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Abstract
Controversy regarding estrogen action in the brain remains at the forefront of basic, translational
and clinical science for women’s health. Here, I provide an integrative analysis of estrogen-
inducible plasticity and posit it as a strategy for predicting cognitive domains affected by estrogen
in addition to sources of variability. Estrogen enhancement of plasticity is evidenced by increases
in neurogenesis, neural network connectivity and synaptic transmission. In parallel, estrogen
increases glucose transport, aerobic glycolysis and mitochondrial function to provide the ATP
necessary to sustain increased energetic demand. The pattern of plasticity predicts that estrogen
would preferentially affect cognitive tasks of greater complexity, temporal demand and associative
challenge. Thus, estrogen deprivation should be associated with decrements in these functions.
Estrogen regulation of plasticity and bioenergetics provides a framework for predicting estrogen-
dependent cognitive functions while also identifying sources of variability and potential
biomarkers for identifying women appropriate for hormone therapy.

Introduction
Estrogen regulation of memory function ranges from fairly consistent in basic science
analyses to variable in the extreme in human studies [1–3]. Not surprisingly, the disparity
between the basic and clinical science findings of estrogen regulation of cognitive function
has been the topic of much debate [1] (Asthana, S. et al., unpublished). Estrogen
potentiation of neural plasticity serves as a platform to address the plausibility of estrogen
regulation of memory function and provides insights into potential sources of variability in
human studies.

Plasticity, broadly defined, has been proposed to be the underlying foundation for learning
and memory function (Box 1). In the nervous system, plasticity is manifested as dynamic
responses in neurogenesis, morphogenesis and synaptic transmission. Remarkably, estrogen
increases each of these plasticity domains in the adult brain typically within minutes to
hours of exposure (Figure 1). If plasticity is related to operational capability, such dramatic
changes in plasticity at the cellular, morphological and synaptic transmission levels should
impact function within the systems wherein the plasticity occurs. As estrogen enhances

© 2009 Elsevier Ltd. All rights reserved.
Corresponding author: Brinton, R.D. (rbrinton@usc.edu).
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Trends Pharmacol Sci. Author manuscript; available in PMC 2011 September 6.

Published in final edited form as:
Trends Pharmacol Sci. 2009 April ; 30(4): 212–222. doi:10.1016/j.tips.2008.12.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



plasticity in the hippocampus and prefrontal cortex (PFC), which are brain regions involved
in cognitive functions, there should be corollary changes in cognition.

Here, I examine the plasticity induced by estrogen in the hippocampus and cortex to
extrapolate from these responses a prediction of functional impact. Reviewed herein are
analyses of estrogen regulation of cellular, morphological and electrophysiological
plasticity. The implications of these plasticities are considered in light of their predicted
impact on neural system function and, ultimately, for cognition. Both the magnitude and
localization of estrogen-induced plasticity predict that estrogen would preferentially affect
cognitive tasks of greater complexity, temporal demand and associative challenge. A
corollary to this prediction is that estrogen-induced plasticity would not be required for less
demanding learning and memory tasks. Therefore, the impact of estrogen deprivation should
be apparent with increasing cognitive, temporal and associative demand. Data principally
derived from analyses of the endogenous estrogen, 17β-estradiol (E2), are considered with
exceptions noted in the text (Box 2).

Estrogen regulation of cellular plasticity: neurogenesis
The regenerative capacity of the brain is most dramatically evident in the daily generation of
new neurons in the two proliferative zones of the brain: the subgranular zone and the
subventricular zone [4]. While the number of factors that regulate cellular plasticity grows
(Box 1), ovarian hormones, in particular E2, are among those factors for which there is
substantial evidence documenting their neurogenic efficacy and functional relevance.

In vivo, E2 increased the proliferation of neural progenitor cells in the dentate gyrus
subgranular layer zone of ovariectomized rats (Figure 1a,e). Neurogenesis was greatest in
the intact rat during proestrus, when ovarian hormone levels are highest, compared with
estrus and diestrus [5]. In rats, the neurogenic effect of E2 is vulnerable to the duration of
ovarian hormone deprivation and regimen of hormone replacement. Prolonged absence of
ovarian hormones was associated with a loss of neurogenic response to E2, whether
administered chronically or cyclically, and a decrease in the number of new cells expressing
a neuronal phenotype [5]. These data indicate that prolonged deprivation of E2 leads to
diminished responsiveness to E2 and a concomitant decline in neuron production [5].

These findings in a rodent model would indicate disturbing implications for neurogenesis in
women deprived of ovarian hormones for an extended period of time. However, evidence
from the nonhuman primate brain [6] indicates that the nonhuman primate brain, and by
extension the human brain, has an extended period of responsivity to E2 relative to the
rodent brain (see section on morphogenesis later). It remains to be determined whether the
same extended window of estrogen responsivity in morphogenesis applies to neurogenesis.

The question immediately arises as to the biological importance of generating new granule
cells in the dentate gyrus. While the role of neurogenesis in learning and memory continues
to be debated, increasing evidence indicates that newly generated neurons in the dentate
gyrus contribute to the association of stimuli that are separated in time, a function that is a
hippocampal-dependent type of associative learning and memory [7,8]. As the dentate gyrus
is the first region of the hippocampus that receives and integrates sensory information via
the perforant path [9], expanding the temporal window of associating information from
multiple inputs should result in greater integration of information over time. Consistent with
this postulate, neural circuits generated by neurogenesis are proposed to lead to the
formation of temporal clusters of long-term episodic memories [8].

E2-induced neurogenesis is also potentially relevant to disease states. In a mouse model of
ischemia, E2 enhanced neurogenesis, in which both estrogen receptors α and β (ERα and
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ERβ; Box 2) contributed to the generation on new neurons; however, ERα contributed to a
greater extent than ERβ [10]. The greater contribution of ERα to E2-induced neural
proliferation observed in the ischemic rodents [10] is in contrast to the near-equal
contribution in normal rats [11]. The ERα preference could be due to the higher level of ERα
expression in the ischemia model, in which there is a 2–3-fold increase in ERα, whereas
there is a decrease in ERβ expression [12]. In a different disease model, E2 restored
neurogenesis in the subgranular and subventricular zones of the chronic diabetic mouse
brain [13].

To pursue the relevance of E2-induced neurogenesis into the human realm, we investigated
E2-regulated proliferation of human neural progenitor cells (hNPCs) [14]. E2 induced a
significant increase in hNPC proliferation in a time- and dose-dependent manner. E2-
induced hNPC DNA replication was paralleled by elevated cell-cycle protein expression and
centrosome amplification, which was associated with augmentation of the total cell number
[14]. The proliferative effect of E2 in hNPCs was mediated by ERβ activation of the
mitogen-activated protein kinase signaling pathway [14]. Our findings of ERβ-mediated
proliferation of human cortical neural progenitor cells are relevant to findings in ERβ
knockout mice, in which brain size was smaller and fewer neurons were observed [15].
Expression of ERβ in human embryonic brain cells indicates a comparable role for ERβ in
human brain development.

Estrogen regulation of morphological plasticity: spinogenesis
Estrogen, most notably E2 [16,17] but also other estrogens [18,19], are potent and rapid
inducers of morphological plasticity (Box 1). In the adult hippocampus and cortex,
morphological plasticity is best exemplified by increasing dendritc spine number or
dendritic spine contacts via multiple synapse boutons [20]. Substantial evidence indicates
that an increase in spine density in the hippocampus is associated with learning and memory
whereas decreases are associated with decrements in these cognitive functions [20–23].
Moreover, decreased synapse density and synaptic dysfunction precede Alzheimer’s disease
pathology and are the strongest neuropathological correlates of dementia severity [24,25].

Regionally, E2 induction of increased spines extends to multiple sites within the
hippocampus, including the CA1 region and dentate gyrus, and to multiple brain regions
including the medial amygdala and hypothalamus (Table 1; Figure 1a,b,e). Estrogen-induced
increases in spine density on both the apical and basal dendrites of CA1 pyramidal cells
receive excitatory input from CA3 pyramidal cells to form glutamatergic synapses
[22,26,27] (Figure 1). Consistent with the glutamatergic innervation to these spines, E2-
induced morphological enhancements are an NMDA (N-methyl-D-aspartate)-dependent
process [16]). Electrophysiological analyses indicate that the estrogen-induced increase in
spine density is paralleled by enhanced sensitivity of CA1 pyramidal cells to excitatory
synaptic input through both AMPA (α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate)
and NMDA receptors [26]. From a neural circuit perspective, E2 increased the number of
multiple synapse boutons; this lead to more synaptic contacts to different postsynaptic
neurons [28]. Thus, in addition to increasing the density of excitatory synaptic input to
individual CA1 pyramidal cells, E2 increases the complexity of the neural circuit to include
a greater number of postsynaptic CA1 pyramidal cells [28].

A correlational analysis of spine density with behavioral function revealed two important
findings [29]. First, E2-inducible spines were closely associated with memory performance.
Second, E2 did not enhance spatial working memory at the shortest delay period between
training and test trials (10 min) but was only effective at the longer more demanding delay
periods of 30–100 min. At the longer delay points, the E2-high spine group sustained spatial
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working memory performance that mirrored their asymptotic performance at the 10 min
delay test, whereas the performance of the E2-low spine groups declined precipitously with
increasing temporal demand [29]. Behaviorally, E2-inducible spines did not enhance the
minimal performance that was achievable by all groups but rather was required to sustain
performance capability during increasing temporal demand.

Collectively, these findings from the rat brain indicate that, in addition to increasing synaptic
strength, E2 is expanding the distribution of information across and communication between
neural networks while substantially increasing the temporal window during which
information can be effectively accessed and used to achieve goal-directed behavior.

E2 induction of spines is not limited to the rodent brain. In both young and aged monkeys,
E2 generates a 35% increase in total spines in the striatum radiatum of CA1, which
corresponds to an increase of 1.3 billion new spines in younger animals and 1.1 billion
spines in the aged animals [6]. Surprisingly, aged female macaques remained responsive to
E2 induction of spines, whereas the aged rat hippocampus does not [6]. Functionally, an E2-
induced increase in dendritic spines was associated with enhanced performance on a
hippocampal-dependent memory task in the same monkeys [30]. Important from a
therapeutic perspective, long-term (2–3 years) cyclical estrogen therapy (ET) induced the
same increase in spines within the CA1 of aged rhesus monkeys as short-term ET [6]. The
continued responsiveness to E2 by aged macaques is particularly relevant to women because
there are substantial similarities in endocrine senescence between humans and macaques.

E2 regulation of spines and spine shape is not limited to the hippocampus (Table 1). E2
significantly increased spine density of both apical and basal dendrites within the
dorsolateral PFC of the nonhuman primate brain [6] (Table 1). In addition, spine shape was
shifted towards smaller head size, which is associated with enhanced plasticity [31].
Mushroom-shaped spines and spines with a large head and thick neck are stable relative to
small head spines, contain the greatest number of AMPA receptors and have been suggested
to act as ‘memory spines’. In contrast, thin spines with small heads seem to be more
transient in nature, contain less AMPA receptors, are highly plastic and are suggested to
function as ‘learning spines’ [32]. All prefrontal regions receive projections from the
hippocampus, either directly or indirectly [33]. The lateral region, which is maximally
developed in humans, is crucial for temporal organization of behavior, speech and reasoning
[33]. Routine, automatic or over-learned behavioral sequences do not engage the PFC [33];
this indicates that E2-induced spine changes in the dorsolateral PFC would not affect simple
or routine cognitive functions.

If changes in spine density and shape within brain regions involved in cognition are relevant
to function, it should be possible to predict cognitive outcomes in the presence or absence of
E2. Beginning with spine changes in the entry point for the trisynaptic circuit, E2
preferentially increased spines in the outer molecular layer of the dentate gyrus [31].
Because the outer molecular layer of the dentate gyrus receives input from the entorhinal
cortex via the perforant path [9], one could posit that, as E2 increases dendritic spines in the
outer molecular layer of the dentate gyrus, a commensurate increase in either the efficiency
and/or the capacity for processing input from the neocortex would occur. The increased
processing of information from the neocortex by the dentate gyrus would be transmitted to
CA3 neurons via mossy fibers. In turn, CA3 Schaffer collateral axons synapsing onto E2-
induced CA1 apical dendrite spines [28] would predict an increase of either efficiency and/
or capacity for information processing. In tandem, the clustering of E2-inducible
multisynaptic boutons on CA1 apical dendrites [28] indicates selective enhancement of input
from particular CA3 cells.
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In the nonhuman primate hippocampus, the impact of increasing synaptic circuitry by >1
billion new spines should lead to a substantial increase in the number of neurons that are
synaptically connected. If E2-inducible spines and neural network complexity is related to
information-processing capability, the enriched hippocampal circuitry induced by E2 should
be capable of enhanced processing, associating and encoding of more complex patterns of
information over time. If this hypothesis is true, estrogen deprivation should preferentially
affect cognitive tasks of greater complexity, temporal demand and associative challenge (i.e.
linking information across time), whereas less demanding learning and memory tasks should
not be effected. Furthermore, if the spine changes in the dorsal lateral PFC occur in concert
with functional outcomes in the hippocampus, there should be a relationship between
magnitude of information processing, associative learning and the temporal organization of
working memory, behavioral outcome and reasoning.

Estrogen regulation of synaptic plasticity: circuit genesis
E2 is a potent and efficacious potentiator of synaptic transmission in the CA1 region of the
hippocampus via potentiation of both glutamate AMPA and NMDA receptors [26,34]
(Figure 1c,e). Enhancement of synaptic transmission is also associated with E2 attenuation
of GABA-mediated inhibition of CA1 pyramidal neurons [26]. E2 enhancement of long-
term potentiation is mediated by the Src/ERK (extracellular signal-regulated kinase)
pathway via phosphorylation of the NR2 subunit of the NMDA receptor [35,36].

The distribution of both ERα and ERβ throughout the trisynaptic circuit of the hippocampus
indicated that E2 could regulate synaptic transmission throughout the hippocampus. To
address this issue, we used multielectrode arrays that enabled simultaneous in vitro
recording of synaptic activity from multiple sites within the hippocampal subfields (dentate
gyrus, CA3 and CA1) [34]. Results of those analyses showed that E2 potentiation of
synaptic transmission was not unique to CA1 but was evident in each subfield of the
trisynaptic hippocampal system (Figure 1e). Surprisingly, E2 potentiation of synaptic
transmission was greatest in CA3 with a significant increase in the amplitude and slope of
CA3 associational commissural (AC) fibers that innervate pyramidal neurons in the CA3
regions both ipsilaterally and contralaterally. AC fibers integrate information along the long
axis of the hippocampus and unify hippocampi function [34].

Within the hippocampus, CA3 pyramidal neurons express the highest density of ERβ,
receive input from mossy fibers and AC fibers, and express both L-type calcium channels
and NMDA channels [34]. These two calcium channels participate in different phases of
memory function with NMDA-channel-associated memory acquisition, whereas L-type
calcium channels are associated with memory retention [34]. Consistent with these
functional analyses, we have shown that E2 induces calcium influx through L-type calcium
channels, which activates the Src/ERK signaling cascade; this leads to potentiation of
calcium conductance through NMDA receptor channels [6]. Increasing evidence indicates
that CA3 can serve as an associative-memory network owing to the sparse connectivity of
mossy fibers and its denser connectivity of associational fibers [34]. This model proposes
that entire memory patterns can be retrieved from partial representations of the memory and
is manifested as pattern completion [34]. Local potentiation of synaptic transmission within
each of the nodes of the trisynaptic pathway coupled with the morphogenic effects of E2
could transform local nodes of potentiation to a global network of potentiation with the AC
fibers in CA3, enhancing memory retrieval through auto-associative memory and pattern
completion. Functionally, E2-induced potentiation of each component of the trisynaptic
pathway should result in an increase in the absolute number of items that can be stored in the
memory network, whereas selective enhancement of the AC fiber system of CA3 by E2
should enhance the retrieval function of CA3 such that fewer elements of a memory would
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be required for the whole memory to be retrieved. If this hypothesis is correct then the
corollary should be true: that a deficiency in estrogen would lead to a requirement for a
greater number of the elements (larger representation) of a memory to retrieve the entire
memory.

Fueling the energy demands of enhanced plasticity
Estrogen-induced increases in plasticity at all levels have metabolic-demand consequences
[37]. The increase in synaptic transmission requires substantial energy because the largest
energy-consuming process of the brain is the maintenance of ion gradients across the plasma
membrane [38]. Maintenance of these gradients is fueled by the ATP-dependent Na+,K+-
ATPase, which is localized in neurons and glia. Activity of these pumps accounts for 50% of
ATP utilization in the central nervous system [38].

E2 increases expression of glucose-transporter subunits Glut3 and Glut4 in frontal cortex
neurons in the nonhuman primate brain [39] while also increasing glucose transport in the
blood–brain barrier endothelium [40]. An increase in glucose-transporter protein would also
require a concomitant change in factors regulating glucose metabolism such as insulin
growth factor-1 (IGF-1) and its cognate receptor. In the nonhuman primate frontal cortex, E2
induced a significant increase in IGF-1 mRNA [39]. The synergistic coupling between ERs
and IGF-1 receptors [41–44] link the IGF-1, PI3K/Akt signaling and ER pathways in
estrogen-inducible neuroprotection [37]. Increases in glucose transport into neurons should
be accompanied by increased glycolysis. Evidence derived from the rat brain indicate that in
vivo E2 significantly increased glycolytic enzyme activity of hexokinase (soluble and
membrane bound), phosphofructokinase and pyruvate kinase within 4 hours [37].
Hexokinases HKI and HKII bind to the mitochondrial voltage-dependent anion channel
(also known as VDAC or porin) to directly couple intramitochondrial ATP synthesis to
glucose metabolism (for review, see Ref. [37]).

If increased glucose uptake and glycolytic enzymes result in increased ATP to sustain the
metabolic demand of increased synaptic transmission and cellular growth, pyruvate must be
converted to acetyl-CoA for processing in the citric acid cycle (Figure 2). Conversion of
pyruvate to acetyl-CoA is mediated by pyruvate dehydrogenase (PDH), which is a key
regulatory enzyme complex linking the glycolytic metabolism to the citric acid cycle by
transforming pyruvate into acetyl-CoA. In the brain, PDH is further responsible for directing
acetyl-CoA to either the citric acid cycle or to acetylcholine synthesis [45]. E2 induced a
twofold increase in the expression of multiple subunits of the PDH enzyme complex, which
was mirrored by a commensurate increase in PDH activity [46]. Furthermore, E2 increased
the expression and activity of proteins required for oxidative phosphorylation electron
transfer, a result that was consistent with a coordinated response that optimizes glucose
metabolism in the brain [46]. Estrogen significantly increased both protein expression and
activity of complex IV subunits I–IV [46–48]. An increase in complex IV activity by E2 is
particularly relevant given that a reduction in complex IV is an early marker of Alzheimer’s
disease [49]. E2 also increased expression of ATP synthase F1α and β [46], which is
consistent with the increase in proteins required for mitochondrial respiration and with our
previous report of estrogen-induced increase in neuronal ATP [18]. E2-induced enhancement
of energetic efficiency was paralleled by an increase in free radical defense systems [46,50].
Collectively, these data indicate that E2 increases each aspect of glucose availability,
metabolism and conversion into fuel to drive the mitochondrial electron transport chain
required for increased ATP generation necessary to fuel the energetic demands of cellular,
morphological and synaptic plasticity (for reviews, see Refs [37,51,52]).
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If E2 is increasing glucose uptake, utilization and mitochondrial function in the brain then
there should be evidence of increased metabolic activity in the brain after estrogen
administration. As part of a 9-year study in the Baltimore Longitudinal Study of Aging
(www.grc.nia.nih.gov/branches/blsa/blsanew.htm), ET users showed better performance on
neuropsychological tests of figural and verbal memory and on some aspects of the PET
activation tests [53]. In a follow-up longitudinal study from the same cohort of healthy
menopausal women, regional cerebral blood flow was increased in ET users relative to
nonusers in the hippocampus, parahippocampal gyrus and temporal lobe (regions that form a
memory circuit and that are sensitive to preclinical Alzheimer’s disease) [53]. Furthermore,
the increase in regional cerebral blood flow was associated with higher scores on cognitive
tests [53]. In a separate study, a significant decrease in metabolism of the posterior cingulate
cortex was detected in non-ET women at 2-year follow-up, whereas ET users did not exhibit
significant metabolic change in the posterior cingulate [54]. The findings that ET use
preserves regional cerebral metabolism and protects against metabolic decline in
postmenopausal women, especially in posterior cingulate cortex, are particularly important
given that metabolism in this region of the brain declines in the earliest stages of
Alzheimer’s disease [37].

Overall, E2 promotes the energetic capacity of brain mitochondria by maximizing aerobic
glycolysis (oxidative phosphorylation coupled to pyruvate metabolism). Estrogen
enhancement of aerobic glycolysis in the aging brain would be predicted to prevent
conversion of the brain to using alternative sources of fuel such as the ketone body pathway
characteristic of Alzheimer’s disease (for review, see Ref. [37]).

Estrogen regulation of memory function from rodents to humans
Analyses of estrogen regulation of memory function span basic science investigations in
rodents to translational studies in nonhuman primates to clinical trials in humans [3]. Two
common findings emerge from these analyses. First, the loss of estrogen via removal of the
ovaries in either animals or humans is associated with decreased memory function [2,3,55].
Second, the variability in estrogen regulation of cognitive function increases as progression
up the phylogenetic tree occurs; for example, studies in rodents are less variable in estrogen
regulation of memory function relative to the high degree of variability in women.

Studies in rodents are typically controlled experiments conducted in ovariectomized animals
or in animals whose stage of reproductive cycle is a controlled variable and are conducted
when animals are still reproductively competent [3,55]. Removal of the ovaries leads to
ovariectomy-induced decrements in memory (and cognitive) function, which is prevented or
reversed with E2 treatment [3,55]. The delayed match-to-sample task provides a good
comparison between the effects in rodents and nonhuman primates. In a delayed match-to-
position T-maze task, ovariectomy significantly impaired acquisition of the working
memory component of the task; this was prevented by E2 replacement. These E2-inducible
memory effects are evident in other spatial learning tasks including T-maze alternation and
radial arm maze tasks, water maze tasks and place-learning tasks [3,55]. E2-inducible
responses are also evident in non-spatial tasks such as visual object recognition and
contextual and cued fear conditioning.

As in the rodent, analyses in nonhuman primates typically have been conducted in
ovariectomized females but several studies were conducted in the intact animal [56].
Ovariectomy in nonhuman primates led to robust deficits in discrimination learning, the
magnitude of which substantially exceeded the mild impairment of intact aged monkeys
[30]. E2 treatment reversed the ovariectomy-induced impairment on a delayed-response test
of hippocampal-dependent spatial working memory and PFC-dependent memory task.
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Replacement with E2 restored working memory function to that of young ovary-intact
females [30]. (In contrast to these findings, in aged rhesus monkeys no effect of ovariectomy
or E2 treatment on cognitive tasks after 2 months of ovarian hormone deprivation was found
in young premenopausal monkeys [6]). These findings, although representative of a larger
body of literature [56], are indicative of the importance of age and the duration of ovarian
hormone deprivation.

In neurologically healthy women, the most consistent effect of E2 replacement on cognition
is exemplified by the randomized clinical trials [3]. In a paradigm that most closely
resembled the animal studies, women (average age of 45 while still neurologically healthy)
had their uterus and ovaries removed for medical reasons and were tested for cognitive
function before surgery, after surgery and during ET intervention [3]. As in rodents and
nonhuman primates, loss of gonadal hormones resulted in a significant decrement in
memory function that was prevented by ET (for review, see Ref. [3]). Memory functions
most consistently regulated by ovariectomy were short-term verbal memory (a hippocampal
function) and working memory (a PFC-mediated function). In perimenopausal and early
postmenopausal women (mean age was 51 years), those who randomly received transdermal
E2 exhibited significant improvement on a frontal-lobe-mediated test of executive function
compared with women who received placebo [3]. By contrast, four randomized clinical
trials found no effect of ET on memory function [57]. Three of these trials did not evaluate
verbal or working memory functions. Furthermore, ET was not initiated until years after the
removal of the ovaries. Lastly, these clinical trials used oral administration of a complex ET
(conjugated equine estrogens), whereas the trials indicating E2 regulation of memory
function were administered by intramuscular injection or transdermal patch [57].

In observational investigations, the majority of studies found that estrogen-users performed
significantly better than nonusers on tests of verbal fluency, verbal memory, and verbal and
spatial working memory [3]. Longitudinal analyses indicate that over time there is a
divergence of ET users and nonusers with ET users performing better on cognitive tests and
experiencing less deterioration in aspects of cognition with increasing age compared with
the nonusers [3].

The variability in human studies was addressed in a meta-analysis of hormone therapy and
cognitive function in postmenopausal women [2]. Results of these analyses indicated that 21
out of 44 tests of memory (48%) and 24 of 51 non-memorial tests (47%) (speed of
information processing, visuospatial skills, abstract reasoning, etc.) were positively affected
by hormone therapy [2]. Abstract reasoning was enhanced in four of six studies. However,
even for verbal memory, which showed the highest proportion of estrogen response, >50%
of this type of test showed no effect of hormone therapy. Moreover, no tests yielded
unanimously positive results except for paragraph recall, which, more than other verbal
memory tests, depends upon on contextual processing. Furthermore, like the delay time of
the rodent paradigm [29], the paragraph recall test has a temporal component with an
immediate and 30 min delay in recall.

Concluding remarks
Collectively, the data from rodents to nonhuman primates to humans consistently indicate
that loss of ovarian hormones can have a deleterious effect upon cognitive functions that
include both hippocampal- and PFC-mediated behaviors. Ovariectomized women show a
deficit relative to preoperative baseline in short-term memory, long-term memory and
logical reasoning (cognitive functions that require the hippocampus and PFC). Although a
loss of ovarian hormones is not always associated with deficits in cognitive function
particularly in younger nonhuman primates and women, disturbing evidence indicates that a
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loss of ovarian hormones has long-term deleterious neurological consequences.
Ovariectomy before natural menopause is associated with increased risk of cognitive
impairment or dementia and Parkinson’s disease [58,59]. Moreover, dementia in women
was preceded by weight loss 10 years before diagnosis, which is consistent with dysfunction
in glucose metabolism and mitochondrial function and a switch to ketone bodies as an
alternative fuel [37,60].

The question of whether estrogen regulates memory and other cognitive functions in peri- to
postmenopausal women is still a topic of debate. In humans, the effect of estrogen or
hormone therapy is highly variable and seems to be dependent upon multiple factors
including neurological health, age, the type of menopause (surgical versus natural) and the
type of cognitive test, among others [1]. The data from basic science analyses would
indicate that estrogen regulates cognitive functions that require the following: (i) efficient
transfer of information, (ii) distribution of information to multiple neural circuits, (iii)
association of information across time and (iv) a higher order of information complexity (i.e.
information across multiple sensory modalities or from multiple experiences to generate a
higher executive function). Testing the validity of this prediction would require selecting not
only the appropriate cognitive instruments but also the correct population of women. The
variability between women in the timing, hormonal status and severity of climacteric
symptoms are crucial factors that will impact the variability of estrogen or hormone therapy
regulation of cognitive function. The multifactorial nature of estrogen responsivity in
women leads to the issue of biomarkers for determining women appropriate for estrogen or
hormone therapy, the dose, regimen, combination and duration of therapy. Essentially, there
are, to date, no reliable biomarkers to predict a priori those women who will experience
estrogen-deprivation-associated cognitive deficits. One biomarker that has potential validity
is the number of objectively determined, not self reported, hot flashes [61]. The frequency of
objectively determined hot flashes was significantly related to deficits in verbal memory
performance [61]. Lastly, remaining challenge is the development of estrogen alternatives
that are both safe and efficacious to sustain estrogen-dependent function in the brain to
sustain neurological health and cognitive function while preventing neurodegenerative
diseases such as Alzheimer’s [62–65].

Box 1. Plasticity
Neural plasticity refers to the ability of the brain to change in response to intrinsic (e.g.
hormonal or growth factors) or extrinsic (e.g. experience and sensory stimulation)
factors. At the cellular level, plasticity takes the form of alterations in the generation of
new neurons and integration of newly formed cells into neural circuits. Cellular plasticity
can also refer to the ability of a cell to change its fate, for example from a glial to
neuronal phenotype [73]. At the morphological level, structural modifications in the
neural circuitry of the adult brain occur at the synaptic level. These modifications can be
presynaptic and/or postsynaptic. Presynaptic changes include an increase in the number
of neurotransmitter vesicles and/or modifications in the number of presynaptic boutons.
Postsynaptic morphological alterations include modifications in the shape of the
postsynaptic membrane creating multiple synaptic boutons or changes in dendritic spine
number and/or shape [20]. At the synaptic transmission level, plasticity takes multiple
forms. Most notable among them are short- or long-term potentiation and depression. It
should be kept in mind that plasticity is bidirectional and can be manifested as an
increase or decrease in a response. Collectively, coordinated changes at the cellular,
morphological and synaptic levels are the basis for the dynamic adaptive range of the
brain to learn, remember, forget, adapt and modify response patterns. As such, neural
plasticity can be an indicator of the vitality of the brain and functional capability.
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Box 2. Estrogen receptor α, β and GPR30: cellular and subcellular localization
Two estrogen receptor (ER) subtypes, ERα and ERβ, have been identified in multiple
vertebrate species (Figure I). Although encoded from separate genes, they share features
common to the nuclear receptor superfamily (see estrogen receptor splice variant insert).
These features include an N-terminal domain (termed the ‘A/B domain’), a highly
conserved DNA-binding domain comprising two Cys4 zinc fingers (termed the ‘C
domain’), a hinge region (termed the ‘D domain’), a less conserved C-terminal ligand-
binding domain (termed the ‘E domain’) and a caudal C-terminal ‘F domain’. ERα and
ERβ are highly conserved at the DNA-binding domain and the ligand-binding domain
with 96% and 53% homology, respectively. ER expression occurs in every major cell
group in the brain including neurons, astrocytes, oligodendrocytes and microglia (Figure
I neuron, glia panel). In neural tissue, ERα and ERβ are detected in nuclear, cytoplasmic
and membrane compartments [74–76]. Subcellularly, ERs are associated with organelles
including mitochondria, synaptic vesicles and the spine apparatus. The expression and
localization of ERs varies depending on brain region, cell type, hormonal status and
neurological condition. Adding to the complexity is the expression of numerous ERα and
ERβ splice variants, which have been detected in multiple brain regions including the
hippocampus. ERα splice variants have been detected in multiple brain regions including
the hippocampus [77]. The ERβ1δ4 splice variant, which lacks exon 4 containing the
nuclear translocation signal and part of ligand-binding domain, is highly expressed in the
hippocampus [78]. Not surprisingly, ERβ1δ4, which lacks the nuclear translocation
signal, is localized within the cytoplasm. The role(s) of splice variants in the brain has yet
to be identified, but their expression is regulated by age and diseases such as Alzheimer’s
[77]. Increasing evidence links the rapid effects of estrogen to a class of G-protein-
coupled receptors (called GPR30), which bind to E2 with high affinity [79]. GPR30 has a
wide distribution in brain, including the hippocampus, with a cytoplasmic localization
often associated with the endoplasmic reticulum where it regulates calcium signaling
[79,80]. Other estrogen-binding proteins, of yet unknown function, have been detected in
the brain [81].

Multiple estrogenic molecules can bind to ERs. The molecules range from endogenous
estrogens 17α- and 17β-estradiol to exogenous synthetic estrogenic molecules including
conjugated equine estrogens (a frequently used ET extracted from the urine of pregnant
mares [18]), estradiol acetate and ethinylestradiol (common in oral contraceptives), plant-
derived phytoestrogens (e.g. isoflavones, lignans and coumestans [82]) and endocrine
disruptors or xenoestrogens found in the environment as pollutants such as bisphenol A
[83].
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Figure 1.
Estrogen induces cellular, morphological and synaptic plasticity. (a) Estrogen (17β-
estradiol; E2) enhances cellular plasticity via increased proliferation of neural progenitor
cells within the subgranular zone, which are then integrated into the granule cell layer of the
dentate gyrus (DG) (E2-induced newly generated cells are depicted as dark orange).
Functionally new dentate granule cells contribute to the association of stimuli that are
separated in time, a function that is a hippocampal-dependent type of associative learning
and memory [69]. (b) Morphological plasticity is enhanced by E2 within the dentate and
CA1 regions. E2 increased dendritic spines in the outer molecular layer of the dentate gyrus
[6] (represented by the dark orange dendritic tree). Within the CA1 region, E2 increased
spines of apical dendrites (dark pink dendritic tree) within the stratum radiatum, which
receives excitatory input from CA3 neurons via the Schaffer collaterals [9] (blue pathway).
The E2-induced increase in multiple synaptic boutons arising from CA3 Schaffer collateral
axons synapsing onto CA1 apical dendrite spines [28] would predict an increase of either
efficiency and/or capacity for information processing. Furthermore, the clustering of E2-
inducible multisynaptic boutons [28] would indicate selective enhancement of input from
particular CA3 cells. (c) E2 increased the field excitatory postsynaptic potential (fEPSP)
within each subfield of the trisynaptic pathway (depicted in dark EPSPs in each subfield)
and the dentate gyrus (represented by dark orange dendritic tree and fEPSP, respectively).
E2 enhanced mossy-fiber input to CA3 while more robustly potentiating the AC fiber system
of CA3 [34] (shown in blue). Potentiating both mossy-fiber and AC systems would be
predicted to enhance CA3 associative memory to enhance the retrieval function of CA3 such
that fewer elements (i.e. a partial representation) of a memory would be required for the
whole memory to be retrieved [34]. In the CA1 subfield E2 potentiated both fEPSP and
long-term potentiation [34], which would predict increased output to the subiculum
(depicted in green). (d) E2 significantly increases aerobic glycolysis and mitochondrial
function in the brain (depicted by dark mitochondria associated with fEPSP) [46,70,71]. The
increase in glucose metabolism and mitochondrial function provide the energetic fuel and
increased ATP to sustain increases in cellular, morphological and synaptic plasticity. (e)
Collectively, E2 promotes cellular, morphological and synaptic plasticity in the
hippocampus while simultaneously increasing the ATP necessary for enhanced plasticity.
E2-induced increases in hippocampal plasticity impacts the output from subiculum to
multiple brain regions including the PFC. (f) The lateral subiculum can project to area 46 of
the lateral dorsal PFC [72], thereby providing a neuroanatomical connection between the
information processing of the hippocampus and the temporal organization of behavior and
reasoning governed by PFC. E2 significantly increased spine density of basal and apical
dendrites of PFC neurons [6]. Estrogen-inducible increases in hippocampal and PFC
plasticity predict that estrogen would preferentially affect cognitive tasks of greater
complexity, temporal demand and associative challenge. Abbreviations: LEC, lateral
entorhinal cortex; LPP, lateral perforant path; MEC, medial entorhinal cortex; MF, mossy
fiber; MPP, medial perforant path; PP, perforant path; Sb, subiculum; SC, Schaffer
collaterals. III/V and II/IV refer to the entorhinal cortex layers that feed into the pathways
projecting to the hippocampus. Hippocampal scheme modified from
www.bristol.ac.uk/synaptic/info/pathway/hippocampal.htm.
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Figure 2.
E2 promotes glycolysis and glycolytic coupled tricarboxylic acid cycle (TCA) function,
mitochondrial respiration and ATP generation. E2 increases key enzymes in the glycolytic
pathway to promote the generation of pyruvate and its conversion by PDH to acetyl-CoA to
initiate and sustain the TCA cycle. Estrogen enhances glucose uptake into the brain and the
glycolytic/pyruvate/acetyl-CoA pathway to generate electrons required for oxidative
phosphorylation and ATP generation. Collectively, estrogen enhancement of glucose
metabolism and aerobic glycolysis promotes and sustains utilization of glucose as the
primary fuel source of the brain, thereby preventing the shift to alternative fuels such as
ketone bodies, which are characteristic of Alzheimer’s disease [37]. Abbreviations: C,
cytochrome c; HSCoA, coenzyme A; I, complex I of the electron transport chain; III,
complex III of the electron transport chain; IV, complex IV of the electron transport chain;
PDH-K, pyruvate dehydrogenase kinase; PDH-Pase, pyruvate dehydrogenase phosphatase;
PFK, phosphofructokinase; PGK, phosphoglycerate kinase; Q, coenzyme Q, also known as
ubiquinol (reduced) or ubiquinone (oxidized).
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Figure I.
Diversity and complexity of estrogen receptor expression and localization in neurons and
glia of the central nervous system. Abbreviations: hERα1, human estrogen receptor α, also
known as estrogen receptor 1; hERβ2, human estrogen receptor β, also known as estrogen
receptor 2.
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