarian hormone deficiency
reduces intrinsic excitability and abolishes acute estrogen sensitiv-
ity in hippocampal CAl pyramidal neurons. J. Neurosci., 2011,
31(7), 2638-2648. http://dx.doi.org/10.1523/INEUROSCI.6081-
10.2011 PMID: 21325532

Yin, W.; Maguire, S.M.; Pham, B.; Garcia, A.N.; Dang, N.V.;
Liang, J.; Wolfe, A.; Hofmann, H.A.; Gore, A.C. Testing the criti-
cal window hypothesis of timing and duration of estradiol treat-
ment on hypothalamic gene networks in reproductively mature and
aging female rats. Endocrinology, 2015, 156(8), 2918-2933.
http://dx.doi.org/10.1210/en.2015-1032 PMID: 26018250

Baxter, M.G.; Santistevan, A.C.; Bliss-Moreau, E.; Morrison, J.H.
Timing of cyclic estradiol treatment differentially affects cognition
in aged female rhesus monkeys. Behav. Neurosci., 2018, 132(4),
213-223. http://dx.doi.org/10.1037/bne0000259 PMID: 29952604
Hara, Y.; Yuk, F.; Puri, R.; Janssen, W.G.; Rapp, P.R.; Morrison,
J.H. Presynaptic mitochondrial morphology in monkey prefrontal
cortex correlates with working memory and is improved with es-
trogen treatment. Proc. Natl. Acad. Sci. USA, 2014, 111(1), 486-
491. http://dx.doi.org/10.1073/pnas.1311310110 PMID: 24297907
Li, Z.; Okamoto, K.; Hayashi, Y.; Sheng, M. The importance of
dendritic mitochondria in the morphogenesis and plasticity of
spines and synapses. Cell, 2004, 119(6), 873-887.
http://dx.doi.org/10.1016/j.cell.2004.11.003 PMID: 15607982
Hara, Y.; Waters, E.M.; McEwen, B.S.; Morrison, J.H. Estrogen
Effects on Cognitive and Synaptic Health Over the Lifecourse.
Physiol. Rev., 2015, 95(3), 785-807.
http://dx.doi.org/10.1152/physrev.00036.2014 PMID: 26109339
Zhang, Q.G.; Han, D.; Wang, R.M.; Dong, Y.; Yang, F.; Vadla-
mudi, R.K.; Brann, D.W. C terminus of Hsc70-interacting protein
(CHIP)-mediated degradation of hippocampal estrogen receptor-
alpha and the critical period hypothesis of estrogen neuroprotec-
tion. Proc. Natl. Acad. Sci. US4, 2011, 108(35), E617-E624.
http://dx.doi.org/10.1073/pnas.1104391108 PMID: 21808025

Pratt, W.B.; Toft, D.O. Steroid receptor interactions with heat
shock protein and immunophilin chaperones. Endocr. Rev., 1997,
18(3), 306-360. PMID: 9183567

Fan, M.; Park, A.; Nephew, K.P. CHIP (carboxyl terminus of
Hsc70-interacting protein) promotes basal and geldanamycin-
induced degradation of estrogen receptor-alpha. Mol. Endocrinol.,
2005, 19(12),2901-2914.

http://dx.doi.org/10.1210/me.2005-0111 PMID: 16037132

Berry, N.B.; Fan, M.; Nephew, K.P. Estrogen receptor-alpha hinge-
region lysines 302 and 303 regulate receptor degradation by the
proteasome. Mol. Endocrinol., 2008, 22(7), 1535-1551.
http://dx.doi.org/10.1210/me.2007-0449 PMID: 18388150

Tateishi, Y.; Kawabe, Y.; Chiba, T.; Murata, S.; Ichikawa, K.;
Murayama, A.; Tanaka, K.; Baba, T.; Kato, S.; Yanagisawa, J.
Ligand-dependent switching of ubiquitin-proteasome pathways for
estrogen receptor. EMBO J., 2004, 23(24), 4813-4823.
http://dx.doi.org/10.1038/sj.emboj.7600472 PMID: 15538384
Valley, C.C.; Solodin, N.M.; Powers, G.L.; Ellison, S.J.; Alarid,
E.T. Temporal variation in estrogen receptor-alpha protein turnover
in the presence of estrogen. J. Mol. Endocrinol., 2008, 40(1), 23-
34. http://dx.doi.org/10.1677/JIME-07-0067 PMID: 18096994
Weitsman, G.E.; Weebadda, W.; Ung, K.; Murphy, L.C. Reactive
oxygen species induce phosphorylation of serine 118 and 167 on
estrogen receptor alpha. Breast Cancer Res. Treat., 2009, 118(2),
269-279.

http://dx.doi.org/10.1007/s10549-008-0221-0 PMID: 18941890
Srivastava, D.P.; Waters, E.M.; Mermelstein, P.G.; Kramar, E.A.;
Shors, T.J.; Liu, F. Rapid estrogen signaling in the brain: implica-
tions for the fine-tuning of neuronal circuitry. J. Neurosci., 2011,
31(45), 16056-16063.
http://dx.doi.org/10.1523/JNEUROSCI.4097-11.2011 PMID:
22072656

Meitzen, J.; Mermelstein, P.G. Estrogen receptors stimulate brain
region specific metabotropic glutamate receptors to rapidly initiate
signal transduction pathways. J. Chem. Neuroanat., 2011, 42(4),
236-241. http://dx.doi.org/10.1016/j.jchemnen.2011.02.002 PMID:
21458561

Micevych, P.E.; Kelly, M.J. Membrane estrogen receptor regula-
tion of hypothalamic function. Neuroendocrinology, 2012, 96(2),
103-110.

http://dx.doi.org/10.1159/000338400 PMID: 22538318

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Current Neuropharmacology, 2020, Vol. 18, No. 6 499

Lan, Y.L.; Zhao, J.; Li, S. Update on the neuroprotective effect of
estrogen receptor alpha against Alzheimer’s disease. J. Alzheimers
Dis., 2015, 43(4), 1137-1148.
http://dx.doi.org/10.3233/JAD-141875 PMID: 25159676

Alonso, A.; Gonzalez, C. Neuroprotective role of estrogens: rela-
tionship with insulin/IGF-1 signaling. Front. Biosci. (Elite Ed.),
2012, 4, 607-619. http://dx.doi.org/10.2741/e403 PMID: 22201898
Arevalo, M.A.; Azcoitia, 1.; Gonzalez-Burgos, 1.; Garcia-Segura,
L.M. Signaling mechanisms mediating the regulation of synaptic
plasticity and memory by estradiol. Horm. Behav., 2015, 74, 19-27.
http://dx.doi.org/10.1016/j.yhbeh.2015.04.016 PMID: 25921586
Marin, R. Signalosomes in the brain: relevance in the development
of certain neuropathologies such as Alzheimer’s disease. Front.
Physiol., 2011, 2, 23.

http://dx.doi.org/10.3389/fphys.2011.00023 PMID: 21852974
Marin, R.; Ramirez, C.M.; Gonzilez, M.; Gonzalez-Mufioz, E.;
Zorzano, A.; Camps, M.; Alonso, R.; Diaz, M. Voltage-dependent
anion channel (VDAC) participates in amyloid beta-induced toxicity
and interacts with plasma membrane estrogen receptor alpha in septal
and hippocampal neurons. Mol. Membr. Biol., 2007, 24(2), 148-160.
http://dx.doi.org/10.1080/09687860601055559 PMID: 17453421
Marin, R.; Diaz, M.; Alonso, R.; Sanz, A.; Arévalo, M.A.; Garcia-
Segura, L.M. Role of estrogen receptor alpha in membrane-
initiated signaling in neural cells: interaction with IGF-1 receptor.
J. Steroid Biochem. Mol. Biol., 2009, 114(1-2),2-7.
http://dx.doi.org/10.1016/j.jsbmb.2008.12.014 PMID: 19167493
Ramirez, C.M.; Gonzalez, M.; Diaz, M.; Alonso, R.; Ferrer, I;
Santpere, G.; Puig, B.; Meyer, G.; Marin, R. VDAC and ERalpha
interaction in caveolae from human cortex is altered in Alzheimer’s
disease. Mol. Cell. Neurosci., 2009, 42(3), 172-183.
http://dx.doi.org/10.1016/j.mcn.2009.07.001 PMID: 19595769
Thinnes, F.P. After all, plasmalemmal expression of type-1 VDAC
can be understood. Phosphorylation, nitrosylation, and channel
modulators work together in vertebrate cell volume regulation and
either apoptotic pathway. Front. Physiol., 2015, 6, 126.
http://dx.doi.org/10.3389/fphys.2015.00126 PMID: 25964761
Herrera, J.L.; Diaz, M.; Hernandez-Fernaud, J.R.; Salido, E.;
Alonso, R.; Fernandez, C.; Morales, A.; Marin, R. Voltage-
dependent anion channel as a resident protein of lipid rafts: post-
transductional regulation by estrogens and involvement in neuronal
preservation against Alzheimer’s disease. J. Neurochem., 2011,
116(5), 820-827. http://dx.doi.org/10.1111/j.1471-4159.2010.06987 x
PMID: 21214547

Fabelo, N.; Martin, V.; Santpere, G.; Marin, R.; Torrent, L.; Ferrer,
I.; Diaz, M. Severe alterations in lipid composition of frontal cortex
lipid rafts from Parkinson’s disease and incidental Parkinson’s dis-
ease. Mol. Med., 2011, 17(9-10), 1107-1118.
http://dx.doi.org/10.2119/molmed.2011.00119 PMID: 21717034
Fabelo, N.; Martin, V.; Marin, R.; Moreno, D.; Ferrer, 1.; Diaz, M.
Altered lipid composition in cortical lipid rafts occurs at early
stages of sporadic Alzheimer’s disease and facilitates APP/BACEI
interactions. Neurobiol. Aging, 2014, 35(8), 1801-1812.
http://dx.doi.org/10.1016/j.neurobiolaging.2014.02.005 PMID:
24613671

Marin, R.; Fabelo, N.; Martin, V.; Garcia-Esparcia, P.; Ferrer, L;
Quinto-Alemany, D.; Diaz, M. Anomalies occurring in lipid pro-
files and protein distribution in frontal cortex lipid rafts in dementia
with Lewy bodies disclose neurochemical traits partially shared by
Alzheimer’s and Parkinson’s diseases. Neurobiol. Aging, 2017, 49,
52-59. http://dx.doi.org/10.1016/j.neurobiolaging.2016.08.027
PMID: 27768960

Ariga, T. The pathogenic role of ganglioside metabolism in Alz-
heimer’s Disease-cholinergic neuron-specific gangliosides and neu-
rogenesis. Mol. Neurobiol., 2017, 54(1), 623-638.
http://dx.doi.org/10.1007/5s12035-015-9641-0 PMID: 26748510
Marin, R.; Ramirez, C.; Morales, A.; Gonzalez, M.; Alonso, R.;
Diaz, M. Modulation of Abeta-induced neurotoxicity by estrogen
receptor alpha and other associated proteins in lipid rafts. Steroids,
2008, 73(9-10), 992-996.
http://dx.doi.org/10.1016/j.steroids.2007.12.007 PMID: 18242653
Canerina-Amaro, A.; Hernandez-Abad, L.G.; Ferrer, I.; Quinto-
Alemany, D.; Mesa-Herrera, F.; Ferri, C.; Puertas-Avendano, R.A.;
Diaz, M.; Marin, R. Lipid raft ER signalosome malfunctions in
menopause and Alzheimer’s disease. Front. Biosci. (Schol. Ed.),
2017, 9, 111-126. http://dx.doi.org/10.2741/s476 PMID: 27814578



500 Current Neuropharmacology, 2020, Vol. 18, No. 6

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Wang, J.M.; Hou, X.; Adeosun, S.; Hill, R.; Henry, S.; Paul, L;
Irwin, R.W.; Ou, X.M.; Bigler, S.; Stockmeier, C.; Brinton, R.D.;
Gomez-Sanchez, E. A dominant negative ERp splice variant de-
termines the effectiveness of early or late estrogen therapy after
ovariectomy in rats. PLoS One, 2012, 7(3), €33493.
http://dx.doi.org/10.1371/journal.pone.0033493 PMID: 22428062
Bean, L.A.; Kumar, A.; Rani, A.; Guidi, M.; Rosario, A.M.; Cruz,
P.E.; Golde, T.E.; Foster, T.C. Re-Opening the Critical Window for
Estrogen Therapy. J. Neurosci., 2015, 35(49), 16077-16093.
http://dx.doi.org/10.1523/JNEUROSCI.1890-15.2015 PMID:
26658861

Yao, J.; Hamilton, R.T.; Cadenas, E.; Brinton, R.D. Decline in
mitochondrial bioenergetics and shift to ketogenic profile in brain
during reproductive senescence. Biochim. Biophys. Acta, 2010,
1800(10), 1121-1126.
http://dx.doi.org/10.1016/j.bbagen.2010.06.002 PMID: 20538040
Yao, J.; Irwin, R.; Chen, S.; Hamilton, R.; Cadenas, E.; Brinton,
R.D. Ovarian hormone loss induces bioenergetic deficits and mito-
chondrial B-amyloid. Neurobiol. Aging, 2012, 33(8), 1507-1521.
http://dx.doi.org/10.1016/j.neurobiolaging.2011.03.001 PMID:
21514693

Yao, J.; Irwin, R.W.; Zhao, L.; Nilsen, J.; Hamilton, R.T.; Brinton,
R.D. Mitochondrial bioenergetic deficit precedes Alzheimer’s pa-
thology in female mouse model of Alzheimer’s disease. Proc. Natl.
Acad. Sci. US4, 2009, 106(34), 14670-14675.
http://dx.doi.org/10.1073/pnas.0903563106 PMID: 19667196
Bohacek, J.; Bearl, A.M.; Daniel, J.M. Long-term ovarian hormone
deprivation alters the ability of subsequent oestradiol replacement
to regulate choline acetyltransferase protein levels in the hippo-
campus and prefrontal cortex of middle-aged rats. J. Neuroendo-
crinol., 2008, 20(8), 1023-1027.
http://dx.doi.org/10.1111/j.1365-2826.2008.01752.x PMID:
18540996

Bekinschtein, P.; Cammarota, M.; Izquierdo, I.; Medina, J.H.
BDNF and memory formation and storage. Neuroscientist, 2008,
14(2), 147-156.

http://dx.doi.org/10.1177/1073858407305850 PMID: 17911219
Bekinschtein, P.; Cammarota, M.; Katche, C.; Slipczuk, L.; Ros-
sato, J.I.; Goldin, A.; Izquierdo, I.; Medina, J.H. BDNF is essential
to promote persistence of long-term memory storage. Proc. Natl.
Acad. Sci. US4, 2008, 105(7),2711-2716.
http://dx.doi.org/10.1073/pnas.0711863105 PMID: 18263738
Bingham, D.; Macrae, I.M.; Carswell, H.V. Detrimental effects of
17beta-oestradiol after permanent middle cerebral artery occlusion.
J. Cereb. Blood Flow Metab., 2005, 25(3), 414-420.
http://dx.doi.org/10.1038/sj.jcbfm.9600031 PMID: 15647739
Dhandapani, K.M.; Wade, F.M.; Mahesh, V.B.; Brann, D.W. As-
trocyte-derived transforming growth factor-beta mediates the neu-
roprotective effects of 17beta-estradiol: involvement of nonclassi-
cal genomic signaling pathways. Endocrinology, 2005, 146(6),
2749-2759.

http://dx.doi.org/10.1210/en.2005-0014 PMID: 15746252

Galbiati, M.; Magnaghi, V.; Martini, L.; Melcangi, R.C. Hypotha-
lamic transforming growth factor betal and basic fibroblast growth
factor mRNA expression is modified during the rat oestrous cycle.
J. Neuroendocrinol., 2001, 13(6), 483-489.
http://dx.doi.org/10.1046/j.1365-2826.2001.00659.x PMID:
11412334

Davies, P.; Maloney, A.J.F. Selective loss of central cholinergic
neurons in Alzheimer’s disease. Lancet, 1976, 2(8000), 1403-1403.
http://dx.doi.org/10.1016/S0140-6736(76)91936-X PMID: 63862
Bowen, D.M.; Smith, C.B.; White, P.; Davison, A.N. Neurotrans-
mitter-related enzymes and indices of hypoxia in senile dementia
and other abiotrophies. Brain, 1976, 99(3), 459-496.
http://dx.doi.org/10.1093/brain/99.3.459 PMID: 11871

Gritti, I.; Mainville, L.; Mancia, M.; Jones, B.E. GABAergic and
other noncholinergic basal forebrain neurons, together with cho-
linergic neurons, project to the mesocortex and isocortex in the rat.
J. Comp. Neurol., 1997, 383(2), 163-177.

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Guo et al.

http://dx.doi.org/10.1002/(SICI)1096-
9861(19970630)383:2<163::AID-CNE4>3.0.CO;2-Z PMID:
9182846

Mesulam, M.M.; Mufson, E.J.; Levey, A.L.; Wainer, B.H. Cho-
linergic innervation of cortex by the basal forebrain: cytochemistry
and cortical connections of the septal area, diagonal band nuclei,
nucleus basalis (substantia innominata), and hypothalamus in the
rhesus monkey. J. Comp. Neurol., 1983, 214(2), 170-197.
http://dx.doi.org/10.1002/cne.902140206 PMID: 6841683

Gibbs, R.B. Effects of ageing and long-term hormone replacement
on cholinergic neurones in the medial septum and nucleus basalis
magnocellularis of ovariectomized rats. J. Neuroendocrinol., 2003,
15(5), 477-485. http://dx.doi.org/10.1046/j.1365-2826.2003.01012.x
PMID: 12694373

Perry, EK.; Perry, RH.; Blessed, G.; Tomlinson, B.E. Necropsy
evidence of central cholinergic deficits in senile dementia. Lancet,
1977, 1(8004), 189.
http://dx.doi.org/10.1016/S0140-6736(77)91780-9 PMID: 64712
Whitehouse, P.J.; Price, D.L.; Struble, R.G.; Clark, A.W.; Coyle,
J.T.; Delon, M.R. Alzheimer’s disease and senile dementia: loss of
neurons in the basal forebrain. Science, 1982, 215(4537), 1237-
1239. http://dx.doi.org/10.1126/science.7058341 PMID: 7058341
Schliebs, R.; Arendt, T. The significance of the cholinergic system
in the brain during aging and in Alzheimer’s disease. J. Neural
Transm. (Vienna), 2006, 113(11), 1625-1644.
http://dx.doi.org/10.1007/s00702-006-0579-2 PMID: 17039298
van Amelsvoort, T.; Murphy, D.G.M.; Robertson, D.; Daly, E.;
Whitehead, M.; Abel, K. Effects of long-term estrogen replacement
therapy on growth hormone response to pyridostigmine in healthy
postmenopausal women. Psychoneuroendocrinology, 2003, 28(1),
101-112. http://dx.doi.org/10.1016/S0306-4530(02)00012-4 PMID:
12445839

Craig, M.C.; Murphy, D.G. Estrogen therapy and Alzheimer’s
dementia. Ann. N. Y. Acad. Sci., 2010, 1205, 245-253.
http://dx.doi.org/10.1111/j.1749-6632.2010.05673.x PMID:
20840280

Gibbs, R.B. Estrogen therapy and cognition: a review of the cho-
linergic hypothesis. Endocr. Rev., 2010, 31(2), 224-253.
http://dx.doi.org/10.1210/er.2009-0036 PMID: 20019127

Woolley, C.S. Effects of oestradiol on hippocampal circuitry. No-
vartis Found. Symp., 2000, 230, 173-180.

PMID: 10965508

Yankova, M.; Hart, S.A.; Woolley, C.S. Estrogen increases synap-
tic connectivity between single presynaptic inputs and multiple
postsynaptic CA1 pyramidal cells: a serial electron-microscopic
study. Proc. Natl. Acad. Sci. US4, 2001, 98(6), 3525-3530.
http://dx.doi.org/10.1073/pnas.051624598 PMID: 11248111
Toran-Allerand, C.D.; Miranda, R.C.; Bentham, W.D.; Sohrabji, F.;
Brown, T.J.; Hochberg, R.B.; MacLusky, N.J. Estrogen receptors
colocalize with low-affinity nerve growth factor receptors in cho-
linergic neurons of the basal forebrain. Proc. Natl. Acad. Sci. USA,
1992, 89(10), 4668-4672.
http://dx.doi.org/10.1073/pnas.89.10.4668 PMID: 1316615
Miranda, R.C.; Sohrabji, F.; Toran-Allerand, C.D. Presumptive
estrogen target neurons express mrnas forboth the neurotrophins
and neurotrophin receptors: A basis for potential developmental in-
teractions of estrogen with the neurotrophins. Mol. Cell. Neurosci.,
1993, 4(6), 510-525.

http://dx.doi.org/10.1006/mcne.1993.1063 PMID: 19912958

Milne, M.R.; Haug, C.A; Abraham, ILM.; Kwakowsky, A. Estra-
diol modulation of neurotrophin receptor expression in female
mouse basal forebrain cholinergic neurons in vivo. Endocrinology,
2015, 156(2), 613-626.

http://dx.doi.org/10.1210/en.2014-1669 PMID: 25415243
Kwakowsky, A.; Milne, M.R.; Waldvogel, H.J.; Faull, R.L. Effect
of estradiol on neurotrophin receptors in basal forebrain cholinergic
neurons: relevance for Alzheimer’s disease. Int. J. Mol. Sci., 2016,
17(12),2122.

http://dx.doi.org/10.3390/ijms17122122 PMID: 27999310



