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Abstract

17pB-estradiol (estradiol or E2) is implicated as a neurodegenerative disorders. This review focuses
on the mechanisms underlying E2 neuroprotection in cerebral ischemia, as well as emerging
evidence from basic science and clinical studies, which suggests that there is a “critical period” for
estradiol's beneficial effect in the brain. Potential mechanisms underlying the critical period are
discussed, as are the neurological consequences of long-term E2 deprivation (LTED) in animals
and in humans after natural menopause or surgical menopause. We also summarize the major
clinical trials concerning postmenopausal hormone therapy (HT), comparing their outcomes with
respect to cardiovascular and neurological disease and discussing their relevance to the critical
period hypothesis. Finally, potential caveats, controversies and future directions for the field are
highlighted and discussed throughout the review.
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Introduction — Gender Differences in Cerebrovascular Disease

Stroke is one of the leading causes of death and disability in the U.S., and it is a sexually
dimorphic disease [126]. While men have a 33% higher incidence of stroke throughout most
of the lifespan, women have significantly worse stroke outcome in terms of comorbidity and
mortality [3, 121, 126, 143, 178]. Women also experience several physiological periods of
enhanced stroke risk, such as pregnancy, parturition (childbirth), perimenopause (45-55
years of age), and advanced age (>85 years of age) [98, 178]. Several studies have also
suggested that women's risk for stroke begins to exceed men's risk for stroke following the
menopausal transition [98, 118, 121, 143]. Approximately 87% of strokes are ischemic,
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during which a particular area of the brain is deprived of oxygenated blood for a significant
period of time, and 13% of strokes are hemorrhagic, during which elevated blood pressure
and/or a weakened cerebrovasculature contribute to the bursting of a blood vessel inside the
brain [98]. Stroke is considered to be a neurodegenerative disease, since either subtype of
stroke can cause neuronal cell death and result in profound disability. Furthermore, stroke is
a known tauopathy, meaning that it leads to hyperphosphorylation of the microtubule-
associated protein tau, which regulates neurotransmission by stabilizing axons [186, 204].
Since hyperphosphorylated tau proteins are more likely to form insoluble aggregates called
neurofibrillary tangles (NFTs), a neuropathological hallmark of Alzheimer's disease, it is no
surprise that the risk for dementia increases 4- to 12-fold following a stroke [99, 177].

Intriguingly, sexual dimorphism extends beyond stroke. In fact, gender differences exist in
most disorders affecting the central nervous system (CNS), particularly the
neurodegenerative conditions, with women typically having a later onset and greater
severity of disease [19, 173]. Women's relative protection, later onset, and greater severity of
neurodegenerative disorders can be explained, in part, by serum levels of the
neuroprotective ovarian hormone, 17p-estradiol (estradiol or E2). From birth to menopause,
women's ovaries produce high circulating levels of estradiol, which correlates with a low
incidence of neurodegenerative disease. However, once the menopausal transition occurs,
the ovaries cease to manufacture E2, and women's risk for neurodegenerative diseases,
including ischemic stroke and Alzheimer's disease, increases [19]. One could dismissively
attribute this correlation to senescence. However, women who enter menopause prematurely
via bilateral oophorectomy (surgical removal of both ovaries) have a doubled lifetime risk
for developing dementia, as well as a significantly increased risk of cognitive decline,
Parkinson's disease, and mortality from neurological disorders [138, 140, 158]. Furthermore,
meta-analyses of observational studies demonstrated that postmenopausal women who used
oral estrogens had a 29-44% reduced risk of Alzheimer's disease [19, 80, 193].

Estrogen Neuroprotection - Evidence and Mechanisms

Animal Studies and Estrogen Neuroprotection

In further support of the correlation between high serum levels of estradiol and women's
relatively low risk of neurodegenerative disease, studies in rodents have overwhelmingly
demonstrated that E2 is a neuroprotective agent. Female rodents were less susceptible to
ischemic stress via experimental stroke procedures, such as middle cerebral artery occlusion
(MCADO) and global cerebral ischemia (GCI), than their male counterparts, and ovariectomy
prior to stroke induction abolished this gender difference [19]. Serum E2 levels in intact
rodents were also found to be inversely correlated with stroke infarct size [96], and pre-
treatment with 1CI 182,780, a competitive antagonist of both estrogen receptor isoforms
alpha (ERa) and beta (ER), prior to stroke induction actually enhanced the size of the
infarct [147]. Additionally, pre-treatment with aromatase inhibitors, which prevent the
conversion of androgens to estrogens, exacerbated ischemic injury in rodent brains, and
aromatase knockout (KO) mice, which are physically unable to convert testosterone into
estradiol, also had larger infarct volumes after MCAO [108]. Conversely, pre-treatment with
exogenous E2 decreased mortality and infarct size following MCAO and GCI in rodents
[19, 43, 85, 94, 109, 145, 154, 156, 160, 194, 202-205]. A systematic review of 161
publications on estradiol and stroke performed by Gibson et al. further confirmed a dose-
dependent reduction of stroke lesion volume by E2 in models of transient and permanent
cerebral ischemia [59].

Aside from preventing neuronal death, exogenous E2 replacement prior to stroke was shown
to attenuate behavioral deficits in ovariectomized female rats subjected to GCI [19, 94, 129].
Furthermore, exogenous E2 was shown to facilitate post-stroke recovery in mice by
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enhancing neurogenesis in the dentate gyrus and subventricular zone after stroke, an effect
that was attenuated in estrogen receptor (ER) knockout (KO) mice and aromatase KO mice
[95]. As reviewed previously by our group and others, E2 has also been demonstrated to
afford protection in animal models of Parkinson's disease and Alzheimer's disease (AD) [17,
19, 108, 128]. Finally, it should be mentioned that there are dissenting studies in the
literature, which found that E2 increased ischemic stroke damage in animal models [11, 28,
62, 73, 176, 199]. It is not completely clear as to why these studies yielded a different result
than the majority of studies in the literature, but a recent review suggested that the difference
could be due to use of E2 slow-release pellets that yielded unexpectedly high circulating E2
levels [168]. Nevertheless, as a whole, research using animal models provides strong
evidence for endogenous and exogenous E2 as a neuroprotective agent.

Mechanisms of Estrogen Neuroprotection

In addition to providing support for estradiol as a neuroprotective hormone, the
aforementioned animal studies have also yielded mechanistic insight into how E2 protects
the brain from ischemia. Figure 1 provides a schematic overview of the major mechanisms
of E2 neuroprotection from cerebral ischemia. As shown in Figure 1, E2 is proposed to
mediate neuroprotection via a multimodal mechanism that involves: 1) genomic signaling,
2) non-genomic signaling, 3) antioxidant actions, and 4) regulation of mitochondrial
bioenergetics. The majority of these effects are suggested to involve mediation by ERs, in
particular ERa. In the sections below, we will discuss evidence of a principal role for ERa in
mediating E2 neuroprotection, and subsequently, we will discuss the evidence supporting
each proposed mechanism of E2 neuroprotection depicted in Figure 1.

ERa is a Key Mediator of E2 Neuroprotection in Cerebral Ischemia—Initial
evidence suggesting ER mediation of E2 neuroprotection in cerebral ischemia came from
the observation that the ERa and ERp antagonist 1C1182,780 prevented E2's beneficial
effects when it was given simultaneously with estradiol prior to GCI [112]. Furthermore,
development of genetically modified mice led to the suggestion of ERa. as the major
mediator of E2 neuroprotection in experimental stroke. Ovariectomized ERa KO mice
displayed a complete loss of E2 neuroprotection upon pre-treatment with E2 prior to
cerebral ischemia, but ovariectomized ERp KO mice maintained E2 neuroprotection when
treated with E2 prior to stroke [45, 111]. Furthermore, as shown by Figure 2, our laboratory
performed antisense (AS) oligonucleotide knockdown of either ERa or ERp, to demonstrate
that ERa, but not ERB, mediates E2 neuroprotection against GCI [203]. As depicted in
Figure 2A, bilateral intracerebroventricular injection of the ERa-AS and ERB-AS
oligonucleotides (ODNs) every 24 hours for 4 days induced a marked decrease in ERa and
ERB protein levels in the hippocampal CAL region, respectively. Missense (MS) ODNs had
no effect upon ERa or ERp protein levels, indicating that the effects of the AS-ODNs were
specific. Figure 2B shows that that ERa-AS, but not ERB-AS ODNSs, significantly attenuated
the neuroprotective effect of E2 against GCI, suggesting that ERa mediates the
neuroprotective actions of E2 in the hippocampal CA1 [203].

A recent study also suggested that E2 may act directly on neurons to exert neuroprotection,
as E2 neuroprotection was lost in neuron-specific ERa knockout mice, but not in microglia-
specific ERa knockout mice [47]. However, while this study suggests that estradiol can act
directly on neurons to exert neuroprotection in cerebral ischemia, it does not completely rule
out that ERs in other cell types, such as endothelial cells or astrocytes, couldn't also
contribute, in part, to mediation of E2's neuroprotective effects. Along these lines, there is a
significant body of evidence demonstrating that E2 can act on astrocytes to influence release
of neuroprotective compounds, such as growth factors, which could provide an indirect
mechanism of E2 neuroprotection [4, 6, 40]. Additionally, a recent study showed that ERa-
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specific knockout in astrocytes, but not neurons, resulted in the loss of E2's neuroprotective
ability in an animal model of experimental autoimmune encephalomyelitis [166]. Therefore,
while E2 has been implicated to act directly upon neurons to exert neuroprotection against
cerebral ischemia, it is important to examine astrocyte- and endothelial-specific ER
knockout animals, so as to better clarify the contribution of these non-neural cell types to E2
neuroprotection in cerebral ischemia.

It should be noted that there are a few studies which used ERpB-specific agonists to suggest a
role for ERp in neuroprotection in cerebral ischemia [29, 112]. However, when using
agonists, one cannot totally exclude potential “off target” effects of the agonists that could
explain the observed effects. In addition, exogenous agonist treatment studies alone do not
prove a physiological role of the receptor in mediating E2 neuroprotection. As such,
conclusions regarding the role of a receptor must be based on a variety of approaches,
including the use of receptor knockdown and receptor knockout mice. As mentioned
previously, the results of ERp KO mouse studies did not support a major role for ERB in
mediating E2 neuroprotection in cerebral ischemia. Rather, the available evidence to date
argues that ERa is the principal ER that mediates E2 neuroprotection in cerebral ischemia.
Nevertheless, it should be mentioned that ERB KO mice have been reported to show
significant neurodegeneration in the cerebral cortex, beginning at six months of age and
peaking at two-years of age [181]. This intriguing observation suggests that ERB may have a
role in mediating basal neuronal survival in the cerebral cortex.

GPR30 — A Putative New ER?—A third putative ER called G-Protein-Coupled ER
(GPR30, also known as GPERL1), has been recently identified as a potential membrane ER
[51]. GPR30 is a seven transmembrane domain G-protein coupled receptor that is expressed
in the hippocampus, cortex, striatum, and other brain regions [51, 68, 107]. Intriguingly, co-
localization studies showed that the majority of cholinergic neurons in the forebrain co-
localize with GPR30 immunoreactivity [68, 69], suggesting that it may have a regulatory
role in cholinergic neurons. Evidence of a neuroprotective role for GPR30 has been
primarily derived from studies using a purported selective agonist for GPR30, G-1 [14, 60].
G-1 pre-treatment has been reported to significantly attenuate glutamate-induced or
oxidative stress-induced neuronal cell death in neuronal cell cultures [60, 97]. In vivo studies
using the MCAQO model have also shown that G-1 exerts neuroprotection against cerebral
ischemia in female mice [201]. A caveat of these studies is that they only show an effect of
an exogenous GPR30 agonist and do not prove a role for GPR30 in mediating
neuroprotection by either endogenous or exogenous E2. Further work is needed to address
the physiological role of GPR30 in mediating E2 neuroprotection through use of various
approaches, including the use of mutant GPR30 mice and GPR30 knockdown.

Furthermore, it should be mentioned that work by Simpkins and colleagues showed that
non-feminizing estrogens, which lack or have very low affinity for classical ERa and ERB,
can exert potent neuroprotection in animal models of cerebral ischemia [31, 50, 127, 159,
169]. They found that the most effective non-feminizing estrogens were those with large,
bulky groups in the 2 and/or 4 carbon of the phenolic A ring of the steroid [159]. From a
clinical viewpoint, these studies are intriguing because these novel compounds are predicted
to lack negative side-effects attributed to traditional estrogens, such as stimulation of uterine
and breast tissue and enhanced coagulation, since they lack any significant ability to bind the
ER. However, studies are needed to actually confirm this suggestion. Further work is also
needed to elucidate the precise mechanism(s) of how these analogues are neuroprotective.
Along these lines, it would be interesting to assess whether non-feminizing estrogens have
affinity for GPR30 and whether the neuroprotective effects of these compounds might be
mediated by GPR30 signaling.
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Genomic Signaling and E2 Neuroprotection—Estradiol is known to signal through
both genomic and nongenomic mechanisms, and both mechanisms have been implicated to
mediate E2's neuroprotective effects. With respect to genomic signaling, E2, as a lipophilic
molecule, diffuses through the cell's membrane, binds to ERs in the cytosol, and translocates
to the nucleus in order to regulate the transcription of genes in a matter of hours. In support
of the importance of genomic signaling in E2 neuroprotection, E2 has been shown to
increase transcription of pro-survival bcl-2 in vivo after MCAO and prevent transcription of
pro-apoptotic bad [44]. E2 also increases bcl-2 in human NT2 neurons and rat hippocampal
neurons in vitro [44, 191]. Interestingly, E2 has been shown to regulate expression of other
bcl-2 family members, including enhancing expression of anti-apoptotic bcl-w while
attenuating expression of pro-apoptotic bim in cortical neurons, effects shown to be
important for E2 neuroprotection against beta-amyloid-induced neuronal death [198].
Furthermore, E2 has been demonstrated to prevent the translocation of cytochrome c,
activation of caspase-3, and fragmentation of DNA, all events which occur during
programmed cell death [34, 132].

Additionally, strongly as shown in Figure 3, work by our laboratory showed that E2 strongly
enhances expression of the anti-apoptotic, pro-survival factor, survivin in the CAl
hippocampal region 24-48h following GCI, which facilitates neuronal survival [204].
Recent work has also shown that E2 induces survivin expression in the peri-contusional area
of the cerebral cortex following traumatic brain injury (TBI), which is thought to contribute
to its neuroprotective effects in TBI [7]. Estradiol is also able to enhance expression of
growth factors in the brain, such as transforming growth factor-p1 (TGFB1) and brain-
derived neurotrophic factor (BDNF) [41, 52, 103], as well as growth factor receptors, such
as the insulin-like growth factor 1 (IGF-1) receptor [26, 54]. Importantly, the growth factor
BDNF is well known to exert neuroprotective and neurotrophic effects in the cortex and
hippocampus and to be important for synaptic plasticity, learning, and memory [9, 10, 162,
163, 194]. Finally, work by the Garcia-Segura laboratory has shown that there is significant
cross-talk between the E2 and IGF-1 receptor signaling pathways and further suggested that
this cross-talk plays a role in mediating E2's neuroprotective effects [26, 54].

Nongenomic Signaling and E2 Neuroprotection—Recent work has also implicated a
role for nongenomic signaling in mediating E2 neuroprotection. In addition to nuclear
localization of ERs, both ERa and ERf have been demonstrated to be at the plasma
membrane of neurons in various brain regions, including the cortex and hippocampus, and at
other neuronal extranuclear sites, such as dendrites and dendritic spines [41, 53, 86, 89, 102,
114, 142, 180, 190]. Extranuclear ERs are thought to play a key role in mediating rapid
signaling effects of E2 in neurons to regulate kinase signaling pathways, calcium signaling,
and activation/inactivation of key cellular proteins [190]. The non-genomic signaling by E2
may also cross-talk to the nucleus to exert genomic regulation, as will be discussed later.
Currently, it is not entirely clear how ERa and ERp are targeted to the membrane and to
other extranuclear sites. Palmitoylation of ERs, and ER interaction with the scaffold protein,
caveolin-1 have been suggested to play a role in trafficking of ERs to the membrane [15,
30]. A recent study also provided evidence that heat shock protein-27 (HSP27) can bind to
ERo, thereby promoting its palmitoylation and delivery to the cell membrane [133]. The
majority of the studies on mechanisms of ER trafficking to the membrane were conducted in
non-neuronal cells; however, it is assumed that the same mechanisms apply to neurons as
well.

A large body of evidence supports a role for E2 and extranuclear ERs in the rapid activation/
phosphorylation of neuronal extracellular signal-related kinases (ERK) and the
phosphatidylinositol-3-kinase (PI3K)-Akt pathway in neurons [23, 42, 81, 82, 90, 105, 106,
149, 163, 185, 188, 191]. Once activated, ERK can phosphorylate/regulate over 100

Front Neuroendocrinol. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

Page 6

downstream targets, including transcription factors, cytoskeleton proteins and kinases, and
nuclear kinases [131]. As such, ERK activation has been implicated in the regulation of
many key cellular functions such as survival, adhesion, metabolism and proliferation [131].
Akt, also known as protein kinase B, is a kinase that can promote cell survival by inhibiting
the pro-apoptotic JNK-c-jun signaling pathway and by inhibiting the activity of pro-
apoptotic bad and glycogen synthase kinase-3p (GSK-3p) [182]. Since JNK and GSK-3p are
kinases known to phosphorylate the microtubule associated protein tau, and
hyperphosphorylated tau is one of the hallmarks of Alzheimer's disease neuropathology, this
may be one of the mechanisms through which E2 can protect the brain from AD [61].

There is significant evidence that ERK activation is important for E2 neuroprotection. For
instance, in vitro studies have shown that administration of a MEK inhibitor, which prevents
E2-induced ERK activation, blocks the neuroprotective effects of E2 in neurons [66, 91,
123, 191]. In addition, E2 enhances ERK activation in the hippocampal CA1 region
following GCI, and E2's neuroprotective effects in GCI are blocked by administration of a
MEK inhibitor [84]. However, it is important to note that while E2's activation of ERK1/2
has been proposed to be neuroprotective in cerebral ischemia, evidence also suggests that
ERK activation may play a pro-apoptotic role. Along these lines, MEK inhibitors have been
shown to attenuate ischemic damage following GCI and MCAO, which suggests that ERK
activation may actually contribute to neurodegeneration following cerebral ischemia [79,
119, 183]. In contrast, it has also been hypothesized that enhanced ERK1/2 activation may
initiate a neuroprotective signaling cascade, which eventually culminates in the down-
regulation of ERK itself, thereby preventing prolonged ERK activation. The apparent
paradox of ERK activation having both positive and negative effects in cerebral ischemia
could be feasibly resolved by considering several factors, such as the neural cell type in
which ERK is activated (neuron, glia, or endothelial cell), the pattern/duration of ERK
activation (acute, biphasic, or chronic), and/or the subcellular localization of activated ERK
(nucleus versus cytoplasm). For a more authoritative and thorough discussion of this
complex subject, the reader is referred to Sawe et al.'s review concerning activated ERK's
dual role in cerebral ischemia [148].

To further demonstrate the role of extranuclear ERs in estradiol's neuroprotective actions,
we employed E2 conjugates (E2 dendrimer, EDC; E2-BSA), which can interact with
extranuclear ERs and exert rapid nongenomic signaling but cannot interact with nuclear ERs
due to an inability to enter the nucleus [72, 194]. Using FITC-tagged EDC and E2-BSA, we
first examined localization of the E2 conjugates in the hippocampal CA1 region at 60
minutes following intracerebroventricular (icv) injection in the lateral ventricles of
ovariectomized female rats. As shown in Figure 4A (a), FITC-EDC and FITC-E2-BSA
conjugates are heavily localized in the CA1 after icv injection, displaying a punctate
extranuclear/membrane pattern of localization. Figure 4A (b—c) shows the neuroprotective
ability of EDC and E2-BSA administered icv 60 min prior to GCI. Examination of NeuN-
positive cells at 7d after GCI revealed that VVehicle-treated animals that underwent 10
minutes of GCI displayed a significant loss of NeuN-positive cells in the hippocampal CA1
region as compared to Sham controls. Intriguingly, the cell-impermeable E2 conjugates,
EDC and E2-BSA, both exerted robust neuroprotection against GCI, an effect that appeared
to be mediated by ERs, since pretreatment with the ER antagonist 1C1182,780 completely
abolished the neuroprotective effect of both EDC and E2-BSA.

We next examined the effect of EDC upon functional outcome following GCI by analyzing
EDC's effect on spatial learning and memory in rats 7-9 days after reperfusion using the
Morris water maze (Figure 4B, a—c). As shown in Figure 4B (a), Vehicle-treated animals
that underwent GCI showed significantly higher latencies in finding the submerged platform
on days 7-9 post stroke as compared to sham control rats. In contrast, EDC-treated rats had
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significantly decreased latencies to find the submerged platform on day 7-9 as compared to
the Vehicle group, an effect that was significantly reversed by the ER antagonist
IC1182,780. Furthermore, Figure 4B (b) shows that Vehicle-treated animals spent
significantly less time in the quadrant where the submerged platform was located as
compared to sham animals on Day 9. In contrast, EDC-treated rats spent significantly
greater amount of time in the quadrant where the submerged platform was located as
compared to Vehicle group, and this effect was significantly reversed by the ER antagonist,
IC1182,780, suggesting ER mediation of the cognitive enhancing/preservation effect of
EDC. Finally, representative sample paths for the various groups and treatments for the
maze and probe trials at 9 days reperfusion are provided in Figure 4B (c), which illustrates
that EDC-treated animals in the probe trials spent significantly more time in the quadrant
where the platform was located.

Further studies demonstrated that EDC and E2-BSA rapidly enhanced ERK and Akt
activation in the hippocampal CAL region after cerebral ischemia, and that inhibition of
either ERK or Akt activation by specific inhibitors abolished the neuroprotective effects of
the E2 conjugates [194]. While we observed that acute E2 conjugate treatment in vivo both
enhanced and prolonged ERK activation in the hippocampal CA1 region following GClI, this
finding does not support a role for E2 in the aforementioned proposed model of prolonged
ERK activation facilitating its own inactivation. However, it is important to note that our
study was limited to 24 hours after GCI. As such, examination of more distant time points
post ischemia-reperfusion may be required to determine if prolonged ERK activation by E2
leads to subsequent down-regulation of ERK more than one day following GCI.
Interestingly, our studies also revealed that EDC (and E2-BSA) enhanced phosphorylation
of the transcription factor, CREB in a rapid fashion following reperfusion, and that this
effect was both ERK- and Akt-dependent [194]. Among the best known CREB
transcriptional targets is the growth factor, BDNF, and subsequent studies by our group
demonstrated that EDC strongly increased BDNF expression in the hippocampal CAl
region following GCI [194]. These findings raise the possibility that extranuclear ER-
mediated nongenomic signaling may involve cross-talk to the nucleus via kinase-induced
activation of transcription factors, with subsequent transcription factor-induced changes in
expression of pro-survival and/or pro-death genes.

Another potential example of E2-induced hongenomic cross-talk to the nucleus involves E2
regulation of the INK-c-Jun signaling pathway. Along these lines, work by our lab has
shown that E2 and EDC exert a prolonged attenuation of phosphorylation of JINK at Thr183/
Tyr185 in the hippocampal CA1 region after cerebral ischemia, phosphorylation sites known
to be critical for JINK activation [194, 203]. JNK is known to phosphorylate many cellular
proteins, including several implicated in apoptosis, and it can translocate to the nucleus to
activate c-Jun and AP-1-mediated gene transcription, which leads to upregulation of pro-
death genes [41]. Previous work by our group and others has shown that administration of a
JNK inhibitor or knockout of JNK results in profound protection of the brain against
cerebral ischemia [47, 53, 204], further demonstrating a key pro-apoptotic role of INK in
ischemic neuronal cell death. Thus, the ability of E2/EDC to markedly attenuate JINK
activation after cerebral ischemia likely contributes significantly to its neuroprotective
actions. Taken as a whole, the above studies suggest that in addition to classical nuclear
ERs, extranuclear ERs play a critical role in mediating E2 neuroprotection in cerebral
ischemia via modulation of rapid kinase signaling pathway activation. These studies also
raise the intriguing possibility that extranuclear ER-initiated nongenomic signaling can
cross-talk to the nucleus by effecting kinase sighaling modulation of nuclear transcription
factors, with subsequent regulation of transcription.
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Oxidative Stress, Mitochondrial Bioenergetics and E2 Neuroprotection—An
emerging and important additional mechanistic layer to E2 neuroprotection is estradiol's
regulation of oxidative stress and mitochondrial bioenergetics in the brain. Oxidative stress
and mitochondrial dysfunction have been implicated to play a key role in promoting
neuronal damage and demise in cerebral ischemia and other neurological disorders, such as
Alzheimer's disease [32, 49, 122, 134]. With respect to mitochondrial dysfunction, a
growing body of evidence indicates that E2 can have beneficial effects upon mitochondria
and preserve mitochondrial function. These effects include regulation/preservation of ATP
generation, ROS production, mitochondrial apoptotic factors, and antioxidant mechanisms.
With respect to mitochondrial bioenergetics, E2 has been demonstrated to protect the brain
by enhancing regional cerebral blood flow in vivo and facilitating the utilization of glucose
as the primary source of energy for the brain by up-regulating glucose transporters in
neurons [21, 195]. Furthermore, E2 has been shown to promote oxidative phosphorylation of
energy substrates by enhancing activity of electron transport chain complexes | and 11 in
order to maintain sufficient energy supply for neurons [67, 196]. It is intriguing that these
aforementioned mechanisms of E2 neuroprotection also implicate E2 with protection of the
brain from Alzheimer's disease, due to theories of neuronal free radical damage and cerebral
hypometabolism as critical precursors to AD onset [171, 195-197]. E2's effects on
mitochondria have been extensively reviewed previously, and the reader is referred to these
excellent reviews [22, 165, 170].

In addition to mitochondria-generated ROS, recent evidence suggests that the plasma
membrane, via NADPH oxidase, may play an additional critical role in ROS generation in
neurons following cerebral ischemia. The NADPH oxidase enzyme is composed of key
subunits from the NOX family, whose primary job is to transport electrons across biological
membranes in order to reduce molecular oxygen to superoxide (O,7). O, is a highly
reactive free radical anion that is the precursor of most ROS, including the highly toxic and
damaging hydroxyl ion and peroxynitrite [5, 161]. The NOX family is composed of five
isoforms (NOX1-NOX5). The activation of NOX2, the most studied and best characterized
NOX isoform, involves interaction between the subunits p22phox, p67phox, p40phox and
p47phox subunits [8, 33, 179]. In addition, the GTPase, Racl has been shown to be critical
for NOX2 activation [8, 33]. Work by our laboratory has shown that NADPH oxidase
activation and O, ™ production increases rapidly in the hippocampal CA1 region following
GClI in both male and female rats, with an elevation occurring as early as 30 minutes after
reperfusion and peak levels observed at 3 hours after reperfusion (Figure 5A & 5B) [203].
Further work demonstrated that NOX2 is predominantly localized to neurons in the
hippocampus following GCI [203], but NOX2 is also known to be expressed in microglia at
later time-points following cerebral ischemia [44]. The importance of NADPH oxidase
activation to neuronal damage following cerebral ischemia was suggested by the fact that
inhibition or knockout of the NOX2 NADPH oxidase enzyme significantly reduced infarct
damage [18, 56, 174, 200, 203]. Intriguingly, further work by our laboratory showed that
low dose E2 replacement profoundly attenuated NADPH oxidase activation and Oy~
production in the hippocampal CA1 region following reperfusion (Figure 5A), an effect
blocked by the ER antagonist 1C1180,782 (Figure 5B) [203].

O,~ production was also assessed using the in situ oxidized hydroethidine (HEt) method, in
which HEt, a marker of O,™ production, is selectively taken up by cells and oxidized by O,™
into ethidium, which provides a red fluorescence signal. As shown in Figure 5C, assessment
of oxidized HEt signal in the CAL region at 3 hours after reperfusion revealed a robust
induction of O™ in the ischemic group, as compared to Sham controls. E2 markedly
attenuated the induction of O, in the CAL, an effect blocked by the ER antagonist,
IC1182,780. Examination of oxidative damage markers revealed that, in agreement with
reduction of NADPH oxidase activity and O,~ by E2 following GCI, E2 markedly
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attenuated oxidative damage in the CA1 region 24 hours after GCI, as measured by
immunostaining for 4-HNE, a marker of lipid oxidative damage, as well as 8-OHdG, a
marker of DNA oxidative damage (Figure 5D). Further work implicated a critical role for
extranuclear ERa in E2's antioxidant effects, as evidenced by the fact that EDC was fully
capable of attenuating NADPH oxidase activation and O, production after GCI and that
antisense oligonucleotide knockdown of ERa, but not ERB, blocked the antioxidant effects
of E2 [203].

Additional studies showed that E2 inhibited activation of the GTPase Racl in an Akt-
dependent manner following cerebral ischemia, which is critical for NOX2 NADPH oxidase
activation [203]. The finding that E2's antioxidant effects involve mediation by extranuclear
ERa and rapid kinase activation is in agreement with studies in other systems such as bone,
where E2 suppression of oxidative stress did not require ERa binding to DNA response
elements but instead, resulted from the activation of kinases [2]. While the above studies
suggest that extranuclear ERa plays a key role in mediating the antioxidant effects of E2, it
should be mentioned that there is also evidence that estrogens, in an ER-independent
manner, can act as direct hydroxyl radical scavengers, converting captured nonphenolic
quinols back into their respective parent estrogens without the production of reactive oxygen
species as a byproduct [130]. Thus, E2's antioxidant effects may be a sum of both ER-
dependent and ER-independent effects.

In summary, as illustrated in Figure 1, the neuroprotective effects of E2 in cerebral ischemia
are thought to involve both genomic and nongenomic signaling, be principally mediated by
ERa, and achieved via attenuation of oxidative stress, preservation of mitochondrial
bioenergetics, and regulation of the balance of pro-survival and pro-death factors. In the
following sections of the review, we examine the cardiovascular and neural consequences of
long-term E2 deprivation, which occur after menopause and surgical menopause, and we
review the literature on hormone therapy (HT) and the critical window/critical period
hypothesis.

Reproductive Senescence, Surgical Menopause and the CNS

Natural Menopause

The menopausal transition is a natural part of reproductive senescence in women.
Menopause itself is defined by the complete absence of menstrual cycles for one year, and
women experience menopause at a median age of 51 years in developed countries [87, 140].
Menopause is physiologically characterized by gradual ovarian follicle depletion, cessation
of menstruation, and a dramatic decrease in serum levels of ovarian-derived estradiol [87].
However, many undesirable side effects result from this reproductive senescence. Common
symptoms of E2 deficiency during the menopausal transition include vasomotor “hot
flushes,” sweating, vaginal dryness, vaginal atrophy, dyspareunia, urinary incontinence,
irritability, depression, and insomnia, all of which range in severity among women [87,
189]. These bothersome symptoms are likely to be noticed by menopausal women and are
subsequently brought to the attention of a physician as a primary complaint approximately
10% of the time [189]. However, more serious side effects can result from a prolonged
period of E2 deficiency, or long-term E2 deprivation (LTED), and these side effects often
remain undetected. This includes a significant loss of bone mineral density, which increases
the risk of osteoporosis and bone fractures, and an increased risk of serious cardiovascular
diseases, such as atherosclerosis and myocardial infarction [87, 125, 158]. Intriguingly, an
increased risk for cardiovascular disease corresponds to an increased risk for
cerebrovascular disease, including ischemic stroke, and underlying cerebrovascular disease
has been observed in human cases of Alzheimer's disease (AD) [120]. This suggests that
LTED via menopause could promote AD development through the increased risk of
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cardiovascular and cerebrovascular disease. In fact, scientific evidence supports that LTED
may enhance women's chances of developing mild cognitive impairment (MCI), which can
further progress to vascular dementia or AD [38, 78, 115, 141]. Unfortunately, since
postmenopausal women are unable to detect the underlying increased risks for osteoporosis,
cardiovascular disease, and cerebrovascular disease, these problems are often clinically
silent until significant disease progression has occurred.

Surgical Menopause

Surgical menopause is an ambiguous umbrella term that pertains to surgical removal of
either the uterus alone (hysterectomy), removal of one or both ovaries (unilateral or bilateral
oophorectomy, respectively), or some combination of the two events [140]. While the
natural menopausal transition typically occurs over a period of years, surgical menopause is
extremely abrupt. Rather than a gradual cessation of menstrual cycles, removal of the uterus
and/or the ovaries leads to instantaneous amenorrhea. Therefore, since menopause is defined
by the absence of menstrual cycles, these women immediately enter into menopause
following surgery, regardless of whether the ovaries are left intact. However, it is important
to note that in the subset of women who undergo hysterectomy but retain one or both of their
ovaries, the remaining ovary(ies) will continue to produce E2 until follicular depletion
occurs at the age of natural menopause, even though these women will not have menses
[140]. This means that these hysterectomized women will not experience the symptoms of
E2 deficiency until they reach the age of natural menopause [140]. Conversely, in the case
of bilateral oophorectomy, instead of the steady decline in serum E2 values seen in naturally
menopausal and hysterectomized women, serum E2 values instantly and dramatically
plummet once the hormone-producing ovaries are removed. In these women, typical
menopausal symptoms resulting from E2 deficiency manifest quickly after surgery.

Importantly, women who experience surgical menopause through bilateral oophorectomy
are, on average, much younger than women who experience natural menopause [78].
Consequently, these prematurely menopausal women will experience a much longer period
of E2 deprivation than traditionally menopausal women, along with the detrimental side
effects. As such, many studies have focused on the health and quality of life of women who
experience premature menopause (< 40 years of age) or early menopause (40-45 years of
age). Both subsets of these women were found to have increased morbidity and mortality
when compared to women who entered menopause at the median age of 51, with the risk of
disease increasing as the age of entry into menopause decreases [78, 158]. Furthermore,
studies have shown that women who enter menopause prematurely due to bilateral
oophorectomy before the age of 45 and do not receive supplemental E2 have a 5-fold
increased risk for mortality directly related to neurological disorders, such as depression,
parkinsonism, and dementia [78, 125, 137, 141]. Understandably, these researchers caution
against premature removal of both ovaries unless medically necessary [78, 125, 137, 141].
These striking statistics highlight the detrimental neurological consequences of LTED,
which will be discussed in further detail in a later section, and the corresponding importance
of replacing estradiol in E2-deficient menopausal women, especially those who enter
menopause prematurely.

Clinical Trials with HT

Observational Studies with HT and Prevention of Dementia

Serum E2 levels have been shown to be directly correlated with cognitive functioning in
women, with high serum levels of E2 significantly enhancing verbal working memory [144,
150]. Furthermore, human hippocampal volumes have been demonstrated to be larger in
postmenopausal women undergoing current treatment with hormone therapy (HT, any
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variety of estrogens * progestogens) when compared to women who had used HT in the
past, women who had never used HT, and men [100]. Cognitive impairment is more
prevalent in postmenopausal women who have low serum levels of E2, and several studies
demonstrated that postmenopausal women who received some form of estrogens through
HT performed better on neuropsychological tests of cognition [150]. In fact, many
promising observational studies showed a decreased risk or delayed onset of cognitive
impairment and neurodegenerative diseases in women who used estrogens after menopause
[19, 173]. A meta-analysis of 12 case-control and prospective cohort studies performed in
the 1990s demonstrated a 29-44% reduction in the risk of Alzheimer's disease development
in postmenopausal women who received hormone therapy versus those who never took
hormones [80, 124, 193]. Specifically, ten of these 12 observational studies found a reduced
risk of AD in users of estrogens versus nonusers [19]. However, in most studies that initiated
hormone therapy after symptoms of AD appeared, estrogens were an ineffective treatment
for ameliorating cognitive decline, except in a few of the earliest cases [19, 77, 117].
Considering the positive cognitive effects of estrogens documented by these observational
studies, the detrimental effects of LTED, and the possible preventative role of estrogens in
postmenopausal dementia, it is no surprise that the next step was to conduct large,
prospective clinical trials with HT.

The WHI Study

Since laboratory research in animals and observational studies in humans both suggested
that estradiol was a neuroprotective hormone that could attenuate the increased risk of stroke
and dementia associated with menopause, a large clinical trial of hormone therapy was
conducted in postmenopausal women. This study, the Women's Health Initiative (WHI), was
a multi-center, randomized, placebo-controlled trial that enrolled over 16,000
postmenopausal women and looked at the effect of oral HT on the incidence of stroke.
However, the WHI was stopped prematurely because instead of seeing the expected
decrease in the number of stroke cases in the HT-treated women, conjugated equine
estrogens (CEEs) plus medroxyprogesterone acetate (MPA) seemed to increase the risk for
ischemic stroke in postmenopausal women (1.8% strokes and a hazard ratio (HR) of 1.44 in
CEE plus MPA users versus 1.3% in placebo) [184]. Furthermore, the Women's Health
Initiative Memory Study (WHIMS), which enrolled a subset of the same women from the
WHI, saw an increased risk of dementia for women over the age of 65 who were treated
with oral CEEs plus MPA (66% dementia, HR 2.05) versus placebo (34% dementia) [157].
Finally, the WHIMS study also examined the effect of oral CEES alone on cognition in the
same women, and they found that the relative risk for having a significant decrease in
cognition, measured by Modified Mini-Mental Status Examination score, was 1.47 in
women treated with CEEs versus those treated with placebo [48]. Taken together, these
findings warned against correcting the E2 deficiency in postmenopausal women through
HT, citing possible severe neurological repercussions.

However, several concerns were raised about the WHI studies with regard to statistical
analysis, study design, and interpretations. A very basic criticism was the choice of statistics
used to interpret the findings of the WHI, the hazard ratio or relative risk. First of all, the
99% confidence interval for the WHI's hazard ratio for stroke included 1 (0.86-2.31), which
is not statistically significant [35]. Additionally, upon re-calculating the WHI data, the
absolute risk for ischemic stroke was only 0.08%, which is highly unlikely to be statistically
significant [35]. Other experts also highlighted the fact that oral hormone use is common via
oral contraceptives, and oral estrogens/progestogens are already known to incur an increased
risk for blood clots and subsequent ischemic strokes, especially in women who smoke or are
over the age of 35 [71, 88]. Therefore, a different route of hormone administration, such as
transdermal application, could bypass the first-pass effect and make the formation of more
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reactive and harmful metabolites less likely in these older women [71, 88, 110]. Another
suggestion was that 17p-estradiol (E2) should have been used instead of Premarin
(conjugated equine estrogens or CEES) since all previous positive laboratory results
demonstrating the neuroprotective effects of estrogens used E2, not CEEs [71, 88]. They
also posited that the progestogen used, Provera (medroxyprogesterone acetate, MPA) should
have been administered in a cyclic fashion (regularly increasing and decreasing doses) to
mimic the normal menstrual cycle, even if this might have reinstated menses as a side effect
[35, 71]. The final, and quite possibly the most important, criticism of the WHI was the
average age of the menopausal women enrolled, 63.3 years. Since the median age of onset
of natural menopause is 51, these women were more than a decade past the onset of
menopause and had already been E2-deficient for an average of 12 years before the WHI
began. Therefore, the negative findings of the WHI may not be applicable to women who
are currently experiencing or have recently completed the menopausal transition [71, 146].

Evidence for a Critical Period of E2 Replacement

The Critical Period Hypothesis and Healthy Cell Bias

Soon after the WHI results were published, Sherwin, Maki and others proposed the “critical
period hypothesis,” which states that a precise window of opportunity exists for beneficial
hormone therapy following menopause [55, 74, 104, 151-153]. This theory suggests that if
hormone therapy is initiated soon after natural or surgical menopause, it may prevent
cognitive decline [55, 74, 104, 151, 152]. However, if hormone therapy is initiated after a
significant period of time has elapsed following menopause, outside the window of
opportunity, then the beneficial effects of estradiol could be significantly attenuated [151,
152]. Brinton expanded upon this concept with the “healthy cell bias of E2 benefit,” which
suggested that E2 only yields neurological benefit if it is applied to healthy neurons [20-22].
Since the health of neurons tends to deteriorate with aging, the benefits of E2 exposure in
postmenopausal women wanes as the time since onset of menopause increases, until E2
eventually becomes detrimental and able to exacerbate neurological injury [20-22]. The
“critical period hypothesis” and the “healthy cell bias” both could plausibly explain the
surprisingly negative results of the WHI, which initiated hormone therapy in late
postmenopausal women. In the sections below, we will review the basic science and clinical
evidence for the critical period hypothesis.

Supporting Animal Studies

Abundant animal studies have been conducted that provide support for the critical period
hypothesis, as well as mechanistic evidence for the neurological consequences of long-term
E2 deprivation (LTED) (See Figure 6 for summary.) [16, 38, 57, 116]. In fact, long-term
ovariectomy, a model of surgical menopause, in macaques led to a significant decline in
hippocampal response to estrogens [67]. Middle-aged female rats also demonstrated
improvement in working memory, a hippocampal-dependent task, when treated with E2
immediately but not 5 months after bilateral ovariectomy [39]. Chronic E2 treatment was
also found to enhance attention performance in middle-aged ovariectomized rats, and LTED
before E2 treatment was found to significantly attenuate this effect [13]. Likewise, E2
replacement beginning up to 15 months post ovariectomy in young adult rats was found to
increase long-term potentiation and dendritic spine density at hippocampal CA3-CA1
synapses, two processes which are critical for learning and memory [164]. However, if E2
treatment was delayed 19 months after ovariectomy, E2's beneficial effect on hippocampal
synaptic physiology was lost, suggesting that a critical period exists for E2 replacement
[164]. Furthermore, researchers saw that 5 months of E2 deprivation abolished E2's ability
to acutely regulate intrinsic membrane excitability in CA1 hippocampal neurons of rats
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[192]. In fact, the number of action potentials evoked and firing duration per each acute
injection of E2 decreased in LTED neurons compared to control [192].

Additionally, E2 was able to increase choline acetyltransferase activity, which is responsible
for synthesizing the neurotransmitter acetylcholine, in both the hippocampus and pre-frontal
cortex, two neural areas that are critical for memory [12]. However, the same study showed
that 5 months after ovariectomy E2 could no longer enhance choline acetyltransferase
activity in the hippocampus [12]. Intriguingly, donepezil, an acetylcholinesterase inhibitor
commonly used to treat Alzheimer's disease, was demonstrated to restore E2's enhancement
of cognition after LTED via bilateral ovariectomy at 3 months of age in middle-aged (12-17
months), but not aged (22—27 months), female rats [58]. These last two studies are especially
fascinating because in addition to providing support for the critical period hypothesis, they
further suggest that maintaining a proper balance of acetylcholine in the basal forebrain may
restore E2's ability to enhance task-specific cognitive performance.

Furthermore, Brinton and colleagues provided evidence that LTED promotes a switch to
ketogenic profile in the brain [195]. Specifically, they observed that wild-type mice and
transgenic mice that model Alzheimer's disease both had significant decreases in activity of
mitochondrial complexes responsible for oxidative phosphorylation and significant increases
in enzymes required for fatty acid formation and ketone body metabolism [67, 195]. Since
these phenomena are thought to underlie Alzheimer's disease in humans, this finding could
mechanistically explain the increased risk of dementia seen in postmenopausal women
[195]. They also observed that LTED induced formation of mitochondrial 3-amyloid and
expression of mitochondrial f-amyloid-binding-alcohol-dehydrogenase, further connecting
LTED with AD development [196]. Importantly, this phenotype was prevented by
replacement of E2 in ovariectomized mice, which suggests that HT may alleviate the
increased risk of AD development in postmenopausal women if treatment is initiated close
to the onset of menopause [196].

In further support of the critical period hypothesis, E2 was also found to exert profound
neuroprotection against ischemic damage if it was replaced immediately but not 10 weeks
after ovariectomy [172, 203]. For instance, in a recent study, we examined whether a period
of LTED (10 weeks, “10W”) would lead to diminishment of E2 signaling and
neuroprotective actions in the rat hippocampal CA1 region following GCI. Additionally, the
trophic effect of E2 upon the uterus was examined to determine whether changes in E2
sensitivity following long-term E2 deprivation were brain-specific. As shown in Figure 7A,
the ability of E2 to exert neuroprotection in the hippocampal CA1 region was lost in LTED
(10W) animals as determined by NeuN and Fluoro Jade B staining and counting of number
of surviving neurons [203]. Additionally, E2's ability to suppress NADPH oxidase activation
and O, production in the CA1 region at 3 hours after reperfusion was lost in LTED (10W)
animals [203].

Interestingly, E2's nongenomic signaling ability was also lost in LTED animals, as
evidenced by loss of E2's ability to enhance Akt phosphorylation in the CAL region of
LTED animals at 3 hours after reperfusion (Figure 7B). Also, as shown in Figure 7B, E2
enhanced ERa and PI3K P85 subunit interaction in the hippocampal CA1 of animals treated
with E2 immediately after ovariectomy (Imm), but this interaction was lost in LTED
animals (10W). Furthermore, examining NeuN and Fluoro Jade B staining and counting the
number of surviving neurons in the CAL revealed that the neuroprotective effect of EDC is
lost in 10W animals (Figure 7C), as well as its ability to enhance Akt phosphorylation
(Figure 7D). However, in contrast to the loss of E2 sensitivity observed in the hippocampus
CALl of LTED animals, the well known uterotrophic effect of E2 upon the uterus was not
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lost in LTED animals, indicating that loss of E2 sensitivity after LTED is tissue-specific
(Figure 7E).

Furthermore, additional work by our group showed that the loss of sensitivity to E2
neuroprotection following LTED was correlated with a significant decrease in ERa, but not
ERp, in the hippocampal CAL1 region following LTED [203], which could explain the
decreased hippocampal sensitivity to E2's neuroprotective actions following LTED. The
decrease of ERa in the hippocampal CA1 region after LTED was tissue-specific, as there
was no significant decrease observed in the uterus. In follow-up studies, we sought to
determine the mechanism underlying the decrease in ERa and to determine whether aging
leads to a similar loss of hippocampal ERa and E2 sensitivity. The results of the study
revealed that ERa in the rat hippocampal CAL1 region, but not the uterus, undergoes
enhanced interaction with the E3 ubiquitin ligase, CHIP (carboxyl terminus of Hsc70-
interacting protein), which leads to ubiquitination and proteasomal degradation of ERa
following LTED [202]. E2 treatment initiated before but not after LTED, prevented the
enhanced ERa-CHIP interaction and ERa ubiquitination/degradation, and was fully
neuroprotective against global cerebral ischemia (GCI). In addition, administration of a
proteasomal inhibitor or CHIP antisense oligonucleotides reversed the LTED-induced down-
regulation of ERa.

Further work showed that these observations extended to natural aging, since aged (24-
month-old) female rats had decreased ERa in the hippocampal CA1 region compared to
young (3-month-old) female rats (Figure 8A), enhanced CHIP interaction with ERa (Figure
8B), and ubiquitination and degradation of hippocampal ERa (Figure 8C) [202]. ERp also
demonstrated enhanced interaction with CHIP, ubiquitination and degradation in the
hippocampal CA1 region of 24-month-old female rats (Figure 8D). Importantly, these events
in aged rats were correlated with loss of E2 neuroprotection against GCI. Interestingly, E2-
treated aged (24 month old) rats actually had a 16% increase in mortality (e.g. worse
outcome), as compared to placebo controls [202]. This is consistent with the WHI results in
aged humans, where neurological outcome was worse after E2 treatment. However, of
significant importance, E2 administration to young (3-month-old) and middle-aged (10-
month-old) rats in our study yielded strong neuroprotection of the hippocampus against
cerebral ischemia [202]. These findings provide support for the critical period and healthy
cell bias hypothesis for E2 neuroprotection.

As illustrated in Figure 9, our results suggest that in periods of low circulating E2 levels,
such as following long-term E2 deprivation induced by surgical menopause or natural aging,
the unliganded ER in the hippocampus CAL region displays increased binding to the
ubiquitin ligase, CHIP, leading to its ubiquitination. There is also enhanced interaction of
ER and CHIP with the proteasome-associated co-chaperone, Bagl, which is thought to
promote delivery of ubiquitinated proteins to the proteasome for degradation. The
proteasomal degradation of ER is proposed to underlie decreased sensitivity of the
hippocampus to E2 and the corresponding loss of E2 neuroprotection that was observed after
LTED and in aged rats. Taken as a whole, this study provides support for a “critical period”
for E2 neuroprotection of the hippocampus, and provides important insight into the
mechanism underlying the critical period.

Finally, an additional novel observation derived from our studies was dramatically enhanced
hypersensitivity of the hippocampal CA3/CA4 region to ischemic injury and neuronal cell
death following long-term E2 deprivation (Figure 10) [203]. Compared to the CA1 region,
the CA3/CA4 region is normally resistant to ischemic insult and not significantly damaged
during GCI. However, our work showed that after LTED, the CA3/CA4 region becomes
extensively damaged by the same ischemic insult that caused little to no damage in animals
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that have not experienced LTED. This is intriguing because long-term ovariectomy (surgical
menopause) in humans has been correlated with an increased risk of cognitive decline,
dementia and mortality from neurological disorders [138-141], although the mechanisms
underlying these effects have remained unclear. Our study may provide a mechanistic
explanation for this increased risk by demonstrating a hypersensitivity of the hippocampal
CA3/CAA4 to injury after prolonged hypoestrogenicity. Sham animals showed no loss of
CA3/CAA4 neurons after LTED, suggesting that the ability of the CA3/CA4 to withstand
stress following prolonged hypoestrogenicity is severely compromised, and that E2
deprivation itself, per se, does not cause loss of CA3/CA4 neurons. Of significant interest,
E2 treatment begun after prolonged hypoestrogenicity did not prevent the induction of the
CA3/CAA4 hypersensitivity, which may be due to a loss of E2 sensitivity of this region, as
was shown in the CA1 region. These findings suggest that LTED can increase sensitivity of
the hippocampus to ischemic stress, leading to enhanced damage of hippocampal neurons.
The mechanism(s) underlying this hippocampal hypersensitivity to ischemic stress following
LTED is unknown and is an area of active investigation by our laboratory.

Altogether, the aforementioned animal studies provide support for the critical period
hypothesis and could mechanistically explain why the WHI found that hormone therapy was
ineffective in preventing stroke and dementia when given to women who were more than a
decade past the onset of menopause. They also provide a potential mechanistic
understanding to some of the negative neurological outcomes associated with LTED
(surgical menopause) in humans, such as increased risk of cognitive decline, dementia, and
mortality due to neurodegenerative disorders.

Supporting Clinical Studies / Clinical Trials Attempting to Address Criticisms of the WHI

Following the results of the WHI, a number of clinical trials were and are still being
conducted in an attempt to test the critical period hypothesis and address the aforementioned
concerns regarding the WHI study (See Table 1 for summary). The REMEMBER pilot
study provided support for the critical period hypothesis by assessing cognitive function in
428 women aged 60 or older who initiated systemic hormone therapy within five years of
natural or surgical menopause (hysterectomy plus bilateral oophorectomy) [101]. Although,
they recommended using a larger sample size in the future, the REMEMBER researchers
found that women who initiated HT early performed significantly better on cognitive tests
than women who initiated HT late or never used HT at all, suggesting that timing of E2
replacement, with regard to menopause, is critical for neurological benefit [101]. Along
these lines, a larger population-based study was conducted to further assess the effect of HT
timing on prevalence of dementia in postmenopausal women. Whitmer et al. found that, at
least in middle-aged women using the Kaiser Permanente Medical Care Program of
Northern California (KPNC) between 1964 and 1973, early menopausal HT was associated
with a 26% decreased risk of developing dementia [187]. However, in the same set of
women, late menopausal HT was associated with a 48% increased risk of dementia [187],
suggesting that a critical window exists for beneficial E2 replacement after menopause, with
respect to prevention of dementia.

Dumas et al. conducted a small, randomized, placebo-controlled trial of oral E2 (17p-
estradiol) to test the effect of E2 on cognition in younger (50-62) versus older (70-81)
postmenopausal women [46]. Intriguingly, they showed that pre-treatment with oral E2
attenuated anti-cholinergic drug-induced deficits of episodic memory in the younger
postmenopausal women but, conversely, further hindered the older postmenopausal women
[46]. This critical observation provides supports that E2 may yield neurological benefit if
administered within 10 years of menopause but may also exacerbate cognitive deficits if
administered more than 20 years after the onset of menopause. Additionally, the Women's
Ischemia Syndrome Evaluation study (WISE) examined the timing of hormone therapy with
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respect to cardiovascular disease in postmenopausal women having coronary angiography
performed during evaluation for ischemia. They found that naturally menopausal women
who initiated HT before the age of 55 had less severe coronary artery disease than never
users, and this effect was not observed in naturally menopausal women who initiated HT at
or after the age of 55 [155], another result consistent with the critical period hypothesis.
Furthermore, WISE researchers suggested that these conclusions were only valid in the
event that the HT user was healthy with little or no pre-existing coronary artery
atherosclerosis, which is also consistent with the healthy cell bias of E2 replacement [155].

Along these lines, Rocca's recent meta-analyses of clinical studies concerning HT and
cognitive aging provided clinical evidence supporting the critical period hypothesis, since
the majority of included clinical studies demonstrated neuroprotection in women who
underwent treatment with estrogens perimenopausally (50-60 years of age) [139, 140].
Conversely, these meta-analyses also revealed that studies on women who initiated hormone
therapy in late menopause (65-79 years of age) demonstrated an increased risk of dementia
and cognitive decline [139, 140]. Considering this data, Rocca suggested that the
neuroprotective effects of estrogens depend on age at initiation of HT, type of menopause
(natural versus surgical) and stage of menopause, and he further recommended that women
who experience premature menopause, either naturally or surgically via bilateral
oophorectomy, should be treated as ideal candidates for HT until around the age of 51 [140].

It is also important to note that recently, a 10-year follow-up of the WHI's “estrogen-alone
trial,” which treated hysterectomized postmenopausal women with unopposed oral CEEs for
a median of 5.9 years, was published. Intriguingly, the study showed no increase in the risk
of cardiovascular disease, stroke, hip fracture, colon cancer, or death and a decreased risk
for breast cancer in these women either during or after treatment with oral CEEs [93].
Furthermore, upon examination of results by age group, oral CEEs appeared to provide
significant benefit to women aged 50-59. These hormone-treated perimenopausal women
experienced a significantly decreased risk of coronary heart disease (approximately 41%
decrease) (HR 0.59, 95% CI 0.38-0.90), myocardial infarction (approximately 46%
decrease) (HR 0.54, 95% CI 0.34-0.86), and total mortality (HR 0.73, 95% CI 0.53-1.00)
versus those treated with placebo [93]. These benefits were not observed in older women
aged 60 — 69 or 70 — 79. Perimenopausal hysterectomized women treated with unopposed
oral CEEs also had relatively neutral risks for deep vein thrombosis, pulmonary embolism,
stroke, invasive breast cancer, hip fracture, and colon cancer compared to placebo-treated
women [93]. Most importantly, the WHI ten-year follow-up study supports the critical
period hypothesis, because the global index of chronic diseases 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) [93].
Therefore, the WHI's estrogen alone trial suggests that HT may provide benefit in
perimenopausal women aged 50-59, but this benefit may wane significantly as the time
since the onset of menopause increases, until the risks of HT significantly outweigh the
benefits.

Finally, there are several ongoing studies concerning the critical period hypothesis, the
results of which the scientific community is eagerly awaiting. First is the KRONOS Early
Estrogen Prevention Study (KEEPS), which is an ongoing multi-center, placebo-controlled,
randomized clinical trial for HT that is restricted to women who are within 3 years of
menopause onset [113]. In addition to testing the critical period hypothesis, KEEPS will also
vary HT regimens to include either low-dose CEEs or transdermal 17p3-estradiol (E2)
opposed by oral, cyclic, micronized progesterone and measure cardiovascular disease
progression via carotid artery intimal-medial thickness and coronary artery calcium build-up
in postmenopausal women [113]. Second is the Early Versus Late Intervention with
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Estradiol trial (ELITE), which is an ongoing clinical trial that aims to measure the
progression of atherosclerosis in postmenopausal women. These researchers plan to focus on
the timing of postmenopausal HT initiation, using oral E2 instead of CEEs, in women who
are either less than 6 years (early) or greater than 10 years (late) from the onset of
menopause [76, 110]. It is hoped that the results of these two trials will provide more clarity
with regard to the timing of HT initiation after menopause and its benefits.

While all of the aforementioned clinical trials focused on the timing of HT in
postmenopausal women, other clinical trials attempted to address the remaining concerns of
the WHI, such as the type of estrogen/progestogen included and the route of HT
administration. The ESTHER study was a multi-center case-control study that measured
occurrence of venous thromboembolism (VTE), a pro-thrombotic disease that could
contribute to ischemic strokes, in women using either oral or transdermal HT. They found
that users of oral estrogens were 4-times more likely to have a VTE than HT nonusers (OR
4.2; 95% CI 1.5-11.6), whereas transdermal E2 users did not demonstrate any increased risk
for VTE, compared to nonusers (OR 0.9; 95% CI 0.4-2.1) [25]. These data were confirmed
in the E3N study, which followed a huge prospective cohort of menopausal French women
for an average of 10 years, documenting HT use and the incidence of first idiopathic venous
thromboembolism. The E3N study found that past HT users did not incur a significantly
increased risk of VTE compared to never-users [24]. They also demonstrated that oral CEEs
were associated with an increased risk of VTE, but this increased risk was not observed
when transdermal E2 was used instead of oral CEEs [24]. Finally, both the ESTHER study
and the E3N determined that oral norpregnanes, but not progesterone, pregnanes, or
nortestosterones were associated with an increased risk of VTE [24, 25]. Together, these
results could explain why the WHI, which used oral CEEs in late postmenopausal women,
saw an increased risk of ischemic stroke and dementia.

Transdermal Estradiol and NeuroSERMs: Menopausal Miracle Drugs?

Previous work has shown that orally administered estrogens lead to a hepatic concentration
of E2 that is 4 to 5 fold higher than serum levels of E2 due to the first-pass effect, which is
the absorption and transport of oral drugs from the gut to the liver [110]. This
supraphysiological dose of E2 subsequently leads to hepatic elevation of harmful
metabolites such as inflammatory C-reactive protein, serum Amyloid A, prothrombin
fragments, and atherosclerotic plaque-disrupting enzymes [110]. Considering this effect, it is
no surprise that oral CEEs are associated with increased risks for VTE and ischemic stroke.
However, since transdermal E2 bypasses the gut and liver entirely, transdermal HT seems to
be a logical, intuitive, and safer option for menopausal women [27, 92, 167, 175]. In fact, as
mentioned earlier, the ESTHER study observed a 4-fold increased risk of VTE in oral HT
users versus nonusers but no increased risk of VTE in transdermal HT users [25].
Furthermore, a recent nested case control study using the UK's General Practice Research
Database demonstrated that low-dose (50 micrograms or less), but not high dose, E2 patches
did not increase the risk of stroke in postmenopausal women (rate ratio 0.81, 95% CI 0.62—
1.05) [135]. The same study also observed that current transdermal E2 use did not carry an
increased risk of stroke in current users versus nonusers (adjusted rate ratio 0.95, 95% CI
0.75-1.20) [135]. Conversely, in alignment with the WHI, the same study showed that users
of oral estrogens did demonstrate an increased risk of stroke versus nonusers (rate ratio 1.28,
95% CI 1.15-1.42), equating to 0.8 additional strokes per 1000 women per year [135, 167].
It should be mentioned that this observational study included over 400 general practices in
the UK and over 75,000 women, avoiding both recall bias and selection bias in the process
[167].

It is also worth mentioning that transdermal E2 has been commonly prescribed for
postmenopausal women in Europe for decades, but oral estrogens remain the mainstay of

Front Neuroendocrinol. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

Page 18

treatment in the U.S. [27]. Transdermal E2 should provide all the benefits of hormone
therapy without elevating cardiovascular or neurological disease risk, in accordance with
supporting laboratory and clinical E2 cardioprotection and neuroprotection studies.
However, while it is true that physicians should consider transdermal E2 as a safer option
for postmenopausal HT, with respect to the heart and brain, it is important that clinicians
keep in mind other potential risks of steroid hormone treatment, such as the development of
cancer [195]. Along these lines, much effort is still needed in the area of drug discovery for
safer postmenopausal HT. The ultimate goal is to create a compound that will maintain the
neuroprotective and cardioprotective effects of E2 but circumvent the serious potential risks
associated with long-term steroid hormone therapy. Simpkins and Brinton suggest a class of
compounds known as neuroSERMs (selective estrogen receptor modifiers), which can
selectively traverse the blood-brain barrier and exert neuroprotection without acting on
peripheral tissues or causing unwanted estrogenic side-effects [159]. Intriguingly, this idea is
quite plausible, with the potential to benefit millions through prevention of cerebrovascular
disease and associated cognitive decline.

Summary and Conclusion

In summary, 17p-estradiol is an endogenous steroid hormone produced primarily by the
ovaries, which has the ability to attenuate damage from cerebral ischemia and delay onset of
cognitive decline in both animals and humans [19]. Furthermore, high levels of serum E2
can partially explain women's relative protection from heart attacks, strokes, and
neurodegenerative diseases until late in life [19, 98, 118, 121, 143, 173]. Unfortunately,
during natural reproductive senescence and surgical menopause induced by bilateral
oophorectomy, women experience a dramatic reduction in circulating E2 levels. This
phenomenon leads to vasomotor and psychological menopausal symptoms and a subclinical,
but significant, increased risk of osteoporosis, cardiovascular disease, cerebrovascular
disease, and dementia [38, 78, 115, 125, 141, 158]. To avert bothersome symptoms and
prevent an increased risk of disease in postmenopausal women, the logical solution is to
compensate for the ovaries' inability to produce E2 after menopause with hormone therapy.
Despite overwhelming evidence of the neuroprotective and cardioprotective functions of
estradiol and the dire consequences of long-term E2 deprivation, the Women's Health
Initiative determined that oral HT (CEEs with or without MPA) led to a significantly
increased risk of stroke and dementia [48, 157, 184]. However, the route of drug
administration, type of estrogen (CEEs vs. E2) and progestogen utilized, and the average age
of WHI participants were heavily criticized [35, 71, 88, 110].

In the wake of the controversy spurred by the WHI, the “critical period hypothesis” and the
“healthy cell bias of E2 replacement” were proposed [20, 22, 55, 74, 104, 151-153]. Both of
these hypotheses suggested that the timing of hormone therapy, in regard to the onset of
menopause, is crucial. When administered in the perimenopausal period, while women are
theoretically still healthy, E2 could provide neurological, and cardiovascular benefit [20, 22,
151, 152]. However, if hormone therapy is delayed after menopause and a period of long-
term E2 deprivation, such as 10 years, is allowed to occur before treatment, estradiol may
become detrimental and pose undue harm to these less healthy women via an exaggerated
risk of venous thromboembolism, ischemic stroke and dementia [20, 22, 146]. Intriguingly,
both of these hypotheses are well supported by studies in animals and humans, although the
scientific community is still awaiting the results of key clinical trials, such as ELITE and
KEEPS, in order to confirm whether perimenopausal HT is safer than postmenopausal HT in
humans [38, 116, 139, 140]. Furthermore, both the Endocrine Society's scientific statement
concerning menopausal HT and the North American Menopause Society's current clinical
guidelines acknowledge the “critical period hypothesis” and its supporting studies by
recommending initiation of HT as close to the onset of menopause as possible and using the

Front Neuroendocrinol. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

Page 19

lowest effective dose of hormones [1, 146]. This knowledge, along with the hypothesized
safety and efficacy of low-dose transdermal E2 and neuroSERMs, provide hope that future
E2-based hormone therapy will alleviate the bothersome symptoms of menopause, attenuate
postmenopausal risk of cardiovascular and cerebrovascular disease, and avert cognitive
decline in the aging woman. Finally, as shown in Box 1, there are many unresolved issues
that require further study for continued advancement of the field and resolution of existing

controversies. Addressing these complex issues from both basic science and clinical

perspectives should ensure continued progress and provide much-needed answers for the

field.
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Figure 1. Mechanisms of Estradiol Neuroprotection

This figure summarizes four major mechanisms through which 173-estradiol (E2) protects
neurons: classical genomic signaling, rapid non-genomic signaling, antioxidant functions,
and mitochondrial bioenergetics. See text for further details.
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Figure 2. Evidence that ERa mediates E2-induced neuroprotection in hippocampal CA1l region
following ischemia

(A) Western blot analysis demonstrates a robust reduction in ERa or ER[ expression after
pretreatment with ERa or ER antisense-ODNs (AS), as compared to missense ODNs (MS)
controls or Sham controls (a, b). *P < 0.05 vs. MS-treatment group, respectively. (B) Effect
of MS, ERa or ERB AS on E2 neuroprotection against cerebral ischemia. Representative
CAL sections double stained with NeuN (red) and Fluoro-Jade B (green) from E2-treated
animals with ERa AS, ERB AS or MS infusion. Note that E2 protection was abolished only
in the ERa AS infused rat hippocampus (a). Values are means + SE from 67 animals (b).
*P < 0.05 vs. E2+MS group. Scale bar, 50 um; Magnification, 40%; n.s., No significant
difference. Figure adapted from [203].
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Figure 3. Estradiol Induces Expression of Survivin in CAl Hippocampal Neurons 24 and 48
Hours After Global Cerebral I1schemia

(A, B) 17p-Estradiol enhances expression of the anti-apoptotic protein survivin in
hippocampus CAL after global cerebral ischemia. Values are mean + SEM of determinations
from five to six individual rats expressed as fold change versus sham control. Pla, Placebo;
R, reperfusion. *P < 0.05 versus sham control; #P < 0.05 versus the Pla group at the same
time point. (C) DAB and confocal analysis shows that survivin is induced in NeuN-positive
neurons by E2 in hippocampus CA1 at 24 h after global cerebral ischemia. Results are
representative of staining observed in five individual animals per group (magnifications,
40x). Scale bars, 50um. Figure adapted from [204].
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Figure 4.

(A-a) Extranuclear localization of EDC and E2-BSA in neurons in hippocampal CA1 region
of rats. FITC-tagged EDC and E2-BSA were injected into the lateral ventricles. 1h later, the
rats underwent transcardial perfusion, and their brains were cut into 25mm coronal brain
sections with a cryostat. Confocal analysis showed that EDC and E2-BSA entered neurons
in the hippocampal CA1 region but were incapable of penetrating into the nucleus. (A-b, c)
EDC and E2-BSA2 protect neurons of the hippocampus CA1 region from injury induced by
GCI. NeuN immunostaining of representative hippocampus sections from sham, vehicle,
EDC, EDC+ICI, E2-BSA and E2-BSA+ICl-treated female ovariectomized rats subjected to
10min GCI followed by 7d reperfusion. Global ischemia induced significant neuronal cell
loss in the CA1 pyramidal cell layer. EDC or E2-BSA treatment afforded nearly complete
protection from global cerebral ischemia-induced neuronal cell loss. 1C1182,780 (ICI)
abrogated the neuroprotection induced by EDC or E2-BSA. NeuN-positive neurons per 1
mm length of CA1 region were counted as surviving neurons. F (5, 30) = 105, *P < 0.001
vs. vehicle and EDC+ICI groups; F (5, 30) = 105, #P < 0.001 vs. vehicle and E2-BSA+ICI
groups. Magnification, 40%; Scale bar, 50um. (B) Effects of EDC on spatial learning and
memory ability in the Morris water maze. (a) Latency to find the submerged platform. F (11,
48) = 77, *P < 0.001 vs. sham; F (11, 48) = 77, #P < 0.001 vs. Vehicle and EDC+ICI. (b)
Time spent in the quadrant, which initially contains the platform. F (3, 16) = 37, *P < 0.001
vs. sham; F (3, 16) = 37, #P < 0.01 vs. Vehicle and EDC+ICI. (c) Representative sample
paths from the maze trials (i—iv) and the probe trials (v-viii) at 9 days after reperfusion. (i, v:
sham; ii, vi: vehicle; iii, vii: EDC; iv, viii: EDC+ICI). R: reperfusion. ICI: 1C1182,780.
Reprinted, with permission, from PLoSOne [194].

Front Neuroendocrinol. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott et al.

Page 39

Age b7 D +HNE __ 8-OHdG
=7 o] = Pla
Se ° " Sham
2 Py
< s =2
2 v4
g4 =
2 Zs
o3 c
= o2
a2 g- "
E 1 n1 ——.~ {/
% Sham 30m 1h 3h Gh 24h \Inm 30m th 3h Gh  24h

B
A NADPH Qxidase
Activity
*

Superoxide level c

i Sham

600

400

‘ - e
(i

\ g\\ *\( \

OD/ng prmcin/min =

OD/ng protein/min

'1-)(\ ‘:\5

R RS \
v

Figure 5. E2 attenuates NADPH oxidase activity, superoxide production and oxidative damage in
hippocampal CA1 after global cerebral ischemia

(A) Time course of NADPH oxidase activity (a) and superoxide production (b) in
hippocampal CA1 region from sham, placebo (Pla) and E2-treated rats. Values are means
+SE of 4-5 rats in each group and expressed as fold changed vs. sham+Pla group. *P < 0.05
vs. sham; #P < 0.05 vs. Pla at the same time point. There was no difference between Pla
+sham and E2+sham groups. (B) Effects of 1C1182,780 on NADPH oxidase activity (a) and
superoxide production (b) in CA1 at 3h after reperfusion. *P < 0.05 vs. vehicle group. (C)
Representative pictures of oxidized HEt staining taken from medial CA1 region 3 h after
reperfusion. Strong oxidized HEt staining was detected in Pla and E2+ICI treated brains
after ischemia, while weak oxidized HEt signals were detected in sham and E2 groups (a).
E2 significantly attenuated superoxide generation compared to Pla, which was reversed by
IC1182,780 (b). *P < 0.01, vs. sham and E2. (D) Effect of E2 on oxidative damage markers
for lipid peroxidation (4-HNE) and DNA damage (8-OHdG) 1 day after ischemia. Note that
E2 strongly decreased 4-HNE and 8-OHdG staining. Scale bar in all sections = 50 um;
Magnification, 40x. HEt: hydroethidine; ICI: IC1182,780. Adapted from [203].
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Figure 6. Neurological Consequences of Long-Term Estradiol Deprivation
This figure summarizes the mechanisms currently thought to underlie the three major
neurological consequences of long-term E2 deprivation (LTED): neurodegeneration,
cognitive impairment, and loss of E2 neuroprotection. Brinton and others have shown that
E2 maintains favorable mitochondrial bioenergetics in neurons, facilitating their use of
glucose as the primary source of energy through oxidative phosphorylation [195]. However,
during LTED, E2 is not able to serve its purpose, and neurons begin to switch their preferred
energy source from glucose to ketones [195]. Ketones are a much less efficient source of
energy for neurons, and their usage leads to an overall decreased amount of available ATP.
Secondly, our lab recently demonstrated, for the first time, that the unbound portion of E2's
cognate receptor, ERa, is degraded in the hippocampus during LTED [202]. This leads to
hippocampal-specific insensitivity to E2 and loss of E2 neuroprotection against cerebral
ischemia. Finally, E2's ability to enhance attentional processes, long-term potentiation,
dendritic spine density, and the activity of choline acetyltransferase, the rate-limiting
enzyme for synthesis of the neurotransmitter acetylcholine (ACh), is lost during LTED [12].
A lack of ACh hinders learning and memory and is closely linked with cognitive impairment
and Alzheimer's disease. Additionally, there may be some cross-talk between these major
events that occur during LTED, as evidenced by connecting arrows. See text for more
details. E2, 17B-estradiol; ERa, Estrogen Receptor Alpha; ATP, Adenosine Triphosphate.
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Figure 7. Loss of nongenomic signaling and neuroprotective actions of E2 in the hippocampus
following long-term E2 deprivation

(A) NeuN (red) and Fluoro-Jade B (green) staining results in hippocampal CA1 of long-term
E2 deprived animals treated with E2 or Placebo (Pla). Note that E2 loses its ability to protect
CAL neurons against ischemic damage after long-term E2 deprivation. (B) Effect of long
term E2 deprivation on nongenomic signaling by E2. Hippocampal CA1 protein lysate
samples at 3 h reperfusion from immediate (Imm) and 10-week later (10W) E2-replaced rats
were analyzed by Western blot for p-Akt and Akt levels (a). (b) Samples were IP with anti-
ERa antibody and blotted with anti-P85 subunit of PI3K. An equal amount of protein was
also Western blotted with anti-P85 to examine total protein expression. *P < 0.05 vs. Pla
and 10-week E2 groups. (C) NeuN (red) and Fluoro-Jade B (green) staining reveals that
EDC neuroprotection is lost in 10W animals. (D) EDC loses ability to activate Akt after 10-
week E2 deprivation. *P < 0.05 vs. vehicle and 10-week EDC groups. n.s: no significant
difference. (E) In contrast to loss of E2 neural actions after long-term E2 deprivation, the
trophic effect of E2 on the uterus is not lost following 10-week E2 deprivation. Scale bar, 1
cm; 1x. Reprinted, with permission, from Journal of Neuroscience [203].
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Figure 8. Decreased expression of ER, and increased expression of ER ubiquitination and
bindings with CHIP protein in hippocampal CA1 in aged (24 month) rats compared to young (3

month) rats

(A) Hippocampal homogenates from young and aged F344 rats were subjected to Western
blot analysis to test the expression profile of ERa protein (a, b). (B, C) Hippocampal CAl
protein samples were immunoprecipitated (IP) with anti-ERa antibody and probed with anti-
CHIP, anti-ubiquitin (Ub) or anti-ERa antibody. CHIP protein expression did not change in
young versus aged rats. (D) ERp protein expression and its bindings with ubiquitin and
CHIP were examined by Western blotting and co-IP analyses, respectively. All the data are
shown as means + SE from independent animals (n = 5-7) and expressed as fold vs. group
of young animals. * and ** denote P < 0.05 and P < 0.001 respectively, compared to group

of young animals. Adapted from [202].

Front Neuroendocrinol. Author manuscript; available in PMC 2013 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Scott et al. Page 43

LTED, Aging

@E,V Membrane

Py

ER

-
Unliganded

Proteasomal
Degradation

A H
ER
e M

¥

Hippocampus *
Sensitivity to E2

¥

[Loss of E2 Neuroprotection]

Figure 9. Long-Term Estradiol Deprivation Leads to Brain-Specific Degradation of Unliganded
Estrogen Receptor Alpha

CHIP-mediated ubiquitination and proteasomal degradation of estrogen receptors (ER) in
the hippocampal CA1 region occurs following long-term E2 deprivation (LTED) or natural
aging. Long-term E2 deprivation or natural aging leads to an unliganded ER. The
unliganded ER displays enhanced binding with the E3 ubiquitin ligase, CHIP, and the co-
chaperone Bagl, leading to enhanced ubiquitination and proteasomal degradation of ER.
The enhanced proteasomal degradation of ER leads to a decreased sensitivity of the
hippocampal CA1 region to E2 and a correlated loss of E2 neuroprotection. Reprinted, with
permission, from PNAS [202].

Front Neuroendocrinol. Author manuscript; available in PMC 2013 January 1.



1dudsnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Scott et al. Page 44

Sham

Im
Pla

10

Figure 10. Long-term E2 deprivation leads to hypersensitivity of CA3/CA4 neurons to ischemic
cell death following 10 min of global cerebral ischemia, and E2 replacement is incapable of
exerting neuroprotection or reversing the CA3/CA4 hypersensitivity to ischemic damage
Typical microscopy images showing NeuN staining in hippocampus from Sham or Placebo
(Pla)-treated Imm (immediate) or 10W (10 week) ovariectomized rats. Note the increased
sensitivity of the CA3/CA4 region in Pla 10W animals to neuronal cell death, as evidenced
by loss of NeuN staining. Magnification is 5x and the scale bar = 200 um. Adapted from
[203].
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Table 1
Study Type / # of Subjects Women Studied Type of HT QOutcome
WHI [184] RCT: 16,608 Late Menopausal Oral Ny = 1 Stroke
RCT - Subsets of WHI: 7,340 Oral CEEs +/— CEEs + MPA 1 dementia.
WHIMS [36, 48, 157] total Late Menopausal MPA CEEs alone | cognition.
NO 1 in volume of
Oral CEEs +/— ischemic brain lesions, but
WHIMS-MRI [36, 37] RCT - Subset of WHIMS: 1,403 Late Menopausal MPA | average volume of
hippocampus and frontal
lobe.
. = CEEs + MPA | verbal
WHISCA [36, 136] RCT - Subsetzogo\IZVHlNVHlMS. Late Menopausal Oral I\SIEI,EAS H memory. CEEs alone |
’ spatial rotational ability.
HT 1 VTE risk and does
HERS and HERS Il [63-65, . Oral CEEs + NOT | CHD or 1 cognition
83] RCT: 2,763 Late Menopausal MPA in women with existing
CAD.
NO 1 risk of CHD, DVT,
WHI lO—y?éag]F ollow-Up RCT: 10,739 E&'Lﬁgngulgglte ?,\lrglpsgissg%% stroke or mortality. Early
p gestog HT | risk of CHD and MI.
. . : Early HT 1 cognition. Late
REMEMBER Pilot [101] Cohort: 428 >60 Years of Age Multiple HT | cognition.
. Early and Late : Early HT | dementia. Late
KPNC [187] Cohort: 5,504 Menopausal Multiple HT | dementia.
Low-dose transdermal HT
UK GPRD [135] Nested Case-Control: 75,668 50-79 Years of Age Multiple does NOT 1 stroke, but

ESTHER [25]

E3N [24]

WISE [155]

KEEPS [70, 113]

ELITE [75, 76, 110]

Case Control: 881

Cohort: 80,308

Cohort: 654

RCT

RCT

Early and Late
Menopausal

Early and Late
Menopausal

Early and Late

Menopausal; Naturally

and Surgically
Menopausal

Early Menopausal

Early and Late
Menopausal

Oral CEEs and
Transdermal E2

Oral CEEs and
Transdermal E2

Multiple

Oral CEEs and
Transdermal E2

Oral and
Transdermal E2

High-dose and oral HT
stroke.

Oral HT and norpregnanes
1 risk of VTE.

Transdermal HT does NOT
1 risk of VTE.

Early HT | CAD in natural
menopause only.

Ongoing

Ongoing
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