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Abstract

The National Institutes of Health (NIH) has required the inclusion of women in clinical studies
since 1993, which has enhanced our understanding of how biological sex affects certain medical
conditions and allowed the development of sex-specific treatment protocols. However, NIH’s
policy did not previously apply to basic research and the NIH recently introduced a new policy
requiring all new grant applications to explicitly address sex as a biological variable. The policy
itself is grounded in the results of numerous investigations in animals and humans illustrating the
existence of sex differences in the brain and behavior, and the importance of sex hormones,
particularly estrogens, in regulating physiology and behavior. Here, we review findings from our
laboratories and others, demonstrating how estrogens influence brain and behavior in adult
females. Research from subjects throughout the adult lifespan on topics ranging from social
behavior, learning and memory, to disease risk will be discussed to frame an understanding of why
estrogens matter to behavioral neuroscience.

1. Introduction

Although sex differences exist in the risk, etiology, symptomatology, and progression of a
wide variety of neuropsychiatric and neuropathological diseases, the vast majority of
biomedical researchers rarely study sex differences in disease. As a result, North American
and European granting agencies have made a concerted effort to compel basic and medical
researchers to consider sex as a biological variable in studying brain disorders (Clayton &

Corresponding author: Liisa A. M. Galea, Department of Psychology, Centre for Brain Health, University of British Columbia,
Vancouver, BC, CANADA V6T1Z4, Igalea@psych.ubc.ca.

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.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galea et al.

Page 2

Collins, 2014, http://ec.europa.eu/research/swafs/index.cfm?pg=policy&lib=gender). Brain
disorders such as stroke, Alzheimer Disease (AD), and depression display large sex
differences in incidence as well as manifestation of symptoms (Angst et al., 2002; Barnes et
al., 2005; Irvine et al., 2012). For example, women are more likely than men to be diagnosed
with depression (Angst et al., 2002; Gutierrez-Lobos et al., 2002), show greater pathology
and cognitive deficits related to AD (Barnes et al 2005; Irvine et al., 2012; Gao et al., 1998),
and have poor functional outcomes and quality of life after stroke (Reeves et al., 2009).

When sex differences are observed, it is likely that sex chromosomes and/or sex hormones
are involved (McCarthy et al., 2012; McCullough et al., 2014). In addition societal
expectations undoubtedly influence gender differences in a number of outcomes that can
affect diagnoses or management such as number of doctor visits, prescriptions, prescription
use, and compliance (Bertakis, 2009; Leresche, 2011; Zeber et al., 2013). However, while
gender is a psychosocial construct that determines what a given society may deem
appropriate for men versus women this review is restricted to the biological differences
between men and women, and in particular the effects of estrogens in females. The reader is
directed to other reviews on sex and gender differences in contribution to disease (Mielke et
al., 2014). Indeed, disease progression and manifestation in a number of brain disorders may
be influenced by levels of sex steroids (Amiaz and Seidman, 2008; Baum, 2005; Bloch et al.,
2003; Lv et al., 2015; Mcintyre et al., 2006; Moffat et al., 2004; Rosario et al., 2011; Sankar
& Hampson, 2012). For example, lower levels of 17pB-estradiol in women are associated
with an increased incidence of neurological and neuropsychiatric diseases (Baum, 2005;
Rosario et al., 2011; Wieck, 2011). Similarly, exogenous 17p-estradiol given to aging
women may reduce the risk of AD (Maki, 2013), improve cognition in older age
(Hogervorst et al., 2000; Hogervorst et al., 2005), and provide relief from depression
(Rubinow et al., 2015). Although one large clinical trial, the Women’s Health Initiative, did
not find evidence of a beneficial effect of hormone therapy on cognition or AD risk in
postmenopausal women (Shumaker et al., 2003), this study was widely criticized due to the
older age of participants (most women were well past menopause), health of participants,
and the particular choice of hormone therapy (Brinton, 2005; Maki, 2004; Resnick &
Henderson, 2002). The concerns raised by this study, together with evidence for greater
disease incidence in women that may be associated with estrogens, underscores the necessity
for further research into the impact of estrogens on cognition, health and neuroprotection.

In younger adults, research attention is needed in human studies to assess the potential role
of estrogens in mental health conditions that affect men and women unequally. New inroads
into the sources of the sex disparity, as well as new insights into the basic mechanisms that
underlie these poorly understood psychiatric disorders, could result from greater attention to
the role of biological sex and the moderating effects of sex steroids. It could be argued that
progress has been hampered in past research by the failure to take biological sex into
consideration, and factors that covary with it such as differences in liver enzyme expression
and lean-to-fat ratios (Waxman & Holloway, 2009), variations in circulating levels of
estrogens, and sex differences in brain pathways. Thus, given the prominent sex and sex
hormone interactions with a number of disorders, more research should be directed towards
understanding the disease process in both males and females under different sex hormone
conditions.
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Here, we review literature surrounding the complex effects of estrogens in females from a
variety of perspectives, beginning with basic science neurobehavioral and molecular biology
investigations in young adult females, and building up to disease models in older adult
females and human studies. These data were presented as a symposium at the annual
meeting of the International Behavioral Neuroscience Society (IBNS) in June, 2015. In this
review, we discuss how estrogens influence learning and memory in female rodents (sections
3 and 4) and women (section 7), the brain systems and cellular pathways through which
estrogens may exert their effects (sections 3 and 4), the different effects of various types of
estrogens on cognition and neuroplasticity (section 5), and findings indicating that the ability
of estrogens to influence neuroprotection depends on age (section 6), preexisting pathology
(section 6), and experience (section 5). We close by discussing why sex and hormonal status
are important considerations in examining factors related to women’s brain health.

2. Estrogen receptor localization and function

Like all steroid hormones, estrogens were once thought to act solely via straightforward
actions at the genome. This classical “genomic” mechanism involves the binding of
estrogens to the intracellular estrogen receptors ERa and ER, which form homo- or
heterodimers that translocate to the nucleus and regulate expression of ER target genes by
directly binding an estrogen response element (ERE) or forming protein-protein interactions
to indirectly regulate other transcription factors (Figure 1A). However, intracellular ERs
have been identified in numerous locations, including dendrites and axon terminals
(Blaustein and Lehman, 1992). Intracellular ERs have been identified throughout the male
and female rodent hippocampus in both pyramidal neurons and glia (Milner et al., 2001,
Milner et al., 2005; Mitra et al., 2003; Mitterling et al., 2010; Shughrue et al., 19974;
Shughrue et al., 1997b; Shughrue and Merchenthaler, 2000). Within pyramidal neurons,
ultrastructural analyses have localized ERa and ERp to extranuclear sites including
dendritic spines, axons, and axon terminals (Milner et al., 2005; Milner et al., 2001;
Mitterling et al., 2010; Waters et al., 2011), suggesting functions for the ERs beyond
classical ERE-dependent transcription. Such non-nuclear effects are supported by findings
demonstrating that 17p-estradiol increases the localization of ERp to dendritic spines and
shafts in the adult female rat hippocampus, and promotes translocation of ERp to the plasma
membrane in hippocampal-derived cell lines (Sheldahl et al., 2008; Waters et al., 2011).
These data indicate that 17pB-estradiol mobilizes intracellular ERs to interact with membrane
proteins in extranuclear cellular compartments. Such “non-classical” effects (Figure 1B)
have been demonstrated /in vitroand in vivo in the female rodent hippocampus, where ERa
and ERp interact at the plasma membrane with metabotropic glutamate receptors mGIluR1
and mGIluR2/3 to activate extracellular signal-regulated kinase/mitogen activated protein
kinase (ERK/MAPK) signaling, which triggers increased cAMP response element-binding
protein (CREB) phosphorylation and CREB-dependent gene transcription (Boulware et al.,
2013; Boulware et al., 2005). In cultured neurons from female rat hippocampus, S
palmitoylation of the ERs regulates their interactions with mGIuRs (Meitzen et al., 2013),
thus providing a possible mechanism through which intracellular ERs can activate cell-
signaling cascades like ERK.
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In addition to the membrane-associated activity of intracellular ERs, several membrane-
bound ERs have been hypothesized, including G-protein-coupled ER (GPER, formerly
GPR30), Gg-ER, and ER-X. Of these, GPER is the most widely accepted as a membrane ER
(Srivastava and Evans, 2013), and can be found throughout the hippocampus exclusively at
extranuclear sites within glia, interneurons, and pyramidal neurons (Brailoiu et al., 2007;
Waters et al., 2015). Notably, in pyramidal neurons, GPER can be found at or near the
plasma membrane of dendrites, dendritic spines, soma, axons, and axon terminals in
association with post-synaptic scaffolding proteins (Akama et al., 2013; Waters et al., 2015).
As such, GPER is well positioned to mediate the rapid effects of estrogens on cell signaling
and other cellular functions.

3. Rapid action of estrogens and their receptors: implications for learning

and memory

As noted above, in addition to their delayed and long-lasting genomic actions, estrogens can
also act very rapidly via non-genomic mechanisms that depend upon intracellular signaling
(reviewed in Ervin et al., 2013 and Frick et al., 2015). The rapid effects have received
research attention in recent years and have been shown to be involved in learning and
memory. Investigations with treatments administered shortly after the acquisition phase of a
learning task have demonstrated a crucial role for the rapid mechanisms of estrogens in the
consolidation of a new memory (see Frick et al., 2015 and section 4 below in this review).
Investigations showing an effect of estrogen administration prior to memory acquisition and
with testing done shortly thereafter suggest the rapid effects of estrogen can enhance
performance in learning tasks even at a time when memory consolidation is incomplete. This
section focuses on rapid estrogenic effects during this early phase of the formation of a new
memory.

Studies with systemic treatment with 17p-estradiol either 30 min before or immediately after
exposure to objects (acquisition phase) improved object recognition in ovariectomized
female rats when tested 4 h later (Luine et al., 2003). Studies in which systemic treatments
of 17p-estradiol were given to ovariectomized mice have shown very rapid facilitation of
various learning tasks including social recognition, object recognition, object placement and
the social transmission of food preferences (Ervin et al., 2015; Phan et al., 2012). In these
studies by the Choleris laboratory, mice were administered 17p-estradiol 15 min before a
learning task, which was completed by 40 min post-treatment. Hence, both task acquisition
and testing were completed within a timeframe that makes genomic effects of estrogens
unlikely, and rather points towards rapid non-genomic mechanisms. Using systemic
treatments with ER selective agonists, various investigations showed that ERa and GPER
predominantly mediate these rapid effects of estrogens (Phan et al., 2011; Gabor, Lymer et
al., 2015; Ervin et al., 2015). However, differences in specific ER-involvement in these tasks
were also found. In particular, systemic treatment with the ERa agonist propyl pyrazole triol
(PPT) (Phan et al., 2011) and GPER agonist G1 (Gabor, Lymer et al., 2015) rapidly
enhanced social and object recognition in adult ovariectomized mice. Conversely, systemic
treatment with the ERP agonist diarylpropionitrile (DPN) may have rapidly impaired social
recognition and had no effects on object recognition (Phan et al., 2011). Mice tested in the
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object placement task showed rapid enhanced performance with all 3 ER-selective agonists
(Phan et al., 2011; Gabor et al., 2015). Together, these results suggest a generalized role for
ERa and GPER in mediating the rapid enhancement of recognition and location memories
by estrogens and a specific role for ERp in location memory. The involvement of the 3 ERs
in the rapid facilitation of social learning by estrogens, instead, appears different. The GPER
agonist G1 rapidly enhanced social learning, while ERa agonist PPT and ERp agonist DPN
did not. Rather, the ERa agonist shortened a socially learned food preference (Ervin et al.,
2015). The different and somewhat opposing effects of GPER and ERa agonists may
explain why treatment with the GPER agonist resulted in a socially acquired food preference
of longer duration than treatment with 17p-estradiol itself, which activates all ERs (Ervin et
al., 2015). The results of the social learning test also point at a learning-specific role of the
ERs in mediating the rapid effects of estradiol on memory encoding. In particular, the
findings with the ERa agonist PPT are striking, as it strongly facilitated performance in
social recognition, object recognition and object placement tasks, while it inhibited social
learning (Ervin et al., 2015; Phan et al., 2011). These different results suggest that ERa may
have specific effects on different types of memories mediated by different brain regions.

3.1 The hippocampus is implicated in the rapid learning enhancement of estrogens and
their receptors

The brain responds to rapid effects of estrogens at different levels, from structural to
functional (reviewed in Sellers et al., 2015; Woolley et al., 2007). In particular, dendritic
spines, the site of most excitatory synapses, respond very rapidly to estrogen treatment. In
the hippocampus, 17p-estradiol administration results in a transient increase in density and
length (Jacome et al., 2016; MacLusky et al., 2005; Mukai et al., 2007; Murakami et al.,
2006; Mendez et al., 2011; Srivastava, et al., 2008; Tuscher et al., 2016). In behaviorally
naive ovariectomized female mice, it was also found that systemic treatment with 178-
estradiol (Phan et al., 2012), ERa agonist PPT (Phan et al., 2011) and GPER agonist G1
(Gabor, Lymer et al., 2015) rapidly increased dendritic spine density in CAL1 field of the
hippocampus, while ERP agonist DPN decreased it (Phan et al., 2011). Subsequently, it was
shown that bath application of 17p-estradiol and ERa agonist PPT for 20-30 minutes to
hippocampal sections from behaviorally naive postnatal female (PND 20-32) mice enhanced
dendritic spine density (Phan et al., 2015). Intriguingly, within the same timeframe as the
dendritic spines and learning enhancements, 17p-estradiol also decreased CA1 hippocampal
excitatory input, rapidly and transiently reducing AMPA responses, likely through AMPA
receptor internalization (see Figure 2A; Phan et al., 2015). Hence, it appears new spines
induced by estrogens are associated with silent or immature synapses. These synapses may
become active when used in learning events as they are with induction of learning-associated
long-term potentiation (LTP; Smejkalova & Woolley, 2010; Smith & McMahon, 2006).
These effects confirmed the results of previous ex-vivo work (Srivastava et al., 2008) and
prompted further investigations into the involvement of the hippocampus in the rapid effects
of estrogens on learning.

Infusion of 17p-estradiol or the ERa agonist PPT (Phan et al., 2015) into the dorsal
hippocampus rapidly improved performance in social recognition, object recognition, and
object placement tasks, while the ERP agonist DPN was ineffective. Similarly, infusion of
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the GPER agonist G1 enhanced social and object recognition but did not affect object
location recognition in the object placement task (Lymer et al., submitted). Conversely,
infusion of the same doses of 17p-estradiol in the dorsal hippocampus did not enhance the
social transmission of food preferences (Ervin et al., unpublished results). These results
suggest that ERa and the GPER are involved in most of the rapid enhancing effects of
hippocampal estradiol on learning and also support the notion that estrogens in the dorsal
hippocampus can promote social, object and location recognition. The lack of effects on
social learning in initial investigations, suggest the improvement seen with systemic
treatment (Ervin et al., 2015) was mediated by estrogenic action in brain regions other than
the dorsal hippocampus. Further research is needed in order to identify those other regions.

Because the hippocampus is known to process spatial information and enhance spatial
learning, it was further hypothesized that improvement in social and object recognition by
estrogens in the dorsal hippocampus may be due to enhanced processing of spatial cues
associated with the social and object stimuli used in the learning tasks. Using a Y-maze with
high walls that minimize access to spatial information, it was found that dorsal hippocampal
infusion of 17p-estradiol rapidly enhanced object recognition but not social recognition
(Phan et al., unpublished results). Hence, dorsal hippocampal estrogens rapidly and directly
improve performance in the object recognition and placement tasks, while they enhance
social recognition via associated spatial information processing, likely in interplay with an
extra hippocampal brain region. Recent results suggest the latter may be the medial
amygdala, as infusion of 17p-estradiol here enhanced social recognition (Sheppard et al.,
unpublished results). Overall, these findings illustrate that an interconnected network of
brain regions is being identified that are specifically implicated in the very rapid effects of
estrogens and ERs on various learning tasks in females.

4. Cell-signaling pathways involved in 17p-estradiol-induced memory

enhancement

The rapid activation of cell-signaling pathways by membrane receptors such as
neurotransmitter and growth factor receptors allows for intracellular communication that
need not depend on gene transcription. As such, cell-signaling mechanisms may allow
estrogens to swiftly modulate cellular functions in response to a learning event (e.g., local
protein synthesis to build new dendritic spines). Numerous cell-signaling cascades linked to
glutamatergic receptor activation are involved in hippocampal memory formation, including
ERK/MAPK, phosphatidylinositol 3-kinase (P13K), protein kinase A (PKA), calcium-
calmodulin kinase Il (CaMKII), and the mammalian target of rapamycin (mTOR) (e.g.,
(Adams and Sweatt, 2002; Atkins et al., 1998; Guzowski and McGaugh, 1997; Hoeffer and
Klann, 2010; Horwood et al., 2006; Impey et al., 1998a; Impey et al., 1998b; Lee and Silva,
2009; Selcher et al., 1999; Silva et al., 1992)). 17p-estradiol can activate many of these cell-
signaling cascades /in vivoand in vitro within minutes as discussed below.

Among the earliest examples of such activation came from /n vitro studies of various cell
types, including hippocampal neurons. This work shows that ERK phosphorylation was
increased within 15 minutes of exposure to 17B-estradiol or a membrane-impermeable form
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of 17p-estradiol for which 17p-estradiol was conjugated to bovine serum albumin
(BSA-17p-estradiol) (Wade and Dorsa, 2003; Wade et al., 2001; Watters et al., 1997;
Yokomaku et al., 2003). In adult male rats and female mice, 17p-estradiol or BSA-17p-
estradiol infused into the dorsal hippocampus or cerebral ventricles (ICV) significantly
increases dorsal hippocampal ERK phosphorylation within 5 minutes, demonstrating very
rapid effects of 17p-estradiol on ERK signaling /7 vivo (Boulware et al., 2013; Fernandez et
al., 2008; Fortress et al., 2013; Kuroki et al., 2000; Pereira et al., 2014; Zhao et al., 2012;
Zhao et al., 2010),. Accordingly, inhibitors of MAPK kinase (MEK), which exclusively
phosphorylates ERK, block 17p-estradiol-induced ERK phosphorylation both /in vitroand in
vivo (Fernandez et al., 2008; Fortress et al., 2013; Nilsen and Brinton, 2003; Yokomaku et
al., 2003; Zhao et al., 2010). Importantly, inhibition of MEK in the dorsal hippocampus
prevents 17B-estradiol or BSA-17p-estradiol infused into the dorsal 3™ ventricle from
enhancing the consolidation of hippocampal-dependent object recognition and spatial
memories in ovariectomized mice (see Figure 2B; Boulware et al., 2013; Fernandez et al.,
2008; Fortress et al., 2013; Pereira et al., 2014; Zhao et al., 2012; Zhao et al., 2010). These
findings demonstrate two important points. The first is that the memory-enhancing effects of
17B-estradiol are dependent on cell signaling. Second, the effects of 17p-estradiol on ERK
and memory consolidation can be mimicked by a membrane-impermeable form of 178-
estradiol, thus illustrating a key role for membrane proteins in the memory-enhancing effects
of 17p-estradiol. These two points will be discussed in more detail below.

In support of the first point, ERK is one of many cell-signaling molecules whose activity is
regulated by 17p-estradiol, and this estrogenic modulation of cell signaling has important
consequences for neural functioning. For example, inhibitors of ERK, PI3K, PKA, protein
kinase C (PKC), and CaMKII phosphorylation block spinogenesis and LTP in hippocampal
slices from adult male rats (Hasegawa et al., 2015; Mukai et al., 2007; Murakami et al.,
2014). Similarly, inhibition of ERK prevents 17p-estradiol from increasing dendritic spine
density in cultured embryonic rat (sex not specified) cortical neurons (Srivastava et al.,
2008). Although increased spine density does not necessarily translate into increased
synaptic plasticity, the 17p-estradiol-induced facilitation of signaling in the RhoA/RhoA
protein kinase (ROCK) pathway has been associated with enhanced LTP in male rat
hippocampal slices (Kramar et al., 2009). ROCK activates LI1M kinase, which then
phosphorylates cofilin, thereby leading to actin polymerization and stabilization of the spine
cytoskeleton (Gungabissoon and Bamburg, 2003; Thirone et al., 2009). 17p-estradiol
increases filamentous actin levels and actin polymerization in dendritic spines via Rho/
ROCK activation, whereas ovariectomy disrupts LTP stabilization and actin filament
assembly in spines (Kramér et al., 2009). Moreover, the beneficial effects of 17p-estradiol
on LTP in slices from the male rat hippocampus are completely blocked by the toxin
latrunculin, which disrupts actin filament assembly (Kramér et al., 2009). Thus, 17p-
estradiol appears to regulate spinogenesis and LTP in the male rat hippocampus by altering
actin polymerization. Although a direct link between 17p-estradiol-induced alterations in
ERK and cofilin signaling has yet to be reported in the hippocampus, inhibitors of ERK or
the downstream mTOR protein synthesis pathway prevent dorsal hippocampus-infused 17p-
estradiol from increasing dendritic spine density in the dorsal hippocampus of
ovariectomized mice (Tuscher et al., 2016). This novel finding suggests the intriguing
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possibility that multiple cell-signaling pathways regulate the effects of 17p-estradiol on
hippocampal morphology and synaptic plasticity.

Accordingly, numerous cell-signaling pathways are also involved in the memory- enhancing
effects of 17p-estradiol. In addition to ERK, activation of PKA, PI3K, and mTOR are
necessary for 17pB-estradiol to enhance memory consolidation in hippocampal-dependent
object recognition and object location tasks in ovariectomized mice (Fan et al., 2010;
Fortress et al., 2013; Lewis et al., 2008). As with ERK, inhibitors of PKA, PI3K, or mTOR
prevent 17p-estradiol from enhancing memory consolidation (Fan et al., 2010; Fortress et
al., 2013; Lewis et al., 2008). Several of these signaling pathways work together to mediate
the effects of 17p-estradiol in young and middle-aged ovariectomized mice. In particular,
17p-estradiol first activates PI3K, followed by ERK, and then mTOR (Fan et al., 2010;
Fortress et al., 2013). Given the important role of the mTOR pathway in local protein
synthesis and memory formation (Bekinschtein et al., 2007; Dash et al., 2006; Hoeffer and
Klann, 2010; Myskiw et al., 2008; Parsons et al., 2006), the order of kinase activation
induced by 17p-estradiol is consistent with the hypothesis that rapid effects of 17p-estradiol
on cell signaling increase dendritic spine density, which then leads to increased synaptic
plasticity and enhanced memory.

4.2. 17p-estradiol-induced cell-signaling and receptor interactions

If activation of cell-signaling pathways is critical for 17p-estradiol to facilitate memory
formation, then how does 17p-estradiol trigger cell signaling? 17p-estradiol likely initiates
cell signaling via interactions with membrane receptors. This notion is supported by
evidence that the membrane impermeable BSA-17p-estradiol mimics the effects of 17p-
estradiol on ERK activation and object recognition memory (Fernandez et al., 2008; Kuroki
et al., 2000; Wade and Dorsa, 2003; Watters et al., 1997). Furthermore, these effects are not
blocked by administration of the intracellular ER antagonist ICI 182,780 to the hippocampus
(Fernandez et al., 2008; Kuroki et al., 2000). This finding suggests that activation of
membrane ERs is sufficient for 17p-estradiol to increase ERK signaling and facilitate
memory formation. However, the identity of these receptors remains unclear, as there is
scant evidence that ERa and ERp are integral membrane proteins (Bondar et al., 2009).

One possible mechanism links intracellular ERs with mGIuR1 receptors. As mentioned
above, 17p-estradiol activates ERK and phosphorylates CREB in hippocampal slices from
neonatal female rats (Boulware et al., 2005). In slices, this effect is mediated by interactions
between mGIuR1 and ERa, but not ERB (Boulware et al., 2005). In ovariectomized adult
C57BL/6 mice however, both ERa and ERp play key roles. When infused directly into the
dorsal hippocampus of ovariectomized C57BL/6 mice, both the ERa agonist PPT and ERB
agonist DPN increase dorsal hippocampal ERK phosphorylation and enhance object
recognition and object location memory consolidation (Boulware et al., 2013). The effects of
17B-estradiol and these agonists are blocked by either the ERK inhibitor U0126 or the
mGIuR1 antagonist LY367385 (Boulware et al., 2013; Zhao et al., 2010), suggesting direct
interactions between the ERs and mGIuR1. Supporting the existence of these interactions,
fractionation and co-immunoprecipitation experiments indicate physical interactions
between both ERs and mGIuR1 at the membrane (Boulware et al., 2013). Although it is
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unknown how BSA-17pB-estradiol might gain access to intracellular ERa and ERp to
facilitate the interactions with mGIuR1, these data illustrate one way in which intracellular
ERs may initiate cell signaling. Given the plethora of cell-signaling pathways activated by
17p-estradiol, numerous other membrane receptors are likely to be involved in mediating the
effects of 17B-estradiol on memory. NMDA receptors have already been implicated in 17p-
estradiol’s effects on ERK and object recognition in ovariectomized female mice (Lewis et
al., 2008), and many more receptors are apt to play key roles. As such, this area is
particularly ripe for future investigation.

Another way in which 17B-estradiol may trigger cell signaling is via binding to membrane
ERs. As mentioned above, GPER is generally considered to be a membrane ER, although
not all researchers agree (Langer et al., 2010; Levin, 1999). The GPER agonist G-1 increases
hippocampal CA1 dendritic spine density in ovariectomized mice (Gabor et al., 2015), and
enhances several forms of hippocampal memory in ovariectomized rats or mice including
spatial working memory, social transmission of food preferences, social recognition, object
recognition, and spatial recognition (Ervin et al., 2015; Gabor et al., 2015; Hammond et al.,
2009; Hawley et al., 2014). In contrast, the GPER antagonist G-15 impairs spatial working
memory in ovariectomized rats (Hammond et al., 2012). Consistent with these findings,
post-training dorsal hippocampus or ICV infusion of G-1 enhances, whereas G-15 impairs,
object recognition and object location memory consolidation (Kim et al., 2016). Unlike 178-
estradiol, however, G-1 does not increase ERK, PI3K, or Akt phosphorylation in the dorsal
hippocampus, but rather increases activation of the c-Jun N-terminal Kinase (JNK) signaling
pathway (Kim et al., 2016). Moreover, the memory-enhancing effects of G-1 are dependent
on activation of JNK and not ERK, whereas the reverse is true for 17p-estradiol (Kim et al.,
2016). These data suggest that GPER in the dorsal hippocampus is not involved in the
memory-enhancing effects of 17p-estradiol. In accordance with this hypothesis, the GPER
agonist G-15 does not prevent 17p-estradiol from enhancing object recognition or object
location memory consolidation (Kim et al., 2016), suggesting that GPER may not function
as an ER in the dorsal hippocampus. Additional evidence for disparate effects of 17f-
estradiol and G-1 comes from a recent neurogenesis study, in which 17p-estradiol increased,
but G-1 decreased, cell proliferation in the dorsal hippocampus of ovariectomized rats
(Duarte-Guterman et al., 2015). However, other findings support similar roles for 17p-
estradiol and G-1, as dorsal hippocampus infusion of G-1 reportedly increases dorsal
hippocampus ERK activation in ovariectomized mice (Hart et al., 2014) and G-15 prevents
17p-estradiol from activating ERK in hippocampal slices from ovariectomized mice (Kumar
et al., 2015). Therefore, the role of GPER in mediating the effects of 17p-estradiol on
memory remains unresolved and will need to be clarified in future studies.

4.3. 17p-estradiol-induced cell-signaling and epigenetic interactions

Cell-signaling pathways have myriad effects within the cell, including altering gene
transcription through post-translational modifications of one or more transcription factors
such as CREB. As mentioned earlier, 17p-estradiol phosphorylates CREB via
phosphorylation of ERK. Another way in which 17p-estradiol-induced cell-signaling
alterations may affect gene transcription is by regulating the epigenetic mechanisms histone
acetylation and DNA methylation. Although 17p-estradiol-induced enhancements of object
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recognition memory consolidation are dependent on DNA methylation (Zhao et al., 2010),
this section will focus on histone acetylation because estrogenic regulation of histone
acetylation is dependent on cell signaling (see (Fortress and Frick, 2014) for a more detailed
review of estrogenic regulation of DNA methylation and histone acetylation).

Acetylation of the four core histones (H2A, H2B, H3, H4) around which DNA is coiled is a
primary mechanism of increasing gene expression. Acetylation relaxes the bond between the
histones and DNA, thereby allowing transcription factors access to DNA. Of the four core
histones, acetylation of H3 has been particularly associated with hippocampal ERK
activation and facilitation of memory formation in rodents (Chwang et al., 2006; Graff and
Tsai, 2013; Levenson et al., 2004). Consistent with its ability to phosphorylate ERK and
enhance memory, dorsal hippocampus infusion of 17p-estradiol increases H3 acetylation in
the dorsal hippocampus of ovariectomized mice within 30 minutes (Fortress and Frick,
2014; Zhao et al., 2010). This effect is blocked by dorsal hippocampus infusion of U0126
(Zhao et al., 2010), demonstrating that dorsal hippocampal ERK activation is necessary for
17B-estradiol to increase H3 acetylation. The 17p-estradiol-induced acetylation of H3
regulates the expression of memory-promoting genes such as brain derived neurotrophic
factor (Bdnf), as illustrated by data showing that 17p-estradiol increases H3 acetylation of
Banfpromoters Il and IV in the dorsal hippocampus of ovariectomized mice 30 minutes
after infusion, and increases levels of pro-BDNF and BDNF protein in the dorsal
hippocampus 4 and 6 hours after infusion (Fortress and Frick, 2014). Thus, estrogenic
regulation of histone acetylation appears to promote the expression of genes that facilitate
memory formation.

How might 17p-estradiol regulate histone acetylation? One possibility is by altering levels of
histone deacetylases (HDACSs), which are enzymes that remove acetyl groups from histones.
In particular, expression of HDAC2 and HDAC3 is associated with impaired hippocampal
plasticity and memory in rodents (Guan et al., 2009; McQuown et al., 2011). Dorsal
hippocampus infusion of 17p-estradiol decreases levels of HDAC2 and HDACS3 protein in
the dorsal hippocampus of ovariectomized mice (Fortress and Frick, 2014; Zhao et al.,
2010). However, the rapid effects of 17p3-estradiol on H3 acetylation are not likely due to
regulation of HDAC2 or HDAC3 because changes in these proteins are not observed until 4
hours after infusion (Fortress and Frick, 2014; Zhao et al., 2010). Rather, the immediate
effects of 17B-estradiol on histone acetylation may result from regulating the activity of
histone acetyltransferases (HATS), the enzymes that acetylate histones. In ovariectomized
mice, dorsal hippocampus infusion of 17p-estradiol increases HAT activity in the dorsal
hippocampus within 30 minutes, and blocking histone acetylation with a dorsal
hippocampus infusion of the HAT inhibitor garcinol prevents 17p-estradiol from enhancing
object recognition memory consolidation (Zhao et al., 2012). These findings demonstrate
that histone acetylation is necessary for 17p-estradiol to enhance memory formation in
female mice. Together with the aforementioned findings that 17p-estradiol-induced histone
acetylation depends on ERK activation, these data suggest a central importance of cell
signaling in the estrogenic regulation of epigenetic processes that regulate gene expression
and memory formation. Given the complexity of cell-signaling mechanisms involved in
memory processes, much more work will be needed to fully understand the contributions of
various cell-signaling pathways to epigenetic regulation of estrogen-dependent memory.
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Research from the past decade has greatly expanded our understanding of how 17p-estradiol
regulates hippocampal function beyond classical genomic mechanisms. Classical
mechanisms certainly play an important role in the effects of estrogens on long-term
memory, as well as the cytoarchitecture and plasticity that supports long-term memory
formation and retention. However, recent studies suggest that rapid activation of cell-
signaling processes may underlie short-term memory and/or the initial stages of long-term
memory acquisition and consolidation in the hippocampus. Cellular events that may
contribute to acute estrogenic regulation of acquisition and consolidation are summarized in
Fig. 1B (see (Frick, 2015) for a more detailed description of this model). Although these
findings have provided exciting new insights, they surely represent just the tip of the non-
classical iceberg. Research in the coming years should melt away the ice until the full
complexity of non-classical mechanisms underlying estrogenic regulation of memory is
revealed.

5. How do different estrogens influence cognition and neurogenesis in the

hippocampus?

Up until now, evidence has been presented outlining the epigenetic and cell signaling
mechanisms by which 17p-estradiol influences novel object recognition, novel object
placement, social learning and social recognition via ERs primarily in the dorsal
hippocampus. In this section, the effects of other estrogens will be described in relation to
17p-estradiol. In addition, it is important to recognize that experience and environment
matter to the effects of estrogens on brain and behavior and evidence demonstrating these
effects will also be described.

There are three main forms of estrogens: estrone, estradiol and estriol. The most potent of
the estrogens is 17p-estradiol. Estriol is at highest concentrations during pregnancy, but is
not widely studied. Although limited, research suggests that estriol reduces relapses in
women with multiple sclerosis (Voskuhl et al., 2015) perhaps via its effects to reduce
inflammation and rescue synaptic dysfunction during an automimmune response in the
hippocampus (Zeihn et al., 2010). Although estrone and 17p-estradiol both decline with
aging in women, there is a shift in the ratio of estradiol to estrone such that there is more
estrone relative to estradiol after menopause (Rannevik, et al., 1986). Estrone is a weaker
estrogen than estradiol, binding with less affinity to the intracellular ERs. Nonetheless, a
widely prescribed hormone therapy (HT) called Premarin, used for the relief of menopausal
symptoms, is composed of approximately 50% sulphated estrone and 1% estradiol.

Premarin was used in the Women’s Health Initiative Memory Study (WHIMS) that found
that Premarin (plus a synthetic progesterone) was associated with increased risk for
dementia and reduced cognitive functioning (Shumaker et al., 2003). This study was
criticized based on a number of issues relating to the healthy cell bias (Brinton, 2005),
critical window hypothesis (Resnick & Henderson, 2002; Sherwin, 2005), and type of HT
(Maki, 2004; Hogervorst et al., 2000; Ryan et al., 2008). Briefly, the healthy cell bias put
forward by Roberta Brinton’s group suggested that estrogens will be neuroprotective in a
healthy environment but not in a diseased environment. In the WHIMS study, patients were
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included even if they had a variety of health disorders and this may at least partially explain
the negative findings on cognition. The critical window hypothesis refers to the idea that HT
will only be effective when initiated early in menopause or just prior to menopause (Resnick
& Henderson, 2002) whereas the women in the WHIMS study were on average 15 years
past menopause (Resnick & Henderson, 2002; Sherwin, 2005). Meta-analyses indicate that
HT therapies were more likely to have cognitive enhancing effects if given right after
menopause and not 15 years later (Hogervorst et al., 2000; Ryan et al., 2008). The type of
HT is another criticism of the WHIMS findings (Maki, 2004). Premarin, as mentioned
above, contains 50% estrone but only 1% estradiol, and these estrogens have different
influences on brain and behavior. 17p-estradiol has more positive effects on cognition,
whereas estrone has more negative effects on cognition (Barha and Galea, 2009; Hogervorst
et al., 2000). Indeed, in a meta-analysis, Hogervorst and colleagues (Hogervorst et al., 2000)
found that the majority of studies using estradiol-based therapies were much more likely to
find cognitive enhancing effects than studies using estrone-based therapies such as Premarin.

Studies from the Galea laboratory examined the ability of different estrogens to affect
hippocampus learning and memory and neurogenesis in adult female rats. Neurogenesis is a
form of neuroplasticity that is seen at robust levels in the dentate gyrus of the hippocampus
of all mammalian species examined, including humans (see Kempermann et al., 2015 for
review). Neurogenesis in the dentate gyrus has a number of stages: cell proliferation (the
production of new cells); cell differentiation (into neurons or glia); cell migration (the
migration of new neurons into the granule cell layer); and the survival of new neurons.
Estrogens are associated with alterations in both cell proliferation and survival of new
neurons in the dentate gyrus of adult female rodents (for review see Galea et al., 2013).

Galea and her colleagues found that acute 17p-estradiol and estrone upregulated cell
proliferation in a dose-dependent manner in the dentate gyrus of adult female rats (Barha et
al., 2009). However, although 17p-estradiol was associated with enhanced contextual fear
conditioning at a lower dose, estrone was only associated with impaired contextual fear
conditioning at a medium dose (Barha et al., 2011). The authors of those studies do not
believe the differential effects of estrone versus 17p-estradiol are solely based due to
differences in potency as three different doses of each were used in these experiments (Barha
et al., 2009; 2011). Only the low dose of 17p-estradiol improved fear memory but none of
the doses of estrone improved fear memory, while both the low and high doses of 17-p
estradiol and estrone increased cell proliferation (Barha et al., 2009). It is important to note
that although 17-B estradiol and estrone can be bi-directionally converted, the preferential
pathway is from estradiol to estrone (Milewich et al., 1985). Furthermore chronic 17p-
estradiol increased neurogenesis and activation of new neurons in response to spatial
memory retrieval in the dentate gyrus, whereas chronic estrone decreased neurogenesis in
the dentate gyrus in adult female rats (see Figure 3A; McClure et al., 2013). Indeed, in this
study only 17B-estradiol had a positive correlation between activation of new neurons and
spatial memory retrieval (McClure et al., 2013). These findings indicated that only 17p-
estradiol was associated with positive effects on spatial memory in the Morris Water Maze,
whereas estrone was not. These studies collectively provide evidence for differential effects
between 17p-estradiol and estrone with 17p-estradiol facilitating cognition and
neuroplasticity but estrone impairing cognition and neurogenesis at certain doses.
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Low doses of Premarin were associated with impaired reference and working memory in a
spatial working/reference memory version of the radial arm maze (Barha and Galea, 2013).
Paradoxically, Premarin also increased neurogenesis in the dentate gyrus (Barha and Galea,
2013). This paradoxical finding may be explained if the new neurons surviving under
Premarin either did not make appropriate connections or are not involved in learning or
memory per se. The former explanation seemed the most likely explanation, as activation of
new neurons was not associated with learning under Premarin treatment but was associated
with improved learning under vehicle treatment. Other studies from the Bimonte-Nelson
laboratory have found that whereas low doses of Premarin impaired spatial reference
acquisition, medium and high doses of Premarin improved spatial working memory (Engler-
Chiurrazzi et al., 2011). These studies collectively show that estradiol and estrone have very
different influences on cognition and plasticity within the hippocampus, with estradiol
having greater dose-dependent facilitatory effects but estrone having more detrimental
effects on hippocampus structure and function.

5.1 The effects of estrogens on neurogenesis are dependent on experience

The effects of estrogens on neurogenesis within the hippocampus are altered by various
forms of experience such as reproductive experience, spatial training, and/or food restriction.
Galea and colleagues found that estrogens do not influence cell proliferation in nulliparous
(never mothered) middle-aged rats, but all three estrogens tested (17a.-estradiol, 17p-
estradiol and estrone) increased cell proliferation in multiparous (pregnant and mothered at
least four times) middle-aged rats (Barha and Galea, 2011). Indeed, the effects of the
selective serotonin reuptake inhibitor, fluoxetine, on neurogenesis were altered by parity as
fluoxetine increased the number of immature neurons in nulliparous animals but not in
primiparous animals (Workman et al., in press). These studies among others suggest that
reproductive experience influences the ability of certain factors to promote neurogenesis in
the hippocampus of adult female rodents. In addition, Barha and Galea (2013) showed that
chronic Premarin (1 and 2ug doses) for 33 days increased neurogenesis in the dentate gyrus
in females but only in those undergoing a spatial task and food restriction (to 85%).
However, the same doses of Premarin did not influence neurogenesis in cage controls that
neither underwent spatial training or food restriction. This finding indicates that either food
restriction and/or spatial training influences the effects of estrogens on neurogenesis and
more studies examining the factors that influence estrogens ability to alter hippocampal
parameters need to be considered in the future.

6. Is estradiol neuroprotective? It depends on age and pathology

Estradiol has been shown to be neuroprotective in several experimental models of disease,
such as stroke, Parkinson’s disease, and multiple sclerosis (reviewed in Sohrabji et al. 2015).
The mechanisms underlying estradiol’s actions are likely pleitropic, involving a combination
of anti-apoptotic and anti-inflammatory actions (Simpkins et al., 2010; Suzuki et al., 2009.
In the case of ischemic stroke, which is usually modeled by middle cerebral artery occlusion
(MCAO0), 17p-estradiol was first implicated as a neuroprotectant because of the dramatic sex
differences in stroke outcomes. Specifically, females were found to have smaller infarct
volumes and better cerebral blood flow than age-matched males both in normoglycemic

Neurosci Biobehav Rev. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galea et al.

Page 14

(Alkayed et al., 1998) and diabetic (Toung et al., 2000) animals, and this sex difference was
eliminated when females were bilaterally ovariectomized.

Several other pieces of evidence also support the role of estradiol as neuroprotectant. Stroke
injury to females in proestrus (high estradiol levels) result in smaller infarcts than those in
metestrus (low estradiol state) and the extent of ischemic damage was inversely related to
circulating levels of estradiol (Liao et al., 2011). Bilateral ovariectomy worsens infarct
volume and longer periods of estradiol deprivation (1 week versus 4 week of ovariectomy)
further increase the size of the infarct (Fukuda et al., 2000). Direct evidence of 17p-
estradiol’s role was shown in studies where estradiol treatment to ovariectomized females
reduced infarct volume and mortality (Simpkins et al., 1997). Exogenous 17p-estradiol
replacement is neuroprotective when given prior (Dubal et al, 1998) or subsequent to the
injury (Liu et al., 2007; Yang et al., 2003), and is also effective in males (Toung et al., 1998).
Remarkably, activating GPER30 via the G1 ligand is neuroprotective in ovariectomized
females, but paradoxically increases infarct volume in males (Broughton et al., 2014),
indicating sex specific effects of activating estrogen receptors.

However, 17p-estradiol’s actions are not uniformly neuroprotective in females and, in
specific conditions, may have deleterious actions. 17p-estradiol replacement to the Wistar-
Kyoto rat strain (Carswell et al., 2004), Lister Hooded and Sprague—Dawley rats (Bingham
et al., 2005; Gordon et al., 2005), reportedly increases infarct volume and has no protective
effect on infarct size in the ovariectomized stroke-prone spontaneously hypertensive rat
(SHRSP) (Carswell et al., 2004). In a model of severe ischemic injury, where cerebral
vessels (single middle cerebral artery [MCA] and both common carotids) were occluded for
3h, there were no sex differences in infarct size and no reduction of the infarct due to
intravenous or subcutaneous 17p-estradiol (\ergouwen et al., 2000). Based on these studies,
Macrae and Carswell (2006) have suggested that the neuroprotective effect of 17p-estradiol
may be less effective in permanent ischemic models.

Age also affects the neuroprotective capacity of 17p-estradiol. Relatively few studies have
assessed older females in experimental stroke models, and while most studies agree that
stroke damage is worse in older females as compared to younger females (see Figure 3B;
Takaba et al., 2004; Liu et al., 2009, Selvamani and Sohrabji, 2010a), they differ in their
conclusions regarding the efficacy of 17p-estradiol treatment to older females. Chronic 17p-
estradiol replacement is neuroprotective to middle-aged females in the MCAO suture stroke
model (Alkayed et al., 2000; Dubal and Wise 2001) as well as a single injection of estradiol
administered ICV or systemically following a four vessel occlusion model (Lebesgue et al.,
2010), although 17p-estradiol failed to attenuate hippocampal cell death in a bilateral carotid
artery occlusion model in middle-aged gerbils (De Butte-Smith et al., 2007). In middle-aged
female rats, characterized as reproductively senescent by daily vaginal smears and with
virtually undetectable levels of estradiol (constant diestrus), 17p-estradiol treatment
increased infarct volume and worsened sensory motor performance in an endothelin-1
vasoconstriction model, although 17p-estradiol treatment to multiparous young females was
neuroprotective in this model (Selvamani and Sohrabji, 2010a; 2010b). The lack of
protective response to 173-estradiol treatment to older females may be due to an extended
period of estrogen deficiency, making their response to subsequent 17p-estradiol treatment
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less favorable. Some support for this hypothesis comes from a study by Wise and colleagues
where ovariectomized females replaced with chronic 17p-estradiol immediately had reduced
infarct volume, while those replaced with 17p-estradiol 10 weeks later had no improvement
in stroke outcomes (Suzuki et al., 2007).

Another explanation for the ineffectiveness of 17p-estradiol treatment to older animals with
stroke comes from observations that estradiol typically collaborates with peptide growth
factors to promote neuronal growth and proliferation. Thus in aging females, the loss of
estrogens is also accompanied by decreasing levels of other hormones, including IGF-1. In
fact, post-stroke IGF-1 replacement to middle-aged females pretreated with 17p-estradiol
abrogates the neurotoxic effects of 17p-estradiol in this group (Selvamani and Sohrabji,
2010b). Reciprocally, treatment of young females with the IGF receptor antagonist JB-1
attenuates the protective effect of estradiol typically seen in this group. Together, these data
suggest that the collaborative actions of 17p-estradiol and IGF-1 are critical for
neuroprotection at any age, but are likely to be unmasked in aging when both estradiol and
IGF-1 levels fall.

Both 17p-estradiol and IGF-1 regulate common second messenger systems that are critical
for disease process such as cell survival and angiogenesis (Sohrabji, 2014). 17p-estradiol
and IGF-1 are critical mitogens, and the PI3K-AKT-mTOR pathway appears to be the
principal transducer of their actions. 17p-estradiol proliferative actions on MCF-7 cells, for
example, are mediated via IGF-1, and 17p-estradiol increases IRS-1 (IGF-1 substrate) as
well as p85 (the active subunit of the PI3K). Conversely, IGF-1 is proliferative only in
steroid-treated cells (Bernard et al., 2006). Similarly, a second common pathway for 17-
estradiol and IGF-1 is the MAP kinase signaling family. In 17pB-estradiol treatment in vivo
results in a dose-dependent activation of ERK and Akt and has a synergistic effect on IGF-1
mediated activation of the pAkt/PKB pathway (Cardona-Gomez et al., 2002). In a medial
forebrain bundle injury that models Parkinson’s disease, IGF-1 attenuates lesion effects and
also mediates the neuroprotective effects of estrogen (Quesada et al., 2004). IGF-1 and 17p-
estradiol both signal through MAPK and Akt pathways and Akt inhibitors blocked the
survival effects of both 17p-estradiol and IGF-1 (Quesada et al., 2008), implicating the Akt
survival pathway in 17p-estradiol and IGF-1 mediated neuroprotection.

7. Estrogens in the human brain

It should be abundantly clear from the foregoing discussion that estrogens are a significant
influence on brain and behavior in various rodent species. Are estrogens similarly important
in the human central nervous system (CNS)? The question has received much less study in
humans than in laboratory animals, for 2 reasons. One is conceptual: sex differences in
humans, to the extent that they are biologically-based, are usually assumed to be driven by
exposure of the CNS to androgens during fetal development, not to adult estrogens
(Berenbaum & Beltz, 2011; McCarthy & Konkle, 2005). This view derives from animal
models, where the organizational effects of androgens (with or without aromatization)
during pre- or perinatal development have been a dominant focus of study for decades
among those interested in how sex differences arise (Breedlove & Hampson, 2002). At
present, it is not widely recognized among human researchers that circulating estrogens can
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be important for engendering sex differences. The second reason is practical: human
researchers can less easily conduct the sort of blinded controlled administration of estradiol
vs placebo that is typically done when studying other species. Such manipulations are
permissible in some forms of clinical research (or in postmenopausal women whose gonads
are inactive), but ethical and logistical complexities are introduced when studying young
women of reproductive age where the endogenous ovarian cycle and fertility issues must be
taken into consideration.

Animal studies have revealed the surprising breadth of estradiol’s modulatory effects on the
cholinergic, serotonergic, dopaminergic, noradrenergic, and other brain pathways (for a
review see McEwen & Alves, 1999). To be clear, these effects are dependent on changes in
estradiol levels in adult animals, not estrogens that act during early brain development. If
such effects do occur in humans, they potentially could have far-reaching implications for a
number of mental health conditions. Indeed, symptom expression in some clinical conditions
does vary as a function of the ovarian cycle. Women with schizophrenia, for example, show
increased symptom severity and more hospital admissions during times when circulating
estrogens are low (e.g., Riecher-Rdssler et al., 1994; Bergemann et al., 2002). Several
randomized trials have now suggested that estradiol treatment administered in conjunction
with antipsychotics can improve drug control and perhaps improve positive symptoms in
particular (Kulkarni et al., 2015), although conflicting evidence does exist (Bergemann et al.,
2005). It is very plausible that variations in circulating estrogen levels bring about these
changes, but the role of estrogen is ill defined and because of the lack of dedicated research
inquiry is still largely a matter of conjecture.

The role played by estrogens in major depression also is uncertain, including forms of
depression closely tied to reproduction, such as antepartum or postpartum depression, but an
influence of estradiol levels is suggested by a small body of findings. Major depressive
disorder is twice as prevalent in women as men, and the sex difference arises at puberty
(Tanner stage 111) and declines after menopause (Steiner & Young, 2008). It is possible that a
modulatory influence of ovarian hormones on the neurochemistry of major depression might
explain the sex difference in prevalence rates. Collaborative work by Hampson and
colleagues has found a candidate genetic polymorphism in £SR1 (the gene coding for ERa)
that was linked statistically to the occurrence of postpartum depression (Pinsonneault et al.,
2013; see also Costas et al., 2010) and a possible interaction with the serotonin transporter
was identified (Pinsonneault et al., 2013). Hampson and colleagues also found lower serum
estradiol (but increased cortisol) in women suffering from antepartum depression during
pregnhancy compared with healthy controls assessed at the same gestational timepoint
(Hampson et al., 2015). Emerging animal data supports the idea that steroids may play a role
in postpartum depression (for a review see Brummelte & Galea, 2015).

So how do we study estrogen-related effects in humans, and do they really matter? Although
we can’t always manipulate hormones exogenously, it is still possible to design intelligent
studies that probe the potential role of biological sex and the role of estrogens. A review of
‘best practices” when doing sex differences research was published by Endocrinology in
2005 (Becker et al., 2005) and contains a wealth of useful tips for novices (see also Becker
et al., 2008). Certain issues peculiar to humans need to be taken into account. For instance,
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estrogen levels differ greatly pre- and post-menopause, or as a function of the use of
exogenous estrogens in menopausal women who opt to use hormone replacement therapy
(HT). In young women, it is necessary for researchers to attend to whether or not hormonal
contraception is used. Oral contraceptives contain ethinyl estradiol combined with one of at
least 13 different progestins. Oral contraceptives suppress the endogenous changes in sex
steroids associated with the menstrual cycle and the synthetic steroids contained in the pills
themselves exert a combination of estrogenic, progestogenic, and androgenic effects
(Hampson & Young, 2008).

Although active in the CNS, ethinyl estradiol is not detected by most routine immunoassays
available commercially (data available from the manufacturers), so simply measuring
women’s estradiol levels is not an effective method to deal with oral contraceptive use when
designing a study. Although it is beyond the scope of this review, it is often necessary when
studying sex differences in brain and behavior to limit participation to women who have
naturally-occurring cycles, or to consider oral contraceptive users separately in statistical
analyses, or to take advantage of the steroidal milieu offered by the pills to harness their
effects in a meaningful way that is useful to the research question (for a discussion of issues
related to oral contraceptives and their effects see Hampson & Young, 2008; Beltz et al.,
2015). One common method for studying the effects of estrogens (and progestins) in
neuroscience studies involving human participants is to carefully time the behavioral testing
on an individualized basis to coincide with specific phases of the menstrual cycle when
estradiol levels are expected to be either high or low (Hampson & Young, 2008; Becker et
al., 2005), a method used in many studies in the Hampson laboratory (Hampson et al., 2005;
cf. Hampson & Morley, 2013) and also adopted by others (e.g. Maki et al., 2002). In effect,
targeted timing affords researchers a naturalistic method to compare the differences in
behavioral outcomes that result under low versus high estradiol conditions.

An illustration of these approaches is useful here, not simply to illustrate how estrogens can
be considered in human research studies, but also to illustrate why it matters conceptually.
Working memory is a form of short-term memory that is well known to decline during
normal aging and also in certain medical conditions. The executive components of working
memory depend upon activity in the prefrontal cortex in humans and other primates (Owen,
1997). Duff and Hampson (2000) showed, in healthy postmenopausal women, that the use of
estrogen replacement therapy (taken in the form of conjugated equine estrogens), whether or
not it was combined with a progestin, was associated with significantly better accuracy on a
test of spatial working memory (the SPWM task; Duff & Hampson, 2000) compared with
women not using HT. Two other working memory tasks showed the same effect. Of note, all
women in the Duff and Hampson study were in good general health and began treatment at
the onset of menopause. This finding has since been replicated and extended by others using
either observational designs (e.g., Keenan et al., 2001) or randomized trials of estradiol or
placebo (e.g., Krug et al., 2006), and is supported by work in rhesus monkeys using a
delayed response task (Rapp et al., 2003) where superior performance under estradiol
treatment was found. In the study by Duff and Hampson (2000), the difference in the
numbers of working memory errors between non-users and women treated with estrogen-
progestin therapy was relatively large (approximately 20-40% greater errors among non-
users on the SPWM task, see Figure 4), and women using replacement estrogens in fact
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performed within the range of scores typically observed in much younger control women
(Hampson & Moffat, 2004; Hampson & Morley, 2013). Taking estrogen status into account
thus advanced our understanding of memory changes during aging, suggesting that at least
some of the change is not, in fact, age-related as commonly assumed, but may be attributable
instead to endocrine changes that accompany aging.

These studies collectively implicate the prefrontal cortex as a novel site of estrogen action in
the human female brain, a fact not previously appreciated. The possibility that the frontal
cortex might be modulated by estrogens in women is a new idea that is beginning to receive
support from investigations using functional MRI. Regional changes in frontal activation are
observed during working memory tasks when women are receiving estradiol compared with
placebo (e.g., Smith et al., 2006; Joffe et al., 2006). Recent work suggests that estradiol
levels are positively correlated with working memory performance in younger women of
reproductive age (Hampson & Morley, 2013), corroborating earlier observations showing a
modest sex difference on the same memory task (SPWM) in young adults (Duff &
Hampson, 2001; Lejbak et al., 2009). These are exciting findings that have a potential to
transform our present understanding of the prefrontal cortex, and perhaps shed new light on
the clinical syndromes described earlier (schizophrenia, major depression), in which the
frontal cortex plays a significant but inadequately understood role (Koenigs & Grafman,
2009).

8. The importance of including females in studies of behavioral

neuroscience

The studies reviewed above, from basic science and animal models of neuropathology, to
investigations in women, demonstrate the prominent role played by estrogens in female
brain function and behavior. Such estrogenic effects highlight the need for the inclusion of
females in neurobiological investigations and are one important facet to our understanding
of biological sex differences. Despite a scientific climate in which understanding sex
differences is increasingly emphasized, a survey of the literature from 2009 found a strong
bias towards studying only males in biomedical research (Beery and Zucker, 2011). In this
regard, the recent policy to include sex as a variable in NIH-funded research is welcome.
However, the careful study of sex differences requires more than the simple inclusion of
males and females. Currently the general practice has been to use sex as a covariate in
analyses to “control for sex differences” or to combine males and females together in the
analysis. For example Beery and Zucker (2011) found in their review that studies that
included both sexes analyzed sex as an independent factor only 20% of the time. Thus,
unfortunately the vast majority of studies that included both sexes did not analyze the effect
of biological sex.

Here we give three general recommendations for studies examining sex differences: 1) use
sex as an independent factor in the analysis (and not as a covariate, see explanation below);
2) design studies with sufficient statistical power; and 3) include a thoughtful evaluation of
factors such as reproductive and hormonal status, which can affect brain and behavior. First,
we think it is important to consider sex as an independent factor in the analysis and not
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simply as a covariate, because the latter in part precludes the detection of interactions with
sex and other independent variables and/or non-linear variations with sex (Mefford and
Witte, 2012). For example, when the authors used sex as a factor in their a priori analysis in
a study of men and women, it found that only depressed women prescribed antidepressants
showed an increase in immature neuron ratio in the hippocampus (Epp et al., 2013).
However, analyzing these data using sex as a covariate yielded no significant effect of
antidepressants to increase immature neuron ratio (see Figure 5). Had the authors only used
sex as a covariate, they would have lost important information about female specific
response to prescribed antidepressants. Similar sex-dependent effects have been found in
other studies (Brody et al., 2011; Wright et al., 2007) and support the importance of
assessing sex as a variable. Second, it is critical that sufficient numbers of males and females
are included in each study, as statistical underpowering has been identified as a major
problem in neuroscience. Lack of statistical power leads to a lack of reproducibility due to
either a low probability of finding a true effect or an overestimate of the size of a true effect
(Button et al., 2013). Third, when hormonal effects have been identified for a certain
biological system, it is critical that they are taken into account when both sexes are
investigated. For example, studies on oxytocin have seen an upsurge in publications recently,
and many have featured only men or males (e.g. Auyeung et al., 2015; Ma et al., 2015).
However, sex differences and estrogenic regulation of oxytocin are established (e.g. in
rodents and humans, Feng et al., 2015; Rilling et al., 2014). Thus, the exclusion of females
may lead to conclusions that cannot be extrapolated to girls or women (Dhakar et al 2013).

The lack of inclusion of sex as a statistical factor could become problematic in clinical trials.
For example there is no planned assessment of sex differences as either a primary or
secondary outcome in an ongoing clinical trial examining the use of intranasal oxytocin as a
therapy in autism (ClinicalTrials.gov Identifier: NCT01944046). Thus, potential sex
differences in response to oxytocin will not be examined and although autism has a greater
incidence in boys compared to girls, the lack of attention to sex differences may lead to
erroneous conclusions regarding the effectiveness of oxytocin for the treatment of girls with
autism. Lastly, when examining females, care must be taken to record and analyze variables
such as estrous or menstrual cycle phase that cause within-sex or within-subject variability
as seen in the review of the literature above. This may be particularly important when
examining measures that involve the hippocampus, as discussed below.

9. Studying females: when to track the menstrual/estrous cycle

A meta-analysis indicated that there is no significant difference in variance between male
and female mice across a wide variety of behavioral, molecular, morphological and
physiological traits (Pendergast et al., 2011). It has been suggested that these findings
indicate that the estrous cycle phase does not need to be monitored (McCarthy, 2015).
However, it should be noted that the lack of significant difference in variability between
males and females does not exclude the possibility that estrous phase produces variability in
females. To be fair, it has been argued that studying females is more complicated than
studying males because of the estrous cycle and the authors of the meta-analysis (Pendergast
et al., 2013) undoubtedly wanted to assuage researcher’s fears that estrous cycle collection is
needed (McCarthy, 2015). Others have argued against the importance of tracking estrous
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cycle and suggest that environmental factors such as single versus pair housing are more
important to behavioral variability (Richardson et al., 2015). Arguing that the variability is
larger within one context (housing variability > variability within females) does not preclude
the possibility that estrous cycle contributes to the variability seen in females. Indeed, many
factors such as chronic high corticosterone (Brummelte and Galea, 2010), housing
parameters (Baker and Bielajew, 2007), and aging (Rubin, 2000) can alter cyclicity in the
female. In general, we think it is important to acknowledge that estrous cycle phase does
indeed influence some factors quite dramatically (see below).

Although there are equivocal findings as to the effects of estrous cycle phase on some
measures such as cell proliferation in the hippocampus (Tanapat et al., 21999; Rummel et
al., 2010 compared to Lagace et al., 2007), it is important to know that estradiol and
progesterone levels can vary dramatically within a few hours of the day (Tada et al., 2015).
Thus, timing of testing is very important to observing an effect of estrous cycle phase (Tada
et al., 2015) and may lead to variable findings in the literature. This is not to say that the
estrous cycle will be important to monitor for every variable that a researcher may be
interested in testing, but that estrous cycle has been demonstrated repeatedly to influence a
wide variety of measures. For example, there are estrous cycle effects on hippocampal CA1
spine density (Woolley et al., 1990), LTP parameters (Warren et al., 1997), spatial cognition
(Warren and Juraska, 1995), depressive-like behaviors (Kokras et al., 2015), antinociceptive
potency of opioids (Terner et al., 2005), dopamine signaling (Perez et al., 2014) and cell
proliferation (Tanapat et al., 1999). Indeed, the menstrual cycle has been reported to
influence cognitive and electrophysiological measures in women as well, such as seizure
frequency (Herzog et al., 2014), mental rotation (Hampson et al., 2014; Maki et al., 2002),
and fMRI activity patterns (Dietrich et al., 2001; Schoning et al., 2007). However, care needs
to be taken in measuring menstrual cycle phase as age (Klein et al., 1996) and parity (Barrett
et al., 2014) can affect both the length of menstrual cycle and ovarian hormone levels across
each stage.

Conclusions

In conclusion, estrogens impact specific cognitive and social behaviors (e.g., working
memory, spatial memory, novel object recognition and social behavior) and influence
neuroprotection in models of stroke. However, a number of experiential and genetic factors
(e.g., age, reproductive factors, estrogen type, genotype, disease background) can moderate
cognitive outcome and neuroprotection with estrogens, and these factors are not currently
fully appreciated. There is a growing realization of the importance of studying sex
differences in neuroscience, and our review has presented accumulating evidence that
estrogens matter for hippocampus and prefrontal cortex-related cognition, neuroplasticity,
and neuroprotection. Only by studying the role of sex hormones on brain and behavior in
both males andfemales will we begin to develop better more effective therapeutic advances
to promote brain health.
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Highlights
. 17p-estradiol impacts specific cognitive and social behaviors in adult females
. 17p-estradiol influences neuroprotection in models of stroke dependent on
age
. Estrone and 17p-estradiol differentially influence cognition and
neuroplasticity
. Experiential factors moderate cognitive outcome and neuroprotection with

estrogens
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A. Classical E, mechanism of action

e, (Co)
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B. Putative non-classical E, mechanisms of action

NT/GF W -
. Transcription factors

\ Cell signaling ——> Gene transcription

N\ / / \ \Epigenetic processes
ER

Local protein Post-translational
synthesis protein
modifications

Figure 1.
Schematic models illustrating mechanisms through which 17-estradiol may modulate

hippocampal memory. (A) In the classical mechanism, 17B-estradiol diffuses through the
membrane to bind intracellular ERa and ER in the cytoplasm or nucleus. The 17p-
estradiol-ER complex then binds to an estrogen response element (ERE) on the DNA with
co-regulator proteins (Co) and histone acetyltransferases (HAT) to stimulate gene
transcription. (B) Non-classical mechanisms reported thus far support a model in which 17p-
estradiol activates neurotransmitter (NT) and/or growth factor (GF) receptors at the cell
membrane or activates membrane ERSs to trigger cell signaling cascades. Cell-signaling
activation may lead to local protein synthesis, post-translational protein modifications in the
cytoplasm or nucleus, and activation of transcription factors and epigenetic processes that
increase gene transcription. Any of these 17p-estradiol-induced alterations could enhance
hippocampal memory consolidation, although gene transcription is likely necessary for long-
term memory storage.

Neurosci Biobehav Rev. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Galea et al.

Page 37
-.-.A- oy .. '.\
~ Veh E2 ; —-—\.Eu/'
. MR De J:;:'.'E’:'Fi’zAatil:rn
1004 m habttuation #i4 Frequency g % P s
# _ lotest # * kK 55 Amplitude
E 80 4 * # o« & E E,_qm
= 4. i
= 604 = 8% £ S0 *
& g « =59
e 100 e
g 4% £ <Z 00
D =
g 204 g 0 L7y = t"‘ 40
- o w n g 20
0~ ® E 0 10 -g g o
Vehicle OP OR SR Veh E2 =R o Veh E2
I ——————————
176-E2 (50 nM) (50nM) (50nM)
&
= &
¥ & & =
B , " & o FT R BB
XSO N0-DAS — N —
mm-_:ﬂ-'.‘“...
o M-
2504 Phospho-pd2 Fhospho-pdd B )
%gm- E .
5 & g 2
E = 154 o _
!B @ -
[ 8 o M
w 100 c =9 B
£ : i |
EE | - 54 E
. E e M
o 0' E r
LI
3
-* @.@
Figure 2.

(A) Treatment (20-30 min) of hippocampal sections with 50 nM 17b-Estradiol (E2)
increased dendritic spine density in the stratum radiatum (shown) and stratum oriens (not
shown) of the CA1 subregion of the dorsal hippocampus and shown in the biocytin filled
pyramidal neurons (scale bar, 200mm). In parallel, infusion of 50 nM 17-b estradiol (E2) in
the dorsal hippocampus of ovariectomized female mice 15 min prior to learning
(habituation) and testing rapidly enhanced performance in the Object Placement (OP),
Object Recognition (OR), and Social Recognition (SR) task within 40 min of treatments. In
this specific paradigm vehicle control mice (only control for OP task is shown here) do not
show learning while E2 treated mice did, as indicated by a significant increase from
habituation (black bars) to test (white bars) in the percent of time spent investigating a novel
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or displaced stimulus vs a familiar stimulus. Within the same timeframe, patch clamping
recordings from CA1 pyramidal neurons of learning-naive mice showed a significant
inhibitory effect of the same 50nM dose of E2 on the frequency of miniature Excitatory
Postsynaptic Current (MEPSC) and on the amplitude of AMPA-induced membrane
depolarization. This effects is consistent with the notion that E2 rapidly induces the
formation of silent/immature synapses. * P<0.05, *** P<0.001 in comparison to vehicle
control; # P<0.05, ## P<0.01, ### P<0.001 in comparison to habituation phase. Modified
from Phan et al., PNAS 112: 16018-16023.

(B) Dorsal hippocampal mTOR activation is necessary for E, to enhance object recognition
memory consolidation. Levels of phospho-p42 ERK, but not phsopho-p44 ERK, are
increased in ovariectomized mice 5 min after bilateral dorsal hippocampal infusion of 5 ug/
hemisphere E, (*p < 0.05 relative to vehicle). This effect was blocked by the ERK inhibitor
U0126 (0.5 pg/hemisphere), the PI3K inhibitor LY 298002 (0.005 pg/hemisphere), or the
mTOR inhibitor rapamycin (0.25 pg/hemisphere). Each inhibitor also prevented E, from
enhancing object recognition memory; only mice infused with E, alone spent more time
than chance (15 s) with the novel object (*p < 0.05). Error bars=mean * standard error of the
mean (SEM). Phosphorylated ERK normalized to total ERK. Insets are representative
Western blots of phosphorylated and total ERK. Adapted with permission from Fortress et
al., 2013.
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Figure 3.

(A) Chronic estrone decreased the number of BrdU-immunoreactive (ir) cells whereas
chronic 17p-estradiol increased the total number of BrdU-ir cells. Asterisks (*) indicate
significant difference between groups (controls vs 17p-estradiol p=0.046; controls vs estrone
p=0.005; 17p-estradiol vs estrone p=0.0002). Photomicrographs indicate a BrdU(red)-ir cell
colablled with NeuN(green), indicating that the newly synthesized cell expressed a mature
neuronal marker. NeuN-neuronal nuclei; BrdU- bromodeoxyuridine. Modified and reprinted
with permission from McClure et al., 2013, Hormones and Behavior, 63: 144-157.

(B) Effect of estrogen treatment on infarct volume is dependent on “reproductive” age:
Estrogen treatment to ovariectomized adult females decreased MCAo-induced infarct
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volume in the cortex and striatum, while the same dose of estrogen treatment increased
stroke-induced infarction in middle aged females. CTX: cortex, STR: striatum, *:p<0.05
(modified from Selvamani and Sohrabji, 2010, Neurobiology of Aging, 31, 1618-1628.
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Figure 4.
Total number of working memory (WM) errors committed by 3 groups of postmenopausal

women (mean age 55.6 yrs) on the SPWM test of working memory. WM errors were
significantly more frequent among women not receiving hormone therapy (Non-HT, n = 35),
compared with women who were receiving estrogens only (E-Only, n = 38) or women
receiving estrogens plus a progestin (E + P, n = 23) at the time of testing. Difference
between the 2 treated groups (E-Only, E + P) was not significant. Bars represent standard
errors. (Data redrawn from Duff & Hampson, 2000, Horm Behav, 38, 262-276). Horizontal
line shows mean level of performance on the same task in a group of young women not
using oral contraceptives (n = 39, mean age 21.6 yrs) (first 2 trials only; for details see
Hampson & Morley, 2013, Psychoneuroendocrinology, 38, 2897-2904).
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Figure 5.

The density of doublecortin (DCX)/NeuN expression in the dentate gyrus is increased in
depressed patients. A) The density of DCX/NeuN expression was increased in depressed
patients compared to depressed patients with psychosis (p=.02) and with a strong trend in
controls (p=0.08). B) The density of DCX/NeuN expression was significantly greater in
depressed women compared to all other groups. C) Representative DCX-expression is
shown from depressed patients, depressed patients with psychosis and controls. Data shown
is mean + SEM (standard error of the mean). Reprinted with permission from Epp JR,
Beasley CL, Galea LAM. (2013). Neuropsychopharmacology, 38:2297-2306.
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