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INTRODUCTION

As illustrated by the chapters in this book,
estrogens have myriad effects on the functioning
of the hippocampus and neocortex, from
inducing rapid biochemical changes in neurons
and glia to remodeling dendritic processes and
promoting the proliferation and maturation of
new neurons. These effects can be mediated in
the hippocampus and prefrontal cortex by both
classical and nonclassical effects of estrogen
receptors (ERs), the cellular distribution of which
is detailed in Chapter 1 of this volume. Given
the seminal role of the hippocampus and pre-
frontal cortex in mediating numerous forms of
learning and memory, it is not surprising that the
modulatory effects of estrogens on hippocampal
and cortical cell signaling, gene expression, syn-
aptic physiology, glial function, and neurogen-
esis have measurable and meaningful effects on
memory formation.

Taking a cue from the focus in Part I of this
book on the rapid effects of 17B-estradiol (E2) on
hippocampal and prefrontal function, this first
chapter of Part IT will highlight how these effects
facilitate the consolidation of memories. This
work represents a point of convergence between
two literatures, one demonstrating that E2 and
other sex steroid hormones mediate rapid effects
on neurons and neuronal cell lines (Watters et al.,
1997; Wade et al., 2001; Fitzpatrick et al., 2002;
Wade and Dorsa, 2003; Zhao and Brinton, 2007)
and another using one-trial learning approaches
to show that memory consolidation in numerous
brain regions occurs within 1 to 3 hours of training
and requires rapid activation of numerous cell
signaling cascades linked to membrane neu-
rotransmitter and growth factor receptors
(McGaugh, 1966; McGaugh, 1989; Guzowski and
McGaugh, 1997; Atkins et al., 1998; Selcher et
al., 1999; Schafe et al.,, 2000; Adams and Sweatt,
2002). Identifying the receptor, cell-signaling,

epigenetic, and spinogenic mechanisms through
which E2 facilitates memory consolidation in
both female and male mice has been a major
focus of our laboratory’s research efforts in the
past decade, so this chapter will detail our work,
along with those of other investigators who
have used similar approaches to examine rapid
effects of E2 on memory consolidation. Many
other chapters in Part II will take more pro-
tracted view of estrogenic memory modulation
in which effects on multiple aspects of learning
and memory processing (e.g., acquisition, consol-
idation, and retention) are influenced in both the
short and long terms. These chapters will address
not only optimally functioning young adult an-
imals, but will also discuss the contributions of
estrogen loss to age-related memory decline in ro-
dent and monkey models of menopause. As such,
Part II will provide readers with a broad view of
the effects of estrogens on learning and memory
throughout the lifespan.

E2-INDUCED
ENHANCEMENT OF
MEMORY CONSOLIDATION
The effects of E2 on memory consolidation were
demonstrated more than 20 years ago by seminal
studies from Mark Packard’s laboratory. Packard
was trained by Drs. Norman White at McGill
University and James McGaugh at the University
of California-Irvine, in whose laboratories he be-
came steeped in a multiple memory systems ap-
proach that used posttraining drug treatments
to probe the neural mechanisms in various brain
regions necessary for memory consolidation
(McGaugh, 1989; McGaugh and Roozendaal,
2009). In contrast to studies that administer
drugs prior to training, and thus, influence not
only multiple phases of memory formation (e.g.,
acquisition and consolidation) but also aspects
of task performance unrelated to memory (e.g.,
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motivation, anxiety, sensorimotor abilities), drugs
in posttraining studies are administered immedi-
ately or at some delay after training, and are typi-
cally metabolized by testing the next day. As such,
effects of posttraining drug administration can
be pinpointed specifically to memory consolida-
tion in a way that avoids the nonmnemonic per-
formance confounds of pretraining treatments
(McGaugh and Roozendaal, 2009). Packard and
his colleagues were the first to use this approach
to study the effects of estrogens on memory con-
solidation. Their first study was conducted in
gonadally intact male rats, which is not surprising
given that males were, and still remain, the pre-
dominant subject of basic learning and memory
research. Rats were trained in eight consecutive
trials in the Morris water maze, a large round
water tank in which subjects use extramaze cues
to locate and swim to an escape platform hidden
just underneath the surface of the water (Packard
et al., 1996). Given the navigation requirements
of the task, it is thought to test hippocampal-
dependent spatial memory (Morris et al., 1982).
Immediately after the last training trial, rats re-
ceived bilateral dorsal hippocampal infusions of
saline or a water-soluble form of E2 encapsulated
in cyclodextrin that is capable of being infused
into the brain. Another group received E2 in-
fusion 2 hours after training to determine how
quickly E2-induced memories were consolidated.
After infusion, rats were returned to their home
cages and then given two test trials 24 hours after
the final training trial to assess memory consol-
idation. Rats receiving saline or 2-hour delayed
E2 infusions forgot the escape platform location
overnight; the time these groups took to find the
escape platform on the first trial of day 2 was
significantly greater than that on the last trial
of day 1 (Packard et al., 1996). However, rats re-
ceiving infusions of E2 immediately after training
showed remarkably preserved memory; their per-
formance on the first trial of day 2 was as good
or better than that during the last trial of day 1
(Packard et al., 1996). These data suggested two
important conclusions. First, E2 administered
immediately posttraining significantly and spe-
cifically enhances spatial memory consolida-
tion. Second, this consolidation occurs within 2
hours of training, suggesting mediation by rapid
nonclassical effects of E2.

In follow-up studies, Packard and colleagues
demonstrated similar memory-enhancing effects
of either systemic or intrahippocampal E2 treat-
ment in ovariectomized female rats (Packard
and Teather, 1997b, 1997a). As in males, the

consolidation-promoting effects of E2 were lim-
ited to within the first 2 hours after training,
as the performance of rats receiving the 2-hour
delayed E2 treatment on day 2 was as poor as
saline-treated rats (Packard and Teather, 1997b,
1997a). E2-induced enhancements in both males
and females depended on activation of muscarinic
cholinergic receptors, as muscarinic receptor
antagonists blocked these effects (Packard et al.,
1996; Packard and Teather, 1997b). Importantly,
the doses of the antagonists used in combination
with E2 had no detrimental effect on memory con-
solidation themselves; that is, they were behav-
iorally subeffective doses (Packard and Teather,
1997b). Thus, the poor performance of rats given
a memory-enhancing dose of E2 in combination
with a behaviorally subeffective dose of antago-
nist could be attributed to an interaction between
E2 and the mechanism targeted by the antagonist,
rather than a memory-impairing effect of the an-
tagonist itself. As such, this approach represents
a powerful way to interrogate the molecular
mechanisms necessary for modulators like E2
to regulate memory (Frick et al., 2010) and is a
method we will return to later in this chapter.
The E2-induced enhancement of memory con-
solidation observed by Packard and colleagues
over 20 years ago has stood the test of time. It
has been replicated by several labs and expanded
to other types of memory. For example, Victoria
Luine and colleagues adapted the posttraining
approach to one-trial object recognition and spa-
tial recognition tasks (Luine et al., 2003). Unlike
the water maze, which requires several training
trials, these tasks involved a single training trial
in which rats were allowed to explore two identical
objects placed near the upper corners of a square
open field. The ability to remember the identity
of the training objects (i.e., object recognition)
was later tested by substituting a novel object for
a familiar training object. Because rodents have a
natural predilection for novelty, more time spent
exploring the new object indicates intact recogni-
tion memory for the identity of the old training
object. The ability of subjects to remember the lo-
cation of the training objects in the object place-
ment (or object location) version of the task is
tested by moving one of the training objects to
a new location (e.g., a lower corner of the open
field). Increased time spent with the moved object
indicates intact spatial memory for the original
training locations. Using this approach, Luine and
colleagues found that immediate, but not 2-hour
delayed, systemic injection of E2 or the synthetic
estrogen diethylstilbestrol significantly enhanced
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both object recognition and spatial memory
consolidation in ovariectomized rats (Luine et
al., 2003). Similar findings have been published
from Cheryl Frye’s laboratory (Walf et al., 2006;
Frye et al,, 2007). As discussed in more detail
in Chapter 10, the Luine group has replicated
this finding many times and has correlated E2-
induced enhancements in memory consolidation
with rapid (i.e., within 30 minutes) increases in
dendritic spine density in both the hippocampus
and prefrontal cortex in ovariectomized female
and gonadally intact male rats (MacLusky et al.,
2005; Inagaki et al., 2010; Jacome et al., 2010,
2016; Inagaki et al., 2012).

RAPID EFFECTS OF E2 ON
MEMORY CONSOLIDATION
IN FEMALE MICE
The beneficial effects of E2 on memory consolida-
tion observed in rats ended up translating remark-
ably well to mice. In the late 2000s, our laboratory
published a series of studies using Packard’s
Morris water maze protocol and a modified
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version of Luine’s object recognition protocol
to show that systemic injection of Packard’s ef-
fective dose of cyclodextrin-encapsulated E2
(0.2 mg/kg) enhanced memory consolidation
in both tasks among ovariectomized C57BL/
6 mice (Gresack and Frick, 2004, 2006; Gresack
et al, 2007a, 2007b; Fernandez et al.,, 2008;
Lewis et al., 2008; Harburger et al., 2009; Frick
et al., 2010). Since 2008, we have used Packard’s
memory-enhancing 5 pg/hemisphere dose to
show that bilateral dorsal hippocampal infu-
sion of E2 significantly enhances memory con-
solidation in the object recognition and object
placement tasks among young and middle-aged
ovariectomized mice (Fernandez et al., 2008; Fan
etal., 2010; Zhao et al., 2010, 2012; Boulware et al.,
2013; Fortress et al., 2013, 2014; Kim et al., 2016;
Figure 8.1). Similar object recognition memory
enhancements induced by posttraining systemic
(0.2 mg/kg) or intrahippocampal (5 pg/hemi-
sphere) E2 have been reported by investigators
using ovariectomized Swiss mice (Pereira et al.,
2014). Most recently, our laboratory showed that
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FIGURE 8.1. Effects of dorsal hippocampal E2 infusion on memory consolidation in the object recognition and
object placement tasks. (A) Schematic diagram of the object recognition and object placement protocols used to
study effects of E2 on memory consolidation. Mice are first habituated to an empty testing arena for 5 minutes/
day for 2 days. Twenty-four hours after the last habituation trial, mice are trained with two identical objects placed
near the upper corners of the arena. Mice remain in the arena until they have explored the objects for a total of
30 seconds or until 20 minutes have elapsed. Immediately after training, mice are infused with E2 or other drugs.
Object recognition is tested 24 or 48 hours later by substituting a novel object for one of the training objects. Because
mice prefer novelty, more time spent exploring the novel object than chance (15 seconds) indicates memory for the
familiar training objects. Because vehicle-infused mice remember the identity of the training objects 24, but not 48,
hours after training, a 24-hour delay is used to test memory-impairing effects of drugs, whereas a 48-hour delay is
used to test the memory-enhancing effects of drugs. During object placement testing, one of the training objects
is moved to a lower corner of the arena. Mice who remember the locations of the training objects will spend more
time than chance exploring the moved object. Object placement testing occurs 4 or 24 hours after training because
vehicle-infused mice remember the object locations 4, but not 24, hours later. (B) Representative data showing that
E2 enhances 48-hour object recognition and 24-hour object placement memory consolidation. Vehicle-infused mice
spend similar amounts of time with the familiar and novel/moved objects, whereas mice receiving 5 pig/hemisphere
E, spend significantly more time than chance (dashed line at 15 seconds; **p < 0.01 relative to chance) with the novel
(left) and moved (right) objects, indicating enhanced memory consolidation. Panel B modified from Boulware et al.
(2013).
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5 pg/hemisphere E2 enhances consolidation in
the object recognition and object placement tasks
among gonadally intact and gonadectomized
male mice (Koss et al., 2018). We also recently
found that bilateral infusion of 5 pg/hemisphere
E2 into the prefrontal cortex of ovariectomized
mice enhanced consolidation in the object recog-
nition and object placement tasks, demonstrating
that estrogenic regulation of other brain regions
connected to the dorsal hippocampus can me-
diate memory formation (Tuscher et al., 2019).
Collectively, the consistent data from mice and
rats published over two dozen studies from mul-
tiple laboratories demonstrates that the memory-
enhancing effects of E2 generalize across rodent
species and behavioral tasks, to both sexes, and be-
tween brain regions. Given the robust and reliable
effects of E2 in mediating hippocampal memory
consolidation, our laboratory has spent the past
decade using the object recognition/placement
tasks to identify the underlying neural mechanisms
necessary for this phenomenon. The remaining
sections of this chapter detail our findings thus far.
However, before we begin, it is worth
noting three methodological specifics about our
laboratory’s approach. First, mice trained in our
object recognition and object placement protocols
are required to remain in the testing arena until
they have accumulated 30 seconds of total object
exploration, rather than until a set time (e.g., 5
minutes) has elapsed. We feel this criterion is im-
portant to ensure that all mice have equal expo-
sure to the objects prior to drug infusion, and thus
effects during testing are not biased by differing
amounts of time taken to encode object informa-
tion. Second, when E2 is infused into the brain on
its own, we infuse it bilaterally into the dorsal hip-
pocampus. However, when we co-infuse E2 and a
kinase inhibitor or receptor antagonist, we infuse
the inhibitor/antagonist bilaterally into the dorsal
hippocampus and E2 into the adjacent dorsal third
ventricle. We do not infuse both compounds into
the dorsal hippocampus to protect the tissue from
possible damage due to back-to-back infusions. In
our hands, the effects of E2 infused into the dorsal
hippocampus and dorsal third ventricle have been
identical, both in terms of behavioral and biochem-
ical effects. Finally, the effects reported herein of
drug infusion on kinase phosphorylation occur 5
minutes after infusion unless noted otherwise.

Involvement of ERK and Related Kinases
Our initial studies focused on cell-signaling
mechanisms, given ample evidence that activa-
tion of various cell-signaling cascades is necessary

for memory consolidation. We began by targeting
extracellular signal-regulated kinase (ERK) be-
cause of two unrelated literatures. One showed
that phosphorylation (i.e., activation) of the p42
isoform of ERK in the hippocampus was neces-
sary for contextual fear memory in gonadally
intact male rats (Atkins et al., 1998; Selcher et
al., 1999). Similarly, other studies demonstrated
that ERK phosphorylation in the male rat hippo-
campus was also necessary for the consolidation
of spatial and object recognition memories (Blum
etal., 1999; Selcher et al., 1999; Bozon et al., 2003;
Kelly et al., 2003), supporting a consensus view
that ERK phosphorylation is essential for various
types of hippocampal memory consolidation.
Interestingly, the timing of ERK involvement
in memory consolidation mirrored that of E2;
blocking ERK activation immediately, but not 1
hour, after training had no detrimental effect on
memory consolidation, suggesting that ERK acti-
vation within an hour after training is necessary
for consolidation (Blum et al., 1999).

At around the same time, an unrelated in
vitro literature showed that E2 or a membrane-
impermeable form of E2 (bovine serum album-
conjugated E2 [BSA-E2]) could increase ERK
phosphorylation within 15 minutes in numerous
cell types including hippocampal neurons
(Watters et al., 1997; Wade et al., 2001; Wade and
Dorsa, 2003; Yokomaku et al., 2003). Moreover,
intracerebroventricular infusion of either type of
E2 increased hippocampal ERK phosphorylation
within 5 minutes in vivo, an effect that was not
blocked by the ER antagonist ICI 182-780 (Kuroki
et al., 2000). Together, these data suggested that
E2 could rapidly activate hippocampal ERK
in a manner not contingent on ER-dependent
gene transcription. The time frame in which E2
increased ERK phosphorylation fit within the
I-hour window in which ERK was necessary
for memory, leading us to connect these two
literatures. We hypothesized that if E2 could
rapidly activate hippocampal ERK activation
and hippocampal ERK activation was necessary
for memory consolidation, then ERK activation
should be necessary for E2 to enhance memory
consolidation.

We tested this hypothesis in a 2008 study
(Fernandez et al., 2008) that has been replicated
many times since. To briefly summarize, we
showed that E2 specifically increases the phos-
phorylation of the p42 isoform of ERK within 60
minutes of a systemic injection (0.2 mg/kg E2)
or within 5 minutes of an infusion into either
the dorsal hippocampus or dorsal third ventricle
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of young adult ovariectomized C57BL/6 mice
(Fernandez et al., 2008; Lewis et al., 2008; Zhao
etal,, 2010, 2012; Boulware et al., 2013; Fortress et
al., 2013; Kim et al., 2016). Similar phosphoryla-
tion occurs in middle-aged ovariectomized mice,
although after 15 minutes rather than 5 minutes,
but does not occur in aged ovariectomized mice
(Fan et al., 2010). In both young and middle-aged
females, the ability of E2 to facilitate memory
consolidation in the object recognition and ob-
ject placement tasks was blocked by co-infusion
of an ERK phosphorylation inhibitor (Fernandez
et al., 2008; Fan et al., 2010; Zhao et al., 2010),
demonstrating that ERK phosphorylation is nec-
essary for the memory-enhancing effects of E2
in female mice. This finding was particularly
novel because it was the first to show that rapid
activation of cell signaling was essential for E2
to influence memory formation. In support of
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the involvement of rapid effects at the cell mem-
brane rather than nuclear-mediated mechanisms,
the effects of E2 on object recognition memory
consolidation and dorsal hippocampal p42 ERK
phosphorylation in young females were mimicked
by infusion of the membrane-impermeable BSA-
E2 and were only partially blocked by the ERa/
[ antagonist ICI 182,780 (Fernandez et al., 2008).
The ER mechanisms mediating these rapid effects
on ERK will be discussed later in the chapter;
the following sections will first discuss our sub-
sequent findings with ERK and other signaling
pathways (see Figure 8.2 for a schematic model
of the molecular mechanisms thus far shown to
regulate E2’s effects on memory and hippocampal
dendritic spinogenesis and gene expression).
ERK phosphorylation represents a point of
convergence for many cell-signaling pathways
in that it can be activated by numerous
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FIGURE 8.2. Schematic diagram illustrating the molecular events known to mediate the rapid effects of E2

on memory consolidation in female mice. Activation of NMDA and mGluR1 receptors by E2 via interaction with
estrogen receptors (ERs) ERa and ERP at the membrane promotes signaling by PKA, PI3K/Akt, ERK, and mTOR,
which then facilitate epigenetic changes including histone acetylation of Bdnf promoters, DNA methylation, local
protein synthesis, and dendritic spinogenesis. Activation of GPER by the agonist G-1 phosphorylates JNK and cofilin,
leading to increased gene expression, actin polymerization, and CA1 pyramidal neuron spinogenesis. Inhibition
of kinase phosphorylation (PKA, PI3K, ERK, mTOR), histone acetylation, or DNA methylation prevents E2 from
enhancing memory consolidation. Blocking JNK phosphorylation or actin polymerization prevents G-1 from

enhancing memory consolidation and increasing CA1 dendritic spine density. Adapted from Frick et al. (2015)

(See color plate).
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upstream signaling kinases including pro-
tein kinase A (PKA), protein kinase C (PKC),
phosphatidylinositol 3-kinase (PI3K), and Akt.
Many of these pathways are activated by E2 and
are central to its effects in the hippocampus, as
illustrated by the fact that the induction of long-
term potentiation and dendritic spinogenesis by
E2 in hippocampal slices is blocked by inhibitors
of ERK, PKA, PKC, PI3K, and calcium calmod-
ulin kinase IT (CaMKIIL; Yokomaku et al., 2003;
Shingo and Kito, 2005; Manella and Brinton,
2006; Ogiue-Ikeda et al.,, 2008; Hasegawa et al,,
2015; Hojo et al., 2015). Accordingly, infusion of
PKA or PI3K inhibitors into the dorsal hippo-
campus blocks the beneficial effects of E2 on ob-
ject recognition memory consolidation in young
ovariectomized mice (Lewis et al., 2008; Fortress
et al., 2013), indicating that signaling kinases up-
stream from ERK are also necessary for E2 to en-
hance memory consolidation.

ERK-Mediated Genetic and
Epigenetic Processes

ERK phosphorylation triggers numerous events
inside neurons, including gene transcription.
For example, ERK can phosphorylate the tran-
scription factor cAMP response element binding
protein (CREB) to influence gene transcription in
the nucleus. In cultured hippocampal pyramidal
neurons from neonatal female rats, E2 increases
CREB phosphorylation within 5 minutes in a
manner dependent on activation of both ERK and
metabotropic glutamate receptor la (mGluR1a;
Boulware et al., 2005). E2 also increases CREB
phosphorylation in the dorsal hippocampus
of young adult ovariectomized mice within 5
minutes of infusion (Koss et al., 2018).

However, CREB is not the only mechanism
through which E2 may regulate gene transcrip-
tion. Gene microarray studies have shown that
E2 rapidly alters the expression of many genes in
the hippocampus, including histone deacetylase
2 (HDAC2; Aenlle et al., 2009; Aenlle and Foster,
2010), an enzyme involved in epigenetic regula-
tion of gene transcription. DNA is tightly coiled
around octamers of histone proteins whose tails
can be posttranslationally modified in many ways
to regulate the binding of DNA to the histone
octamer (Luger etal., 1997). Acetylation of histone
tails by histone acetyltransferase enzymes (HATS)
relaxes the bonds between DNA and the histone
complex, thereby allowing transcription factors
access to the DNA and increase gene transcrip-
tion (Strahl and Allis, 2000; Yang and Seto, 2007).
Conversely, HDAC enzymes remove acetyl groups

from histone tails, which maintains the close
bond between DNA and histones and restricts
transcription factor access, thus preventing gene
transcription (Strahl and Allis, 2000; Yang and
Seto, 2007). Overexpression of HDACs, particu-
larly HDAC2 and HDAC3, impairs many forms
of hippocampal memory, blocks hippocampal
synaptic plasticity, and reduces hippocampal
spinogenesis (Guan et al., 2009; McQuown et al.,
2011). Thus, HDAC2 and HDACS3 are considered
Memory repressors.

Given E2’s role as a memory enhancer, it is
perhaps not surprising that E2 reduces HDAC
expression. Dorsal hippocampal E2 infusion
decreases levels of HDAC2 and HDAC3 pro-
tein in young and middle-aged ovariectomized
mice (Zhao et al., 2010; Fortress et al., 2014). In
both cases, these reductions were associated
with enhanced object memory consolidation,
as well as with a specific increase in acetylation
of the core histone called H3 (Zhao et al., 2010;
Fortress et al., 2014). HAT inhibition blocks
hippocampal memory consolidation (Zhao et
al., 2012), demonstrating that H3 acetylation is
necessary for this process. Moreover, H3 acet-
ylation is increased by hippocampal learning
in an ERK-dependent manner (Levenson et al.,
2004; Chwang et al., 2006). Accordingly, dorsal
hippocampal infusion of E2 increases dorsal
hippocampal H3 acetylation within 30 minutes,
an effect that is blocked by ERK inhibition (Zhao
et al., 2010).

The genes that are regulated E2-induced his-
tone acetylation remain unclear, although one
recent study implicates the growth factor brain-
derived neurotrophic factor (BDNF). BDNF is
essential for hippocampal synaptic plasticity
and memory formation, and levels of BDNF
mRNA and protein are increased in the brain
by E2 (Singh et al., 1995; Sohrabji et al., 1995;
Gibbs, 1998; Scharfman et al., 2003). The Bdnf
gene consists of nine exons, and the transcrip-
tion of each is driven by its own unique promoter
(Aid et al., 2007). Of these, promoters I (pI), pIl,
and pIV drive expression of the most abundant
transcript variants in the brain (Baj et al., 2013).
We recently found that dorsal hippocampal in-
fusion of E2 significantly increased H3 acetyla-
tion of pII and pIV in young and middle-aged
ovariectomized mice and increased BDNF and
pro-BDNF protein levels in middle-aged females
(Fortress et al., 2014). These alterations were as-
sociated with E2-induced enhancements of ob-
ject recognition and object placement memory
consolidation (Fortress et al., 2014), suggesting
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that epigenetic regulation of Bdnf promotes the
expression of BDNF, which then helps to fa-
cilitate. memory formation. Unpublished data
from our laboratory support the importance
of BDNF signaling to E2-induced memory en-
hancement, as dorsal hippocampal antagonism
of the high-affinity BDNF receptor TrkB blocks
the beneficial effects of E2 on object recognition
and object placement memory consolidation in
young ovariectomized mice (Gross and Frick, un-
published observations). Collectively, these data
suggest that E2 can influence gene expression via
ERK-dependent H3 acetylation, which regulates
levels of other modulatory factors such as BDNF
that may mediate memory consolidation.

Downstream Effects on Protein Synthesis
and Dendritic Spine Density

Aside from influencing gene transcription, E2
may also mediate memory consolidation by
facilitating local protein translation within
dendrites to increase CAl pyramidal neuron
dendritic spine density. Such increases are asso-
ciated with learning in spatial and recognition
tasks (Moser et al., 1994; O’Malley et al., 2000;
Wallace et al., 2006; Kim et al., 2017), suggesting
that new spines may underlie hippocampal
memory formation. As detailed elsewhere in
this volume, elevated levels of E2 are associated
with increased CAl dendritic spine density in
female and male rodents. During the natural es-
trous cycle, CA1 spine density is highest when E2
levels are most elevated (i.e., during the proestrus
phase of the cycle) and exogenous systemic or
intrahippocampal E2 treatment increases CAl
spine density significantly in female and male
rodents both in vitro and in vivo (Gould et al.,
1990; Woolley et al., 1990; Woolley and McEwen,
1992, 1993; Leranth et al., 2003; Frick et al., 2004;
MacLusky et al., 2005; Murakami et al., 2006,
2014; Mukai et al., 2007; Ogiue-Ikeda et al., 2008;
Phan et al., 2011, 2012, 2015; Inagaki et al., 2012;
Ooishi et al., 2012; Kato et al., 2013; Hasegawa et
al., 2015; Hojo et al., 2015; Tuscher, Luine et al,,
2016). As such, increased CA1l dendritic spine
density is a hallmark of estrogenic effects on
the hippocampus. However, relatively little is
known about the mechanisms through which E2
regulates dendritic spinogenesis.

New spines require new proteins, which may
be generated in the cell body or locally at the syn-
apse. Exogenous E2 can increase CAl spine den-
sity within 30 minutes (MacLusky et al., 2005;
Inagaki et al., 2012; Tuscher, Luine et al., 2016),
suggesting rapid effects that could depend on
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local protein synthesis. An important mechanism
regulating local protein synthesis in hippocampal
neurons is activation of the mammalian target
of rapamycin (mTOR) signaling pathway. mTOR
phosphorylates core components of the trans-
lational initiation machinery, including p70 ri-
bosomal S6 kinase (S6K) and eIF4E-binding
proteins (4E-BPs; Kelleher et al., 2004; Tsokas
et al., 2005; Hoeffer and Klann, 2010). In
gonadally intact male and ovariectomized fe-
male rodents, hippocampal-dependent learning
activates mTOR and, conversely, the mTOR in-
hibitor rapamycin prevents the consolidation of
contextual fear, spatial, and object recognition
memories (Dash et al., 2006; Parsons et al., 2006;
Bekinschtein et al., 2007; Myskiw et al., 2008;
Fortress et al., 2013). mTOR is activated by nu-
merous upstream kinases, including ERK and
PI3K (Klann and Sweatt, 2008; Richter and Klann,
2009; Hoeffer and Klann, 2010), both of which are
necessary for E2 to enhance object memory con-
solidation (Fernandez et al., 2008; Fortress et al.,
2013). Activation of mTOR signaling increases
new protein synthesis, synaptic plasticity, and
memory formation, and inhibitors that prevent
phosphorylation of ERK (e.g., U0126) or mTOR
(e.g., rapamycin) block these effects (Kelleher et
al., 2004; Tsokas et al., 2005; Myskiw et al., 2008;
Richter and Klann, 2009; Hoeffer and Klann,
2010), suggesting critical roles for ERK and
mTOR phosphorylation in dendritic spinogenesis
and memory consolidation.

Given the rapid effects of E2 on CAl den-
dritic spines, we hypothesized that mTOR
signaling would be involved in the beneficial
effects of E2 on memory consolidation in females.
As with inhibitors of ERK and PI3K, dorsal
hippocampal infusion of rapamycin prevented
E2 from enhancing object recognition and ob-
ject placement memory consolidation in young
ovariectomized mice, suggesting that mTOR-
mediated local protein synthesis is essential for
the memory-enhancing effects of E2 in females
(Fortress et al., 2013). E2-indcued activation of
ERK, PI3K, and mTOR was later observed in
hippocampal slices from adult male rats within
15 minutes of bath application (Briz and Baudry,
2014). In a subsequent study, we found that
dorsal hippocampal activation of either ERK
or mTOR was necessary for E2 to increase CAl
dendritic spine density in young ovariectomized
females (Tuscher, Luine et al., 2016; Figure 8.3),
supporting our initial hypothesis that mTOR
regulates the spinogenic effects of E2 on CAl py-
ramidal neurons.
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FIGURE 8.3. E2-induced CA1 dendritic spinogenesis is dependent on ERK and mTOR activation in the
dorsal hippocampus of ovariectomized mice. (A) Illustration of the apical and basal CA1 dendrites analyzed. (B)
Bilateral dorsal hippocampal infusion of 5 pg/hemisphere E2 increased CAl pyramidal apical and basal spine
density 30 minutes and 2 hours later (*p < 0.05 relative to vehicle-treated controls). (C) Mice received bilateral
dorsal hippocampal infusion of vehicle, the ERK phosphorylation inhibitor (U0126), or mTOR activation inhibitor
(rapamycin) immediately before intracerebroventricular infusion of vehicle or E2, and spines were counted 2 hours

later. U0126 or rapamycin prevented E2 from increasing apical and basal spine density (*p < 0.05 relative to mice

receiving E2 + vehicle). Panels B and C adapted from Tuscher et al. (2016).

ER Involvement in Memory Consolidation
The data reviewed thus far indicate that E2
enhances memory consolidation by rapidly
activating cell-signaling pathways including PI3K,
PKA, ERK, and mTOR, which then influences
the gene transcription, local protein translation,
and increased dendritic spine density necessary
for the formation and retention of a memory.
However, the specific mechanisms through which
E2 initiates cell signaling remain an area of active
investigation. Some studies implicate involve-
ment of intracellular ERa and ERp acting at the
cell membrane in concert with neurotransmitter
receptors. Other work indicates involvement of
the membrane ER G-protein-coupled ER (GPER).
The following section discusses current know-
ledge about the involvement of these receptors
to date.

Roles of Membrane-Associated ERa and
ERP in Memory Consolidation
ERs are generally divided into two groups based
on their cellular localization, intracellular (ERa
and ERB) or membrane (e.g., GPER, ER-X). ERa
and ERP are localized widely throughout the
brain (Shughrue, Scrimo et al.,, 1997; Shughrue,
Lane et al.,, 1997; Shughrue and Merchenthaler,

2000; Shughrue et al., 2000). Although tradi-
tionally thought to be localized to the cell nu-
cleus, ERa and ERP can be found in the nuclei,
dendrites, dendritic spines, axons, and axon
terminals of hippocampal pyramidal neurons,
as well as in interneurons, granule cells, and
astrocytes (Milner et al., 2001). In the “classical”
mechanism of ER action, estrogens bind ERa
or ERP in the cytoplasm, causing the receptors
to dimerize and translocate into the nucleus,
where they bind to estrogen response elements
(ERE) on DNA and act as transcription factors
to regulate gene expression (Cheskis et al,
2007). ER nuclear translocation peaks within
about an hour (Walters, 1985), suggesting
that this mechanism is too slow to account
for E2-induced alterations that occur within a
few minutes. Thus, more rapid “nonclassical”
mechanisms mediated by ERs near or within
the membrane have been posited to account for
these effects. As previously discussed, ERa and
ERP are localized to many nonnuclear cellular
compartments in pyramidal neurons, like den-
dritic spines, where they tend to cluster near
the postsynaptic density (Milner et al., 2001).
This proximity to the postsynaptic membrane
allows ERa and ERP to be close to the site of
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activity-dependent changes in the spine head.
Indeed, within 5 minutes of estradiol exposure,
monomeric ERP translocates to the plasma
membrane prior to the onset of cell-signaling
(Sheldahl et al., 2008), suggesting a potential in-
volvement in the cell signaling alterations that
regulate memory formation.

Numerous studies have implicated ERa and
ERP in hippocampal-dependent spatial and
object recognition memory using ER-specific
knockouts, siRNAs, and viral vector-mediated
delivery of ERs (Fugger et al., 2000; Foster et al.,
2008; Liu et al., 2008; Walf et al., 2008; Frick et
al., 2010; Han et al., 2013; Bean et al., 2014). To
specifically target memory consolidation, we and
other investigators have administered agonists
and antagonists of ERa and ERP immediately
posttraining. Of these, the most commonly used
are the ERa agonist propyl pyrazole triol (PPT)
and ERP agonist diarylpropionitrile (DPN),
which have ~400-fold and 70-fold selectivity for
their respective ER (Stauffer et al., 2000; Meyers
etal., 2001). In general, systemic injection of PPT
or DPN enhances memory consolidation in the
object recognition and object placement tasks
among young ovariectomized rats and mice, al-
though the effects of DPN on object placement
differ by species and of PPT on object recogni-
tion differ by dose (Walf et al., 2006; Frye et al.,
2007; Walf et al., 2008; Frick et al., 2010; Hanson
et al., 2018). Dorsal hippocampal infusion of
PPT or DPN enhances both object recogni-
tion and object placement in C57BL/6 mice, but
only PPT enhances object recognition in Swiss
mice (Boulware et al., 2013; Pereira et al., 2014;
Hanson et al., 2018). More recently, we worked
with collaborators to test effects of a novel ERP
agonist, ISP358-2, which exhibits 750-fold se-
lectivity for ERP over ERa (Hanson et al., 2018).
Posttraining administration of ISP358-2 or DPN
via dorsal hippocampal infusion, intraperitoneal
injection, or oral gavage significantly enhanced
memory consolidation in the object recogni-
tion and object placement tasks among young
ovariectomized mice (Hanson et al., 2018),
supporting a beneficial effect of selective ERP ac-
tivation on memory consolidation. Collectively,
the ER agonist data suggest that activation of
ERa or ERP in the hippocampus is sufficient to
promote memory consolidation in females.

Todeterminewhether ERaand ERBarealsonec-
essary for memory consolidation in ovariectomized
females, we recently infused the ERa antago-
nist MPP (1,3-Bis(4-hydroxyphenyl)-4methyl-
5-[4-(2-piperidinylethoxy) phenol]-1H-pyrazole
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dihydrochloride) or ERP antagonist PHTPP
(4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo
[1,5-a]pyrimidin-3-yl]phenol) into the dorsal hip-
pocampus immediately after object recognition
and object placement training (Kim and Frick,
2017). PHTPP impaired memory consolidation in
both tasks, whereas MPP impaired memory only
in object placement (Kim and Frick, 2017). These
data indicate that both ERs are necessary for spatial
memory consolidation in young ovariectomized
mice, but that only ERP is necessary for object rec-
ognition consolidation.

Together, the ER agonist and antagonist data
suggest that ERP is both necessary and suffi-
cient for object recognition and spatial memory
consolidation, whereas ERa is necessary and
sufficient for spatial memory consolidation but
not necessary for object recognition consoli-
dation. Collectively, however, pharmacological
data suggest a key involvement of both classical
ERs in memory consolidation among young
ovariectomized females.

Because activation of both ERs facilitates
memory consolidation, we were curious to
determine if these receptors were conduits
through which E2 promotes ERK-dependent
memory consolidation. This work was inspired
by the previously discussed seminal study
showing that ERa and ERP interacted at the
cell membrane with mGluRla to rapidly in-
crease the phosphorylation of ERK and CREB
(Boulware et al., 2005). In a follow-up study, we
used PPT and DPN to determine whether ERa
and ERp interacted with mGluRIa in vivo to
activate ERK and enhance memory consolida-
tion. As with E2, we found that infusion of PPT
or DPN into the dorsal hippocampus of young
ovariectomized mice increased ERK phos-
phorylation within 5 minutes and enhanced
memory consolidation in the object recogni-
tion and object placement tasks, effects that
were blocked by the ERK inhibitor U0126
(Boulware et al., 2013; Figure 8.4A). The ability
of E2, PPT, and DPN to increase ERK phospho-
rylation and enhance memory was blocked by
dorsal hippocampal infusion of an mGluRla
antagonist (Boulware et al., 2013; Figure 8.4B),
suggesting key interactions between the ERs
and mGluR1a at the membrane. In support of
this conclusion, we used sucrose fractionation
to show that ERa, ERB, and mGluR1a were pre-
sent within hippocampal detergent-resistant
membranes, and co-immunoprecipitation to
demonstrate physical interactions among ERa,
ERp, and mGluR1a at the membrane (Boulware
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vehicle (pERK). Reprinted from Boulware et al. (2013).

et al., 2013). These data are consistent with the
notion that ERa and ERP act in females at the
plasma membrane to trigger ERK signaling via
interactions with mGluR1. Given our previous
work in ovariectomized mice showing that
an NMDA receptor blocker prevents E2 from

increasing ERK or enhancing object recognition
memory consolidation (Lewis et al., 2008), sim-
ilar ER interactions may also occur with NMDA
receptors. In support of this notion, inhibi-
tion of the NR2b subunit of NMDAR receptors
has also been shown to block E2-mediated
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enhancement of object recognition memory
(Vedder et al., 2013).

The Curiously E2-Independent
Effects of GPER

In addition to ERa and ERp, E2 may regulate
memory by binding to membrane ERs, including
GPER, ER-X, and Gg-mER. GPER is the most
well characterized and studied membrane ER
to date, despite being only recently classified as
such (it was formerly known as the orphan GPCR
called GPR30; Funakoshi et al., 2006). GPER is
localized to several brain regions, including the
hippocampus (Brailoiu et al., 2007). Like ERa and
ERB, GPER is expressed within astrocytes and
pyramidal neurons, in which it can be found in
dendrites, dendritic spines, axons, axon terminals,
and cell bodies (Akama et al., 2013; Waters et al.,
2015). One recent study using digital droplet PCR
to measure transcripts of all three ERs actually
reports that GPER is by far the predominant ER
transcript in the hippocampus and prefrontal
cortex of male and female rats (Hutson et al.,
2019), suggesting that GPER may mediate many of
E2’s effects in the hippocampus. GPER is a seven-
transmembrane domain receptor including the
heterotrimeric G protein subunits Gapy (Filardo
and Thomas, 2005), which can regulate signaling
pathways in vitro, including a SRC-like tyrosine
kinase (Quinn et al., 2009), PKA (Thomas et al.,
2005), PI3K/Akt (Maggiolini and Picard, 2010),
and the Notch signaling pathway (Ruiz-Palmero
et al., 2011). As such, GPER is a prime candidate
to mediate the rapid effects of E2 on cell signaling
and memory consolidation.

Pharmacological studies have examined the
role of GPER in memory processes using the
selective GPER agonist, G-1, and selective an-
tagonist, G-15 (Bologa et al., 2006; Dennis et
al., 2009). In young ovariectomized rats and
mice, systemic pretraining treatment with G-1
facilitates spatial working memory, object rec-
ognition, object placement, social recognition,
and social learning, whereas systemic treatment
with G-15 impairs these forms of learning and
memory (Hammond et al., 2009, 2012; Ervin et
al., 2015; Gabor et al., 2015; Lymer et al., 2017).
Similarly, our laboratory recently showed that
posttraining infusion of G-1 and G-15 into the
dorsal hippocampus of young ovariectomized
mice enhances and impairs, respectively, memory
consolidation in the object recognition and ob-
ject placement tasks (Kim et al., 2016). Because
GPER activation appeared to mimic the beneficial
effects of E2 on hippocampal memory, we next
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wondered whether it did so via ERK activation,
as we observed with ERa and ERP. Interestingly,
G-1 did not increase phosphorylation of ERK,
PI3K, or Akt in the dorsal hippocampus of young
ovariectomized mice (Kim et al., 2016). Rather,
G-1 increased phosphorylation of the p46 and
p54 isoforms of c-Jun N-terminal kinase (JNK),
as well as the downstream transcription factor
ATF2 (Kim et al.,, 2016). These alterations, as
well as the memory-enhancing effects of G-
1, were blocked by dorsal hippocampal infu-
sion of G-15 or an inhibitor of JNK (SP600125),
but not by the ERK inhibitor U0126 (Kim et al.,
2016; Figure 8.5A). Together, these data sug-
gest that the effects of GPER on memory are in-
dependent of ERK activation. However, these
findings are inconsistent with reports that sys-
temic G-1 increases dorsal hippocampal ERK in
ovariectomized mice (Hart et al., 2014) and that
bath-applied G-15 blocks E2-induced ERK phos-
phorylation in hippocampal slices (Kumar et al.,
2015). Although it is somewhat difficult to recon-
cile these conflicting findings, data from our lab-
oratory and others do strongly suggest differing
effects of GPER and E2 on the hippocampus and
memory consolidation. For example, systemic E2
increases, whereas G-1 decreases, new cell pro-
liferation in the hippocampal dentate gyrus of
ovariectomized rats (Duarte-Guterman, Leiblich
et al., 2015). In our work, E2 and G-1 have sim-
ilar effects on memory, but differ in terms of
the hippocampal cell-signaling pathways used
to facilitate memory. In support of this dissoci-
ation, we found that E2 did not increase phos-
phorylation of either JNK isoform in the dorsal
hippocampus of ovariectomized mice, nor were
the memory-enhancing effects of E2 blocked by
JNK inhibition (Kim et al., 2016; Figure 8.5B).
Furthermore, the memory-enhancing effects
of E2 were also not blocked by G-15 (Kim et al.,
2016), suggesting that dorsal hippocampal GPER
does not mediate the effects of E2 memory con-
solidation in female mice.

To further investigate the mechanisms
through which E2 and GPER influence the hip-
pocampus, we next examined effects of E2 and
G-1 on CAl dendritic spine density. As pre-
viously described, either systemic or dorsal
hippocampal E2 treatment increases CA1 den-
dritic spine density in ovariectomized rats
and mice within 30 minutes (MacLusky et al.,
2005; Inagaki et al., 2012; Tuscher, Luine et al.,
2016). Similarly, systemic G-1 treatment dose-
dependently increases CAl dendritic spine
density in ovariectomized CD1 mice within
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FIGURE 8.5. The memory-enhancing effects of
GPER activation and E2 depend on different cellular
mechanisms. (A) Ovariectomized mice received
dorsal hippocampal infusion of vehicle, the JNK
phosphorylation in inhibitor SP600125 (SP), or U0126
immediately prior to intracerebroventricular infusion of
vehicle or the GPER agonist G-1. G-1 enhanced object
recognition memory 48 hours later, and this effect
was blocked by SP, but not U0126, suggesting that the
memory-enhancing effects of GPER activation depend
on JNK, but not ERK, signaling. (B) Ovariectomized
mice received dorsal hippocampal infusion of vehicle,
SP, or the GPER antagonist G-15 immediately prior to
intracerebroventricular infusion of vehicle or E,. The
E,-induced enhancement of object recognition memory
consolidation was not blocked by SP or G-15, suggesting
that it does not depend on JNK or GPER activation. (*p
< 0.05, *p < 0.01 relative to chance; #p < 0.05, ##p < 0.01
relative to vehicle). n.s. = nonsignificant. Adapted from
Kim et al. (2016).

40 minutes (Gabor et al., 2015), so we expected
dorsal hippocampal G-1 infusion to do the
same. As predicted, dorsal hippocampal infu-
sion of E2 or G-1 increased CAl spine density in
ovariectomized C57BL/6 mice 40 minutes later
(Kim et al., 2017). The effect of G-1 was blocked

by G-15 and, consistent with its effects on JNK
signaling, by JNK inhibition (Kim et al., 2017),
indicating that JNK mediates GPER’s effects on
both spines and memory consolidation, and
suggesting that dendritic spinogenesis is neces-
sary for GPER to enhance memory.

To test this hypothesis, we examined G-1’s
effects on the phosphorylation of cofilin, an actin-
binding protein that regulates spine growth and
stability. Actin is one of the major components
of the cellular scaffold that maintains cell shape,
and is highly enriched within dendritic spines
(Cingolani and Goda, 2008). Actin exists in two
forms: filamentous F-actin, which is composed
of monomeric G-actin (Penzes and Cahill, 2012).
The formation of F-actin from G-actin, a process
called polymerization, is regulated by the actin-
binding proteins profilin and cofilin. Whereas
profilin promotes organization and stabiliza-
tion of the actin cytoskeleton, cofilin severs the
actin cytoskeleton and promotes spine destabili-
zation (Spence and Soderling, 2015; Wioland et
al., 2017). Cofilin is inactivated via phosphoryl-
ation by signaling kinases, which prevents actin
depolymerization, and promotes F-actin elonga-
tion, the growth and maturation of spines, and
synaptic plasticity (Chen et al., 2007). Relevant
to this discussion, multiple sources support
the estrogenic regulation of actin polymeri-
zation. For example, systemic E2 injection in
young ovariectomized mice increases dorsal
hippocampal expression of the F-actin binding
protein alpha actinin-4 (Pechenino and Frick,
2009). As detailed in Chapter 5 in this volume, E2
administered to hippocampal slices increases F-
actin in spines and promotes induction of long-
term potentiation, both of which are blocked by
latrunculin A, an inhibitor of de novo F-actin
formation (Kramar et al., 2009). Other studies
report that inactivation of cofilin is an important
step for E2-induced spine formation (Yuen et al.,
2011; Briz and Baudry, 2014). Despite the fact that
E2 and G-1 differentially affect hippocampal cell
signaling, both increase CAl spine density, so it
was plausible that actin polymerization was in-
volved in the spinogenic effects of G-1. Indeed,
our data showed that dorsal hippocampal
E2 or G-1 infusion significantly increased
hippocampal cofilin phosphorylation within 5
minutes (Kim et al., 2017). However, the effects
of E2 were not blocked by G-15 (Kim et al., 2017),
again suggesting independent effects of E2 and
GPER. As in our previous work, the effects of
G-1 were mediated by JNK signaling, as a JNK
inhibitor blocked the effects of G-1 on cofilin
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(Kim et al., 2017). Moreover, we found that dorsal
hippocampal infusion of latrunculin A blocked
the G-1-induced increase in CA1 spine density
and memory consolidation, demonstrating that
actin polymerization is essential to the effects of
G-1 (Kim et al., 2017). The data suggest a mech-
anism in which G-1 induction of JNK phospho-
rylation triggers cofilin phosphorylation, which
then promotes increased CAl spine density,
thereby leading to enhanced memory consolida-
tion (Figure 8.2).

ROLE OF THE PREFRONTAL
CORTEX IN ESTROGENIC
REGULATION OF MEMORY
CONSOLIDATION
Thus far, our discussion has focused exclusively
on the dorsal hippocampus, in large part because
most is known about how E2 influences this
brain region. However, E2 can influence learning
and memory mediated by other brain regions,
including the prefrontal cortex, striatum, amyg-
dala, and perirhinal cortex (Zurkovsky et al.,
2007; Gervais et al., 2013; Maeng et al.,, 2017).
Our laboratory has begun to investigate the
role of the prefrontal cortex in estrogenic reg-
ulation of memory because it mediates similar
types of learning and memory as the dorsal hip-
pocampus, and evidence supports a functional
connection between the two brain regions (Jay
etal., 1992; Hoover and Vertes, 2007; Churchwell
and Kesner, 2011; Warburton and Brown, 2015;
Kitamura et al.,, 2017). Relevant to studies of
estrogenic modulation of memory consolida-
tion, we recently reported that posttraining
chemogenetic inactivation of the prefrontal
cortex (Figure 8.6A), dorsal hippocampus, or
both structures blocks memory consolidation in
the object recognition and object placement tasks
among young ovariectomized mice (Tuscher et
al., 2018), suggesting that both regions are es-
sential for the object recognition and spatial

memory tasks regulated by E2.

Within the medial prefrontal cortex
(mPFC) of female rats, ERa, ERf, and GPER
are expressed almost exclusively at extranuclear
sites and are most abundant in axons and axon
terminals where they are poised to affect syn-
aptic transmission (Almey et al., 2014). In sup-
port, chronic systemic E2 treatment influences
mPFC levels of monoamine neurotransmitters
in ovariectomized rats (Luine et al., 1998), and
the proestrus (high estrogen) phase of the es-
trous cycle in mice is associated with increased
mPFC NMDA receptor transmission and
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synaptic plasticity (Galvin and Ninan, 2014).
Consistent with its effects on neurotransmission
and plasticity, numerous studies have reported
that systemic E2 increases dendritic spine den-
sity and synaptic protein levels in the mPFC
among gonadectomized female and male rats
(Hajszan et al., 2007; Chisholm and Juraska,
2012; Inagaki et al., 2012; Veldzquez-Zamora et
al., 2012), which led us to further examine es-
trogenic regulation of spines in this brain re-
gion. In one recent study, we were surprised to
find that dorsal hippocampal infusion of E2 sig-
nificantly increased basal spine density in the
mPFC two hours later (Tuscher, Luine et al.,
2016). Interestingly, this increase was dependent
on ERK and mTOR activity in the dorsal hippo-
campus (Tuscher, Luine et al., 2016). This finding
indicates that hippocampal activity regulates
mPFC spinogenesis and suggests that these two
brain regions may work in concert to mediate
the memory-enhancing effects of E2.

However,norolefor E2inthemPFCin memory
consolidation had yet been established, so to fur-
ther investigate this issue, we first infused E2 bi-
laterally into the mPFC of ovariectomized mice.
We found that mPFC E2 infusion produced sim-
ilar enhancements in object recognition (Figure
8.6B) and object placement memory consolidation
as dorsal hippocampal E2 infusion (Tuscher et al.,
2019). E2 also significantly increased apical spine
density in the mPFC two hours later (Tuscher et
al., 2019; Figure 8.6B). This work provides the first
demonstration of a significant role for mPFC E2
in memory consolidation, and suggests that E2 in
either the mPFC or dorsal hippocampus can fa-
cilitate memory consolidation in ovariectomized
mice. We next investigated the extent to which
the mPFC and dorsal hippocampus interact to
mediate the memory-enhancing effects of E2. To
determine whether mPFC activity is necessary
for E2 in the dorsal hippocampus to facilitate
consolidation, we chemogenetically inactivated
the mPFC in ovariectomized mice receiving a
posttraining dorsal hippocampal infusion of
E2. Chemogenetic suppression of the mPFC
prevented E2 in the dorsal hippocampus from
enhancing object recognition and object place-
ment memory consolidation (Tuscher et al., 2019;
Figure 8.6C), suggesting that concurrent activity
in the dorsal hippocampus and mPFC is neces-
sary for E2 to enhance memory formation. This
work opens new areas for future research into the
mPFC’s role in memory formation and in under-
standing the circuitry required for E2 to regulate
memory consolidation.
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RAPID EFFECTS OF

focused primarily on ovariectomized females

EXOGENOUS E2 ON MEMORY
IN MALE MICE

Our discussion of the neural mechanisms through

which E2 regulates memory consolidation has

because the vast majority of studies in the field,
and in our laboratory, have used these subjects.
But what about males? Sex differences in memory
and hippocampal function have been reported
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by numerous investigators (see recent reviews for
more information, e.g., Romeo et al., 2004; Heise
et al., 2014; Vierk et al., 2014; Duarte-Guterman,
Yagi et al., 2015; Frick et al., 2015; Hamson et al.,
2016; Shors, 2016; Koss and Frick, 2017; Pike, 2017;
Choleris et al., 2018; Korol and Wang, 2018), so it
makes sense to ask if E2 utilizes the same molec-
ular mechanisms to regulate memory consolida-
tion in males. Recall from earlier in the chapter
that systemic posttraining E2 enhances spatial
memory consolidation similarly in male and fe-
male rodents (Packard et al., 1996; Packard and
Teather, 1997a, 1997b; Gresack and Frick, 2006).
Also remember that activation of cell signaling
cascades such as ERK, PI3K, and PKA are re-
quired for E2 to increase long-term potentiation
and CA1l spine density in male hippocampal
slices (Mukai et al., 2007; Ogiue-Ikeda et al., 2008;
Murakami et al., 2014; Hasegawa et al., 2015; Hojo
et al,, 2015). Thus, we hypothesized that the mo-
lecular mechanisms through which E2 mediates
memory consolidation in males would be similar
to those in females.

To address this issue, we examined ERK phos-
phorylation, given the ample evidence that ERK
activation is necessary for E2 to enhance object
recognition and spatial memory consolidation in
ovariectomized mice (Fernandez et al., 2008; Fan
etal., 2010; Zhao et al., 2010; Boulware et al., 2013;
Fortress et al., 2013). We first compared the effects
of bilateral dorsal hippocampal E2 infusion on
consolidation in the object recognition and object
placement tasks in ovariectomized female mice
and gonadally intact male mice, and found that
E2 enhanced consolidation in both groups (Figure
8.7A), suggesting no sex differences in the ability
of E2 to regulate memory consolidation (Koss
et al., 2018). We also found similar E2-induced
enhancements in gonadectomized and gonadally
intact males (Figure 8.7B), indicating that exog-
enous E2 can facilitate memory consolidation
in the absence of circulating gonadal hormones
in males (Koss et al., 2018). Surprisingly, E2 did
not increase p42 ERK or Akt phosphorylation in
the dorsal hippocampus of gonadectomized or
gonadally intact males (Figure 8.7D) as it does
in females, nor did the ERK inhibitor U0126 pre-
vent E2 from enhancing memory consolidation
in either group of males (Koss et al., 2018; Figure
8.7C). These data indicate an interesting sex dif-
ference in the molecular mechanisms used by E2
to mediate memory consolidation that is con-
sistent with other recent reports of sex differences
in the types of ERs that regulate glutamatergic
transmission in the hippocampus and in the
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dependence of hippocampal long-term potentia-
tion on PKA activation (Oberlander and Woolley,
2016; Jain et al., 2018). The picture that has begun
to emerge from these studies is that males and
females may achieve the same phenotypicend (i.e.,
memory enhancement, long-term potentiation)
via different molecular mechanisms (i.e., receptor
activation, kinase activation). Such differences
at the subcellular level could be of primary im-
portance for the future development of drugs to
reduce memory dysfunction in conditions which
differ in risk or severity between the sexes, such
as Alzheimer’s disease, depression, addiction, or
neurodevelopmental disorders. As such, more re-
search is clearly needed to address this potentially
critical issue.

One obvious area for future research is to
understand the molecular mechanisms that
are mediating the effects of E2 on memory in
males. An initial clue comes from our study
of ovariectomized females, intact males, and
gonadectomized males. In all three groups, phos-
phorylation of the transcription factor CREB
was increased in the dorsal hippocampus by E2,
suggesting the involvement of a kinase upstream
from CREB in males (Koss et al., 2018). However,
this kinase is not ERK, as U0126 did not prevent
E2 from increasing CREB phosphorylation in
gonadectomized or gonadally intact males (Koss
et al., 2018). Thus, future work should seek to
identify the signaling kinases activated by E2 in
males and whether these kinases are necessary for
E2 to enhance memory consolidation in males.
The resulting data could stimulate additional
work to determine other cellular mechanisms
through which E2 regulates memory consolida-
tion in males.

RAPID EFFECTS OF
HIPPOCAMPALLY
SYNTHESIZED E2

ON MEMORY
Finally, no discussion of E2’s rapid effects on
the hippocampus would be complete without
consideration of the possible influence that
hippocampally synthesized E2 has on memory
consolidation. Removal of the gonads is standard
procedure in most studies of estrogens and
memory because the ovaries and testes are
considered the primary sources of endogenous
sex steroid hormones. However, brain regions
including the hippocampus can make their
own sex steroid hormones, as indicated by the
presence of synthetic enzymes including aro-
matase, the enzyme that converts androgens to
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FIGURE 8.7. The E2-induced enhancement of memory consolidation in male mice is not mediated by ERK

activation. (A, B) Bilateral dorsal hippocampal infusion of E2 enhances object recognition and object placement (not

shown) memory consolidation relative to chance (*p < 0.05) and to vehicle infusion (#p < 0.05) in ovariectomized
(OVX) female, sham-gonadectomized male, and gonadectomized (GDX) male mice. (C) Sham and GDX mice
received dorsal hippocampal infusions of vehicle or U0126 and dorsal third ventricle infusions of vehicle or E2

immediately after object training. U0126 did not block the memory-enhancing effects of E2 in object recognition or
object placement (not shown). (D) E2 increased p42 ERK and Akt phosphorylation in OVX females, but not sham
males or GDX males (not shown). *p < 0.05 relative to vehicle. Adapted from Koss et al. (2018).

estrogens (Stoffel-Wagner et al., 1999; Prange-
Kiel et al., 2003; Hojo et al., 2004; Azcoitia et
al., 2011). Moreover, hippocampal levels of E2
in ovariectomized female rats are comparable to
those of intact females in diestrus, metestrus, and
estrus (Kato et al., 2013), suggesting that the hip-
pocampus is a local source of E2 independent of
the ovaries. Decades of work in avian species have
demonstrated that brain-synthesized estrogens
are essential for numerous behaviors, including
mating, social interactions, and vocal communi-
cation (Remage-Healey et al., 2010; Chao et al.,
2015; Cornil et al., 2018; de Bournonville et al.,
2019) and are increased in response to sensory
(e.g., auditory) stimulation (Remage-Healey et
al., 2008, 2010; Vahaba et al., 2017). This litera-
ture suggests a functional role for hippocampally

synthesized E2 in memory consolidation, yet
little is known about the extent to which this lo-
cally synthesized E2 regulates memory in either
sex. Evidence in support of a role for hippocampal
E2 in memory comes from studies of cultured
hippocampal rat neurons in which aromatase
inhibitors like letrozole decreased synaptic pro-
tein levels, dendritic spine density, and neuro-
genesis (Kretz et al.,, 2004; Fester et al., 2006;
Prange-Kiel et al., 2006, 2013). Furthermore,
pretraining hippocampal aromatase inhibition
in gonadally intact male zebra finches impairs
spatial memory formation (Bailey et al., 2013;
Bailey et al.,, 2017), suggesting a role for the ro-
dent hippocampus in memory consolidation.
Our work using dorsal hippocampal infusions of
letrozole to test this putative role in female and
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male mice is detailed in the sections below. For
additional information on the effects of aroma-
tase inhibition on memory and cognition, see
Chapters 9 and 22.

Aromatase Inhibition in Female Mice
We first assessed the effects of letrozole infusion
on memory consolidation in ovariectomized
mice. Mice received bilateral dorsal hippocampal
infusion of letrozole immediately or three hours
after training in the object recognition and object
placement tasks. Infusion of letrozole immedi-
ately, but not 2 or 3 hours, after training dose-
dependently blocked memory consolidation in
both tasks (Tuscher, Szinte et al., 2016). Letrozole
also blocked an increase in hippocampal E2
levels observed 30 minutes after object training
(Tuscher, Szinte et al., 2016), suggesting that ob-
ject learning stimulates de novo E2 synthesis in
the hippocampus. However, letrozole did not pre-
vent exogenous E2 from enhancing memory in
both tasks, indicating that de novo E2 is not nec-
essary for the memory-enhancing effects of ex-
ogenous E2. Collectively, these data demonstrate
an essential role for hippocampal E2 synthesis in
object recognition and spatial memory consoli-
dation among ovariectomized mice. The findings
suggest that object learning triggers local E2 syn-
thesis, which presumably then facilitates memory
consolidation via ER binding and downstream
cell signaling.

Aromatase Inhibition and Androgen
Receptor Antagonism in Male Mice
We next investigated whether hippocampal
E2 synthesis was also important for memory
consolidation in male mice. A similar role for
hippocampal E2 in males could not be assumed
because systemic treatment letrozole reduces
CAl spine density and long-term potentia-
tion more in ovariectomized females than in
gonadally intact males (Zhou et al., 2010; Fester
et al.,, 2012; Vierk et al., 2012), suggesting that
the male rodent hippocampus may be less sensi-
tive to aromatase inhibition than that of females.
Indeed, data regarding the role of hippocampal
E2 in memory among males are somewhat in-
consistent. Whereas two studies report modest
improvements in spatial memory and working
memory after intrahippocampal or systemic
aromatase inhibition (Moradpour et al., 2006;
Alejandre-Gomez et al, 2007), other studies
found that aromatase inhibition impairs fear
extinction recall in gonadally intact male rats
(Graham and Milad, 2014) and passive avoidance
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in gonadectomized male rats (Nayebi et al,
2014). Most recently, a study comparing effects
of aromatase inhibition on spatial memory in
gonadally intact and gonadectomized male mice
reported that treatment in both groups impaired
memory and reduced hippocampal dendritic
spine density, synaptic protein levels, local pro-
tein synthesis, androgen receptor levels, and
GPER levels (Zhao et al., 2018). This association
between aromatase inhibitor-induced memory
deficits and hippocampal alterations provided
the strongest evidence to date for a critical role
of hippocampally synthesized E2 in memory
among male rodents. However, the specific role
of de novo E2 synthesis in memory consolidation
remained unknown.

To address this issue, gonadally intact and
gonadectomized male mice received immediate
posttraining dorsal hippocampal infusions of
the same dose of letrozole that impaired consol-
idation in ovariectomized females. Interestingly,
letrozole impaired object recognition and ob-
ject placement consolidation in gonadectomized
males, but not intact males (Koss and Frick,
2019). The letrozole-induced impairment in
gonadectomized males is consistent with our
findings in ovariectomized females (Tuscher,
Szinte et al., 2016) and suggests that hippocampal
E2 synthesis is essential to memory consolida-
tion in the absence of gonadal steroids. However,
the fact that intact males were not impaired in-
dicated that circulating androgens, or a rise in
hippocampal androgen synthesis due to aroma-
tase inhibition, may mitigate against the detri-
mental effects of aromatase inhibition among
intact males. As such, we examined the effects
of androgen receptor antagonism on memory
in intact males and found a dose-dependent im-
pairment in both tasks (Koss and Frick, 2019).
This finding indicated a key role for androgen
receptors in memory consolidation among in-
tact males and led us to posit that androgen
receptor activation may protect intact males
from the memory-impairing effects of letrozole.
To test this hypothesis, intact males received
dorsal hippocampal infusions of a nonmemory-
impairing dose of the androgen receptor an-
tagonist flutamide in conjunction with a dorsal
third ventricle infusion of letrozole. This co-
infusion blocked memory consolidation in both
tasks (Koss and Frick, 2019), indicating that
hippocampally synthesized E2 is essential in
males only when androgen receptors are blocked.
As such, these data suggest that hippocampal
E2 synthesis and androgen receptors may
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operate together in males to mediate memory
consolidation.

CONCLUSIONS AND FUTURE
DIRECTIONS
We have learned much in the past couple of
decades about the mechanisms through which
E2 influences hippocampal-dependent memory
(see summary in Table 8.1). Our laboratory has
attempted to contribute to this body of know-
ledge by pinpointing the neural mechanisms
through which E2 enhances memory con-
solidation. Our studies thus far indicate that
exogenous E2 facilitates consolidation in
ovariectomized females via actions in the mPFC
and dorsal hippocampus, the latter of which
involves binding to ERa and ERP at the mem-
brane, which interact with mGluR1 to trigger
ERK signaling and stimulate histone acety-
lation and gene expression, mTOR signaling
and local protein synthesis, and dendritic
spinogenesis in both CA1 and the mPFC (Figure
8.2). Activation of GPER in ovariectomized
females also leads to enhanced memory con-
solidation and increased CAl dendritic spine
density, but via JNK signaling, rather than ERK
(Figure 8.2). Hippocampally synthesized E2
also plays a critical role in memory consolida-
tion in ovariectomized females. Among males,
E2-induced enhancements in memory consoli-
dation do not involve ERK signaling, but may in-
volve ERK-independent CREB phosphorylation.
Although both hippocampal E2 synthesis and
androgen receptor activation regulate memory
consolidation in males, the presence of circu-
lating androgens protects against the loss of de
novo E2 synthesis in the dorsal hippocampus.
However, the nature of a potential interaction

between de novo E2 synthesis and androgen
receptors is unknown.

This research can progress further forward by
extending the scope of inquiry in several different
directions. First, we must greatly expand our
knowledge of the specific molecular mechanisms
through which E2 regulates memory consolida-
tion. These include additional cell-signaling and
receptor mechanisms involved in estrogenic reg-
ulation of memory, as dozens of cell-signaling
pathways and hormones, neurotransmitters,
and growth factor receptors are likely involved.
This work could also benefit from detailed ge-
nomic, epigenomic, proteomic, and metabolomic
studies. Second, we must reach beyond the hip-
pocampus to first identify the underlying neural
circuitry regulated by E2 and then investigate
the molecular mechanisms within these brain
regions necessary for E2 to modulate memory
consolidation. Third, most existing data were
collected in female subjects only, and recent
reports of sex differences in hippocampal cell
signaling and ER utilization suggest that con-
siderably more research in males is warranted.
Direct comparisons between males and females,
both gonadally intact and gonadectomized,
would provide a much more complete under-
standing of how E2 influences memory consoli-
dation. Finally, determining the extent to which
the mechanisms that mediate acute effects of
E2 on memory consolidation also regulate the
chronic effects of E2 on memory acquisition
and retention will be a major advance toward
translating what we have learned in rodents to
humans. Broadening our inquiries in these four
directions will provide fundamental advances
that will greatly enrich our understanding of how
E2 modulates memory consolidation.

TABLE 8.1. SUMMARY OF THE MOLECULAR MECHANISMS KNOWN TO REGULATE
MEMORY CONSOLIDATION IN FEMALE AND MALE MICE

Treatment Variable OVX Female GDX Male Intact Male
E2 Memory 1 1 t
ERK activation 1 - -
PI3K activation 1 ? ?
Akt activation 1 - -
CREB activation 1 1 1
Letrozole Memory | l -
Flutamide Memory ? ? l
Letrozole + Flutamide =~ Memory ? ? l

Notes: OVX = ovariectomized. GDX = gonadectomized. ERK = extracellular signal-regulated kinase. CREB = cAMP response element

binding protein



Molecular Mechanisms Underlying Rapid Effects

ACKNOWLEDGMENTS
Studies conducted in the Frick laboratory
discussed in this chapter were supported by the
National Institutes of Health (RO1IMH107886,
R01AG022525, R15GM118304, R03MH065460),
the American Federation for Aging Research,
University of Wisconsin-Milwaukee Research
Growth Initiative Awards 101x334 and 101x240,
the University of Wisconsin-Milwaukee College of
Letters and Science, the University of Wisconsin-
Milwaukee Office of Undergraduate Research,
and Yale University. The writing of this chapter
was also supported by an Alzheimer’s Association
“Sex and Gender in Alzheimer’s” grant (SAGA-17-
419092). We would like to thank all past and pre-
sent undergraduate students, graduate students,
postdoctoral fellows, and research staftf from the
Frick laboratory who contributed to the research
reviewed here.

REFERENCES

Adams JP, Sweatt JD (2002) Molecular psychology:
Roles for the ERK MAP kinase cascade in memory.
Annu Rev Pharmacol Toxicol 42:135-163.

Aenlle KK, Foster TC (2010) Aging alters the expres-
sion of genes for neuroprotection and synaptic
function following acute estradiol treatment.
Hippocampus 20:1047-1060.

Aenlle KK, Kumar A, Cui L, Jackson TC, Foster
TC (2009) Estrogen effects on cognition and
hippocampal transcription in middle-aged mice.
Neurobiol Aging 30:932-945.

Aid T, Kazantseva A, Piirsoo M, Palm K, Timmusk T
(2007) Mouse and rat BDNF gene structure and
expression revisited. ] Neurosci Res 85:525-535.

Akama KT, Thompson LI, Milner TA, McEwen
BS (2013) Post-synaptic density-95 (PSD-95)
binding capacity of G-protein-coupled receptor
30 (GPR30), an estrogen receptor that can be
identified in hippocampal dendritic spines. J Biol
Chem 288:6438-6450.

Alejandre-Gomez M, Garcia-Segura L, Gonzalez-
Burgos I (2007) Administration of an inhibitor of
estrogen biosynthesis facilitates working memory
acquisition in male rats. Neurosci Res 58:272-277.

Almey A, Cannel E, Bertram K, et al. (2014) Medial
prefrontal cortical estradiol rapidly alters memory
system bias in female rats: Ultrastructural analysis
reveals membrane-associated estrogen receptors as
potential mediators. Endocrinology 155:4422-4432.

Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM,
Sweatt JD (1998) The MAPK cascade is required
for mammalian associative learning. Nat Neurosci
1:602-609.

Azcoitia I, Yague JG, Garcia-Segura LM (2011)
Estradiol synthesis within the human brain.
Neuroscience 191:139-147.

137

Bailey D], Ma C, Soma KK, Saldanha CJ (2013)
Inhibition of hippocampal aromatization impairs
spatial memory performance in a male songbird.
Endocrinology 154:4707-4714.

Bailey DJ, Makeyeva YV, Paitel ER, et al. (2017)
Hippocampal aromatization modulates spatial
memory and characteristics of the synaptic mem-
brane in the male zebra finch. Endocrinology
158:852-859.

Baj G, Del Turco D, Schlaudraff J, Torelli L, Deller T,
Tongiorgi E (2013) Regulation of the spatial code
for BDNF mRNA isoforms in the rat hippocampus
following pilocarpine-treatment: A systematic
analysis using laser microdissection and quantita-
tive real-time PCR. Hippocampus 23:413-423.

Bean LA, Ianov L, Foster TC (2014) Estrogen receptors,
the hippocampus, and memory. Neuroscientist
20:534-545.

Bekinschtein P, Katche C, Slipczuk LN, et al. (2007)
mTOR signaling in the hippocampus is necessary
for memory formation. Neurobiol Learn Mem
87:303-307.

Blum S, Moore AN, Adams F, Dash PK (1999) A
mitogen-activated protein kinase cascade in the
CA1/CA2 subfield of the dorsal hippocampus is
essential for long-term spatial memory. ] Neurosci
19:3535-3544.

Bologa CG, Revankar CM, Young SM, et al. (2006)
Virtual and biomolecular screening converge
on a selective agonist for GPR30. Nat Chem Biol
2:207-212.

Boulware MI, Heisler JD, Frick KM (2013) The memory-
enhancing effects of hippocampal estrogen re-
ceptor activation involve metabotropic glutamate
receptor signaling. ] Neurosci 33:15184-15194.

Boulware MI, Weick JP, Becklund BR, et al. (2005)
Estradiol activates group I and II metabotropic
glutamate receptor signaling, leading to opposing
influences on cAMP response element-binding
protein. ] Neurosci 25:5066-5078.

Bozon B, Kelly A, Josselyn SA, Silva AJ, Davis S,
Laroche S (2003) MAPK, CREB and zif268 are
all required for the consolidation of recognition
memory. Philos Trans R Soc Lond, B, Biol Sci
358:805-814.

Brailoiu E, Dun SL, Brailoiu GC, et al. (2007)
Distribution and characterization of estrogen re-
ceptor G protein-coupled receptor 30 in the rat
central nervous system. ] Endocrinol 193:311-321.

Briz V, Baudry M (2014) Estrogen regulates protein
synthesis and actin polymerization in hippocampal
neurons through different molecular mechanisms.
Front Endocrinol 5:22.

Chao A, Paon A, Remage-Healey L (2015) Dynamic
variation in forebrain estradiol levels during song
learning. Devel Neurobiol 75:271-286.

Chen LY, Rex CS, Casale MS, Gall CM, Lynch G (2007)
Changes in synaptic morphology accompany actin
signaling during LTP. ] Neurosci 27:5363-5372.



138 ESTROGENS AND MEMORY

Cheskis B, Greger JG, Nagpal S, Freedman LP (2007)
Signaling by estrogens. J Cell Physiol 213:610-617.

Chisholm NC, Juraska JM (2012) Effects of long-term
treatment with estrogen and medroxyprogesterone
acetate on synapse number in the medial pre-
frontal cortex of aged female rats. Menopause
19:804-811.

Choleris E, Galea LAM, Sohrabji F, Frick KM (2018)
Sex differences in the brain: Implications for be-
havioral and biomedical research. Neurosci
Biobehav Rev 85:126-145.

Churchwell JC, Kesner RP (2011) Hippocampal-
prefrontal dynamics in spatial working memory:
Interactions and independent parallel processing.
Behav Brain Res 225:389-395.

Chwang WB, O’Riordan KJ, Levenson JM, Sweatt JD
(2006) ERK/MAPK regulates hippocampal his-
tone phosphorylation following contextual fear
conditioning. Learn Mem 13:322-328.

Cingolani LA, Goda Y (2008) Actin in action: The in-
terplay between the actin cytoskeleton and syn-
aptic efficacy. Nat Rev Neurosci 9:344-356.

Cornil CA, Ball GE Balthazart J (2018) Differential
control of appetitive and consummatory sexual
behavior by neuroestrogens in male quail. Horm
Behav 104:15-31.

Dash PK, Orsi SA, Moore AN (2006) Spatial memory
formation and memory-enhancing effect of glu-
cose involves activation of the tuberous scle-
rosis complex-Mammalian target of rapamycin
pathway. ] Neurosci 26:8048-8056.

de Bournonville MP, Vandries LM, Ball GE, Balthazart
J, Cornil CA (2019) Site-specific effects of aroma-
tase inhibition on the activation of male sexual be-
havior in male Japanese quail (Coturnix japonica).
Horm Behav 108:42-49.

Dennis MK, Burai R, Ramesh C, et al. (2009) In vivo
effects of a GPR30 antagonist. Nat Chem Biol
5:421-427.

Duarte-Guterman P, Leiblich SE, Chow C, Galea LA
(2015) Estradiol and GPER activation differen-
tially affect cell proliferation but not GPER expres-
sion in the hippocampus of adult female rats. PLoS
ONE 10:e0129880.

Duarte-Guterman P, Yagi S, Chow C, Galea LAM
(2015) Hippocampal learning, memory, and neu-
rogenesis: Effects of sex and estrogens across the
lifespan in adults. Horm Behav 74:37-52.

Ervin KS, Mulvale E, Gallagher N, Roussel V,
Choleris E (2015) Activation of the G protein-
coupled estrogen receptor, but not estrogen re-
ceptor a or P, rapidly enhances social learning.
Psychoneuroendocrinology 58:51-66.

Fan L, Zhao Z, Orr PT, et al. (2010) Estradiol-
induced object memory consolidation in middle-
aged female mice requires dorsal hippocampal
extracellular  signal-regulated  kinase  and
phosphatidylinositol ~ 3-kinase activation. ]
Neurosci 30:4390-4400.

Fernandez SM, Lewis MC, Pechenino AS, et al. (2008)
Estradiol-induced enhancement of object memory
consolidation involves hippocampal ERK activa-
tion and membrane-bound estrogen receptors. J
Neurosci 28:8660-8667.

Fester L, Prange-Kiel ], Zhao L, et al. (2012) Estrogen-
regulated synaptogenesis in the hippocampus:
Sexual dimorphism in vivo but not in vitro. J
Steroid Biochem Mol Biol 131:24-29.

Fester L, Ribeiro-Gouveia V, Prange-Kiel P, et al
(2006) Proliferation and apoptosis of hippocampal
granule cells require local oestrogen synthesis. |
Neurochem 97:1136-1144.

Filardo EJ, Thomas P (2005) GPR30: A seven-
transmembrane-spanning estrogen receptor that
triggers EGF release. Trends Endocrinol Metab
16:362-367.

Fitzpatrick JL, Mize AL, Wade CB, et al. (2002)
Estrogen-mediated neuroprotection against b-
amyloid toxicity requires expression of estrogen
receptor a or b and activation of the MAPK
pathway. ] Neurochem 82:674-682.

Fortress AM, Fan L, Orr PT, Zhao Z, Frick KM (2013)
Estradiol-induced object recognition memory
consolidation is dependent on activation on
mTOR signaling in the dorsal hippocampus. Learn
Mem 20:147-155.

Fortress AM, Kim J, Poole RL, Gould TJ, Frick KM
(2014) 17B-Estradiol regulates histone alterations
associated with memory consolidation and
increases Bdnf promoter acetylation in middle-
aged female mice. Learn Mem 21:457-467.

Foster TC, Rani A, Kumar A, Cui L, Semple-Rowland
SL (2008) Viral vector-mediated delivery of es-
trogen receptor-alpha to the hippocampus
improves spatial learning in estrogen receptor-
alpha knockout mice. Mol Ther 16:1587-1593.

Frick KM, Fernandez SM, Bennett JC, et al. (2004)
Behavioral training interferes with the ability of
gonadal hormones to increase CAl spine syn-
apse density in ovariectomized female rats. Eur ]
Neurosci 19:3026-3032.

Frick KM, Fernandez SM, Harburger LL (2010)
A new approach to understanding the molec-
ular mechanisms through which estrogens af-
fect cognition. Biochim Biophys Acta Gen Subj
1800:1045-1055.

Frick KM, Kim J, Tuscher JJ, Fortress AM (2015) Sex
steroid hormones matter for learning and memory:
Estrogenic regulation of hippocampal function in
male and female rodents. Learn Mem 22:472-493.

Frye CA, Dufty CK, Walf AA (2007) Estrogens and
progestins enhance spatial learning of intact and
ovariectomized rats in the object placement task.
Neurobiol Learn Mem 88:208-216.

Fugger HN, Foster TC, Gustafsson J-A, Rissman EF
(2000) Novel effects of estradiol and estrogen re-
ceptor o and B on cognitive function. Brain Res
883:258-264.



Molecular Mechanisms Underlying Rapid Effects

Funakoshi T, Yanai A, Shinoda K, Kawano MM,
Mizukami Y (2006) G protein-coupled receptor 30
is an estrogen receptor in the plasma membrane.
Biochem Biophys Res Commun 346:904-910.

Gabor C, Lymer J, Phan A, Choleris E (2015) Rapid
effects of the G-protein coupled oestrogen re-
ceptor (GPER) on learning and dorsal hippo-
campus dendritic spines in female mice. Physiol
Behav 149:53-60.

Galvin C, Ninan I (2014) Regulation of the mouse
medial prefrontal cortical synapses by endog-
enous estradiol.  Neuropsychopharmacology
39:2086-2094.

Gervais NJ, Jacob S, Brake WG, Mumby DG (2013)
Systemic and intra-rhinal-cortical 17-f estra-
diol administration modulate object-recognition
memory in ovariectomized female rats. Horm
Behav 64:642-652.

Gibbs RB (1998) Levels of trkA and BDNF mRNA,
but not NGF mRNA, fluctuate across the estrous
cycle and increase in response to acute hormone
replacement. Brain Res 787:259-268.

Gould E, Woolley CS, Frankfurt M, McEwen BS
(1990) Gonadal steroids regulate dendritic spine
density in hippocampal pyramidal cells in adult-
hood. ] Neurosci 10:1286-1291.

Graham BM, Milad MR (2014) Inhibition of estra-
diol synthesis impairs fear extinction in male rats.
Learn Mem 21:347-350.

Gresack JE, Frick KM (2004) Environmental enrich-
ment reduces the mnemonic and neural benefits
of estrogen. Neuroscience 128:459-471.

Gresack JE, Frick KM (2006) Post-training estrogen
enhances spatial and object memory consolida-
tion in female mice. Pharmacol Biochem Behav
84:112-119.

Gresack JE, Kerr KM, Frick KM (2007a) Short-term
environmental enrichment decreases the mne-
monic response to estrogen in young, but not
aged, female mice. Brain Res 1160:91-101.

Gresack JE, Kerr KM, Frick KM (2007b) Life-long en-
vironmental enrichment differentially affects the
mnemonic response to estrogen in young, middle-
aged, and aged female mice. Neurobiol Learn
Mem 88:393-408.

Guan JS, Haggarty SJ, Giacometti E, et al. (2009)
HDAC2 negatively regulates memory formation
and synaptic plasticity. Nature 459:55-60.

Guzowski JE McGaugh JL (1997) Antisense
oligodeoxynucleotide-mediated ~ disruption  of
hippocampal cAMP response element binding
protein levels impairs consolidation of memory
for water maze training. Proc Natl Acad Sci USA
94:2693-2698.

Hajszan T, MacLusky NJ, Johansen JA, Jordan CL,
Leranth C (2007) Effects of androgens and estra-
diol on spine synapse formation in the prefrontal
cortex of normal and testicular feminization mu-
tant male rats. Endocrinology 148:1963-1967.

139

Hammond R, Mauk R, Ninaci D, Nelson D, Gibbs RB
(2009) Chronic treatment with estrogen receptor
agonists restores acquisition of a spatial learning
task in young ovariectomized rats. Horm Behav
56:309-314.

Hammond R, Nelson D, Kline E, Gibbs RB (2012)
Chronic treatment with a GPR30 antagonist
impairs acquisition of a spatial learning task in
young female rats. Horm Behav 62:367-374.

Hamson DK, Roes MM, Galea LA (2016) Sex
hormones and cognition: Neuroendocrine
influences on memory and learning. Compr
Physiol 6:1295-1337.

Han X, Aenlle KK, Bean LA, et al. (2013) Role of es-
trogen receptor aand f in preserving hippocampal
function during aging J Neurosci 33:2671-2683.

Hanson AM, Sampathi Perera KLI, Kim J, et al
(2018) A-C estrogens as potent and selective es-
trogen receptor-beta agonists (SERBAs) to en-
hance memory consolidation under low-estrogen
conditions. ] Med Chem 61:4720-4738.

Harburger LL, Saadi A, Frick KM (2009) Dose-
dependent effects of posttraining estradiol plus
progesterone treatment on object memory
consolidation and hippocampal extracellular
signal-regulated kinase activation in young
ovariectomized mice. Neuroscience 160:6-12.

Hart D, Nilges M, Pollard K, et al. (2014) Activation
of the G-protein coupled receptor 30 (GPR30)
has different effects on anxiety in male and female
mice. Steroids 81:49-56.

Hasegawa Y, Hojo Y, Kojima H, et al. (2015)
Estradiol rapidly modulates synaptic plasticity
of hippocampal neurons: Involvement of kinase
networks. Brain Res 1621:147-161.

Heise V, Filippini N, Trachtenberg AJ, et al. (2014)
Apolipoprotein E genotype, gender and age mod-
ulate connectivity of the hippocampus in healthy
adults. Neuroimage 98:23-30.

Hoeffer CA, Klann E (2010) mTOR signaling: At the
crossroads of plasticity, memory and disease.
Trends Neurosci 33:67-75.

Hojo Y, Hattori TA, Enami T, et al. (2004) Adult
male rat hippocampus synthesizes estradiol from
pregnenolone by cytochromes P45017alpha and
P450 aromatase localized in neurons. Proc Natl
Acad Sci USA 101:865-870.

Hojo Y, Munetomo A, Mukai H, et al. (2015) Estradiol
rapidly modulates spinogenesis in hippocampal
dentate gyrus: Involvement of kinase networks.
Horm Behav 74:149-156.

Hoover WB, Vertes RP (2007) Anatomical analysis of
afferent projections to the medial prefrontal cortex
in the rat. Brain Struct Funct 212:149-179.

Hutson DD, Gurrala R, Ogola BO, et al. (2019)
Estrogen receptor profiles across tissues from male
and female Rattus norvegicus. Biol Sex Differ 10:4.

Inagaki T, Frankfurt M, Luine V (2012) Estrogen-
induced memory enhancements are blocked by



140 ESTROGENS AND MEMORY

acute bisphenol A in adult female rats: Role of
dendritic spines. Endocrinology 1534:3357-3367.

Inagaki T, Gautreaux C, Luine V (2010) Acute estrogen
treatment facilitates recognition memory consoli-
dation and alters monoamine levels in memory-
related brain areas. Horm Behav 58:415-426.

Jacome LE, Barateli K, Buitrago D, et al. (2016) Gonadal
hormones rapidly enhance spatial memory and
increase hippocampal spine density in male rats.
Endocrinology 157:1357-1362.

Jacome LE, Gautreaux C, Inagaki T, et al. (2010)
Estradiol and ERP agonists enhance recognition
memory, and DPN, an ERP agonist, alters brain
monoamines. Neurobiol Learn Mem 94:488-498.

Jain A, Zhe Huang G, Woolley CS (2018) Latent sex
differences in molecular signaling that underlies
excitatory synaptic potentiation in the hippo-
campus. ] Neurosci 39: 1552-1565.

Jay TM, Thierry AM, Wiklund L, Glowinski J (1992)
Excitatory amino acid pathway from the hippo-
campus to the prefrontal cortex: Contribution of
AMPA receptors in hippocampo-prefrontal cortex
transmission. Eur ] Neurosci 4:1285-1295.

Kato A, Hojo Y, Higo S, Komatsuzaki Y, et al. (2013)
Female hippocampal estrogens have a significant
correlation with cyclic fluctuation of hippocampal
spines. Front Neural Circuits 7:149.

Kelleher III RJ, Govindarajan A, Jung H-Y, Kang
H, Tonegawa S (2004) Translational control by
MAPK signaling in long-term synaptic plasticity
and memory. Neuron 116:467-479.

Kelly A, Laroche S, Davis S (2003) Activation of
mitogen-activated protein kinase/extracellular
signal-regulated kinase in hippocampal circuitry
is required for consolidation and reconsolidation
of recognition memory. ] Neurosci 12:5354-5360.

Kim J, Frick KM (2017) Distinct effects of estrogen
receptor antagonism on object recognition and
spatial memory consolidation in ovariectomized
mice. Psychoneuroendocrinology 85:110-114.

Kim J, Schalk JC, Koss WA, Frick KM (2017) The
role of actin polymerization in GPER-mediated
hippocampal memory enhancement in female
mice. Soc Neurosci Abstr:Poster 159.104.

Kim J, Szinte JS, Boulware MI, Frick KM (2016)
17beta-estradiol and agonism of G-protein-
coupled estrogen receptor enhance hippocampal
memory via different cell-signaling mechanisms. J
Neurosci 36:3309-3321.

Kitamura T, Ogawa SK, Roy DS, et al. (2017) Engrams
and circuits crucial for systems consolidation of a
memory. Science 356:73-78.

Klann E, Sweatt JD (2008) Altered protein synthesis
is a trigger for long-term memory formation.
Neurobiol Learn Mem 89:247-259.

Korol DL, Wang W (2018) Using a memory systems
lens to view the effects of estrogens on cognition:
Implications for human health. Physiol Behav
187:67-78.

Koss WA, Frick KM (2017) Sex differences in
hippocampal function. ] Neurosci Res 95:539-562.

Koss WA, Frick KM (2019) Activation of an-
drogen receptors protects intact male mice from
memory impairments caused by aromatase in-
hibition. Horm Behav 111:96-104. doi:10.1016/
j.yhbeh.2019.01.002

Koss WA, Haertel JM, Philippi SM, Frick KM (2018) Sex
differences in the rapid cell signaling mechanisms
underlying the memory-enhancing effects of 17f-
estradiol. eNeuro 5. doi: ENEURO.0267-0218.2018

Kramar EA, Chen LY, Brandon NJ, et al. (2009)
Cytoskeletal changes underlie estrogen’s acute
effects on synaptic transmission and plasticity. J
Neurosci 29:12982-12993.

Kretz O, Fester L, Wehrenberg U, et al. (2004)
Hippocampal synapses depend on hippocampal
estrogen synthesis. ] Neurosci 24:5913-5921.

Kumar A, Bean LA, Rani A, Jackson T, Foster TC
(2015) Contribution of estrogen receptor subtypes,
ERa, ERB, and GPER1 in rapid estradiol-mediated
enhancement of hippocampal synaptic transmis-
sion in mice. Hippocampus 25:1556-1566.

Kuroki Y, Fukushima K, Kanda Y, Mizuno K,
Watanabe Y (2000) Putative membrane-bound
estrogen receptors possibly stimulate mitogen-
activated protein kinase in the rat hippocampus.
Eur J Pharmacol 400:205-209.

Leranth C, Petnehazy O, MacLusky NJ (2003) Gonadal
hormones affect spine synaptic density in the CA1
hippocampal subfield of male rats. ] Neurosci
23:1588-1592.

Levenson JM, O’Riordan KJ, Brown KD, et al. (2004)
Regulation of histone acetylation during memory
formation in the hippocampus. J Biol Chem
279:40545-40559.

Lewis MC, Kerr KM, Orr PT, Frick KM (2008)
Estradiol-induced enhancement of object memory
consolidation involves NMDA receptors and pro-
tein kinase A in the dorsal hippocampus of female
C57BL/6 mice. Behav Neurosci 122:716-721.

Liu F, Day M, Muniz LC, et al. (2008) Activation of
estrogen receptor-beta regulates hippocampal
synaptic plasticity and improves memory. Nat
Neurosci 11:334-343.

Luger K, Mader AW, Richmond RK, Sargent DF
Richmond TJ (1997) Crystal structure of the nu-
cleosome core particle at 2.8 A resolution. Nature
389:251-260.

Luine VN, Jacome LE MacLusky NJ (2003) Rapid
enhancement of visual and place memory by
estrogens in rats. Endocrinology 144:2836-2844.

Luine VN, Richards ST, Wu VY, Beck KD (1998)
Estradiol enhances learning and memory in
a spatial memory task and effects levels of
monoaminergic neurotransmitters. Horm Behav
34:149-162.

Lymer J, Robinson A, Winters BD, Choleris E (2017)
Rapid effects of dorsal hippocampal G-protein



Molecular Mechanisms Underlying Rapid Effects

coupled estrogen receptor on learning in female
mice. Psychoneuroendocrinology 77:131-140.

MacLusky NJ, Luine VN, Hajszan T, Leranth C (2005)
The 17alpha and 17beta isomers of estradiol both
induce rapid spine synapse formation in the CA1
hippocampal subfield of ovariectomized female
rats. Endocrinology 146:287-293.

Maeng LY, Cover KK, Taha MB, et al. (2017) Estradiol
shifts interactions between the infralimbic cortex
and central amygdala to enhance fear extinction
memory in female rats. ] Neurosci Res 95:163-175.

Maggiolini M, Picard D (2010) The unfolding stories
of GPR30, a new membrane-bound estrogen re-
ceptor. ] Endocrinol 204:105-114.

Manella P, Brinton RD (2006) Estrogen receptor
protein interaction with phosphatidylinositol 3-
kinase leads to activation of phosphorylated Akt
and extracellular signal-regulated kinase 1/2 in
the same population of cortical neurons: A uni-
fied mechanism of estrogen action. J Neurosci
26:9439-9447.

McGaugh JL (1966) Time-dependence processes in
memory storage. Science 153:1351-1358.

McGaugh JL (1989) Dissociating learning and per-
formance: Drug and hormone enhancement of
memory storage. Brain Res Bull 23:339-345.

McGaugh JL, Roozendaal B (2009) Drug enhance-
ment of memory consolidation: Historical per-
spective and neurobiological implications.
Psychopharmacology 202:3-14.

McQuown SC, Barrett RM, Matheos DP, et al. (2011)
HDACS3 is a critical negative regulator of long-
term memory formation. ] Neurosci 31:764-774.

Meyers MJ, Sun J, Carlson KE, et al. (2001) Estrogen
receptor-beta potency-selective ligands: Structure-
activity relationship studies of diarylpropionitriles
and their acetylene and polar analogues. ] Med
Chem 44:4230-4251.

Milner TA, Ayoola K, Drake CT, et al. (2005)
Ultrastructural localization of estrogen receptor
beta immunoreactivity in the rat hippocampal for-
mation. ] Comp Neurol 491:81-95.

Milner TA, McEwen BS, Hayashi S, et al. (2001)
Ultrastructural evidence that hippocampal alpha
estrogen receptors are located at extranuclear sites.
J Comp Neurol 429:355-371.

Moradpour E Naghdi N, Fathollahi Y (2006)
Anastrozole improved testosterone-induced im-
pairment acquisition of spatial learning and
memory in the hippocampal CA1 region in adult
male rats. Behav Brain Res 175:223-232.

Morris RGM, Garrud P, Rawlins JNP, O’Keefe ]
(1982) Place navigation impaired in rats with
hippocampal lesions. Nature 297:681-683.

Moser B, Trommald M, Andersen P (1994) An in-
crease in dendritic spine density on hippocampal
CA1 pyramidal cells following spatial learning in
adult rats suggests the formation of new synapses.
Proc Natl Acad Sci USA 91:12673-12675.

141

Mukai H, Tsurugizawa T, Murakami G, et al. (2007)
Rapid modulation of long-term depression and
spinogenesis via synaptic estrogen receptors in
hippocampal principal neurons. J Neurochem
100:950-967.

Murakami G, Hojo Y, Ogiue-Tkeda M, et al. (2014)
Estrogen receptor KO mice study on rapid mod-
ulation of spines and long-term depression in the
hippocampus. Brain Res 1621:133-146.

Murakami G, Tsurugizawa T, Hatanaka Y, et al. (2006)
Comparison between basal and apical dendritic
spines in estrogen-induced rapid spinogenesis of
CAL1 principal neurons in the adult hippocampus.
Biochem Biophys Res Commun 351:553-558.

Myskiw JC, Rossato JI, Bevilaqua LR, et al. (2008) On
the participation of mTOR in recognition memory.
Neurobiol Learn Mem 89:338-351.

Nayebi AM, Pourrabi S, Hossini S (2014) Testosterone
ameliorates streptozotocin-induced memory impair-
ment in male rats. Acta Pharmacol Sin 35:752-757.

Oberlander JG, Woolley CS (2016) 17p-estradiol
acutely potentiates glutamatergic synaptic trans-
mission in the hippocampus through distinct
mechanisms in males and females. ] Neurosci
36:2677-2690.

Ogiue-Ikeda M, Tanabe N, Mukai H, et al. (2008) Rapid
modulation of synaptic plasticity by estrogens
as well as endocrine disrupters in hippocampal
neurons. Brain Res Rev 57:363-375.

O'Malley A, OConnell C, Murphy KJ, Regan CM
(2000) Transient spine density increases in the
mid-molecular layer of hippocampal dentate gyrus
accompany consolidation of a spatial learning task
in the rodent. Neuroscience 99:229-232.

Ooishi Y, Kawato S, Hojo Y, et al.(2012) Modulation
of synaptic plasticity in the hippocampus by
hippocampus-derived estrogen and androgen. |
Steroid Biochem Mol Biol 131:37-51.

Packard MG, Kohlmaier JR, Alexander GM (1996)
Posttraining intrahippocampal estradiol injections
enhance spatial memory in male rats: Interaction
with  cholinergic systems. Behav Neurosci
110:626-632.

Packard MG, Teather LA (1997a) Intra-hippocampal
estradiol infusion enhances memory in
ovariectomized rats. NeuroReport 8:3009-3013.

Packard MG, Teather LA (1997b) Posttraining estra-
diol injections enhance memory in ovariectomized
rats: Cholinergic blockade and synergism.
Neurobiol Learn Mem 68:172-188.

Parsons RG, Gafford GM, Helmstetter FJ (2006)
Translational control via the mammalian target
of rapamycin pathway is critical for the formation
and stability of long-term fear memory in amyg-
dala neurons. ] Neurosci 26:12977-12983.

Pechenino AS, Frick KM (2009) The effects of acute
17p-estradiol treatment on gene expression in the
young female mouse hippocampus. Neurobiol
Learn Mem 91:315-322.



142 ESTROGENS AND MEMORY

Penzes P, Cahill ME (2012) Deconstructing signal
transduction pathways that regulate the actin
cytoskeleton in dendritic spines. Cytoskeleton
69:426-441.

Pereira LM, Bastos CP, de Souza JM, Ribeiro FM,
Pereira GS (2014) Estradiol enhances object recog-
nition memory in Swiss female mice by activating
hippocampal estrogen receptor a. Neurobiol Learn
Mem 114:1-9.

Phan A, Lancaster KE, Armstrong JN, MacLusky NJ,
Choleris E (2011) Rapid effects of estrogen re-
ceptor a and P selective agonists on learning and
dendritic spines in female mice. Endocrinology
152:1492-1502.

Phan A, Gabor CS, Favaro KJ, et al. (2012) Low
doses of 17f-estradiol rapidly improve learning
and increase hippocampal dendritic spines.
Neuropsychopharmacology 37:2299-2309.

Phan A, Suschkov S, Molinaro L, et al. (2015) Rapid
increases in immature synapses parallel estrogen-
induced hippocampal learning enhancements.
Proc Natl Acad Sci USA 112:16018-16023.

Pike CJ (2017) Sex and the development of Alzheimer’s
disease. ] Neurosci Res 95(1-2):671-680.

Prange-Kiel ], Fester L, Zhou L, Lauke H, Carrétero
J, Rune GM (2006) Inhibition of hippocampal
estrogen  synthesis  causes  region-specific
downregulation of synaptic protein expression in
hippocampal neurons. Hippocampus 16:464-471.

Prange-Kiel J, Schmutterer T, Fester L, et al.(2013)
Endocrine regulation of estrogen synthesis in
the hippocampus? Prog Histochem Cytochem
48:49-64.

Prange-Kiel ], Wehrenberg U, Jarry H, Rune GM (2003)
Para/autocrine regulation of estrogen receptors in
hippocampal neurons. Hippocampus 13:226-234.

Quinn JA, Graeber CT, Frackelton AR Jr, et al. (2009)
Coordinate regulation of estrogen-mediated
fibronectin matrix assembly and epidermal
growth factor receptor transactivation by the G
protein-coupled receptor, GPR30. Mol Endocrinol
23:1052-1064.

Remage-Healey L, Coleman M]J, Oyama RK, Schlinger
BA (2010) Brain estrogens rapidly strengthen au-
ditory encoding and guide song preference in a
songbird. Proc Natl Acad Sci USA 107:3852-3857.

Remage-Healey L, Maidment NT, Schlinger BA (2008)
Forebrain steroid levels fluctuate rapidly during
social interactions. Nat Neurosci 11:1327-1334.

Richter JD, Klann E (2009) Making synaptic plasticity
and memory last: Mechanisms of translational
regulation. Genes Dev 23:1-11.

Romeo RD, Waters EM, McEwen BS (2004) Steroid-
induced hippocampal synaptic plasticity: Sex
differences and similarities. Neuron Glia Biol
1:219-229.

Ruiz-Palmero I, Simon-Areces J, Garcia-Segura
LM, Arevalo MA (2011) Notch/neurogenin 3
signalling is involved in the neuritogenic actions of

oestradiol in developing hippocampal neurones. J
Neuroendocrinol 23:355-364.

Schafe GE, Atkins CM, Swank MW, et al. (2000)
Activation of ERK/MAP kinase in the amygdala
is required for memory consolidation of Pavlovian
fear conditioning. ] Neurosci 20:8177-8187.

Scharfman HE, Mercurio TC, Goodman JH, Wilson
MA, MacLusky NJ (2003) Hippocampal excita-
bility increases during the estrous cycle in the rat:
A potential role for brain-derived neurotrophic
factor. ] Neurosci 23:11641-11652.

Selcher JC, Atkins CM, Trzaskos JM, Paylor R, Sweatt
JD (1999) A necessity for MAP kinase activa-
tion in mammalian spatial learning. Learn Mem
6:478-490.

Sheldahl LC, Shapiro RA, Bryant DN, Koerner IP,
Dorsa DM (2008) Estrogen induced rapid trans-
location of estrogen receptor P, but not estrogen
receptor a, to the neuronal plasma membrane.
Neuroscience 153:751-761.

Shingo AS, Kito S (2005) Estradiol induces PKA ac-
tivation through the putative membrane receptor
in the living hippocampal neuron. ] Neural Trans
112:1469-1473.

Shors TJ (2016) A trip down memory lane about sex
differences in the brain. Philos Trans R Soc Lond,
B, Biol Sci 371:20150124.

Shughrue PJ, Merchenthaler I (2000) Evidence for
novel estrogen binding sites in the rat hippo-
campus. Neuroscience 99:605-612.

Shughrue PJ, Lane MYV, Merchenthaler I (1997)
Comparative distribution of estrogen receptor-a
and -3 mRNA in the rat central nervous system. ]
Comp Neurol 388:507-525.

Shughrue PJ, Scrimo P, Lane M, Askew R,
Merchenthaler T (1997) The distribution of es-
trogen receptor-§ mRNA in forebrain regions
of the estrogen receptor-a knockout mouse.
Endocrinology 138:5649-5652.

Shughrue PJ, Scrimo PJ, Merchenthaler I (2000)
Estrogen binding and estrogen receptor character-
ization (ERa and ERf) in the cholinergic neurons
of the rat basal forebrain. Neuroscience 96:41-49.

Singh M, Meyer EM, Simpkins JW (1995) The effect of
ovariectomy and estradiol replacement on brain-
derived neurotrophic factor messenger ribonu-
cleic acid expression in cortical and hippocampal
brain regions of female Sprague-Dawley rats.
Endocrinology 136:2320-2324.

Sohrabji F, Miranda RC, Toran-Allerand CD (1995)
Identification of a putative estrogen response
element in the gene encoding brain-derived
neurotrophic factor. Proc Natl Acad Sci USA
92:11110-11114.

Spence EF, Soderling SH (2015) Actin out: Regulation
of the synaptic cytoskeleton. J Biol Chem 290
28613-28622.

Stauffer SR, Coletta CJ, Tedesco R, et al. (2000) Pyrazole
ligands: Structure-affinity/activity relationships



Molecular Mechanisms Underlying Rapid Effects

and estrogen receptor-alpha-selective agonists. J
Med Chem 43:4934-4947.

Stoffel-Wagner B, Watzka M, Schramm J, Bidlingmaier
E Klingmiiller D (1999) Expression of CYP19
(aromatase) mRNA in different areas of the human
brain. J Steroid Biochem Mol Biol 70:237-241.

Strahl BD, Allis CD (2000) The language of covalent
histone modifications. Nature 403:41-45.

Thomas P, Pang Y, Filardo EJ, Dong J (2005) Identity
of an estrogen membrane receptor coupled
to a G protein in human breast cancer cells.
Endocrinology 146:624-632.

Tsokas P, Grace EA, Chan P, et al. (2005) Local protein
synthesis mediates a rapid increase in dendritic
elongation factor 1A after induction of late long-
term potentiation. ] Neurosci 25:5833-5843.

Tuscher JJ, Luine VN, Frankfurt M, Frick KM (2016)
Estradiol-mediated spine changes in the dorsal
hippocampus and medial prefrontal cortex of
ovariectomized female mice depend on ERK and
mTOR activation in the dorsal hippocampus. |
Neurosci 36:1483-1489.

Tuscher JJ, Taxier LR, Fortress AM, Frick KM (2018)
Chemogenetic inactivation of the dorsal hippo-
campus and medial prefrontal cortex, individu-
ally and concurrently, impairs object recognition
and spatial memory consolidation in female mice.
Neurobiol Learn Mem 156:103-116.

Tuscher JJ, Szinte JS, Starrett JR, et al. (2016) Inhibition
of local estrogen synthesis in the hippocampus
impairs hippocampal memory consolidation
in ovariectomized female mice. Horm Behav
83:60-67.

Tuscher JJ, Taxier LR, Schalk JC, Haertel JM, Frick
KM (2019) Chemogenetic suppression of me-
dial prefrontal-dorsal hippocampal interactions
prevents estrogenic enhancement of memory con-
solidation in female mice. eNeuro 6. doi:10.1523/
ENEURO.0451-18.2019

Vahaba DM, Macedo-Lima M, Remage-Healey L
(2017) Sensory coding and sensitivity to local
estrogens shift during critical period milestones
in the auditory cortex of male songbirds. eNeuro
4:pii: ENEURO.0317.2017.

Vedder LC, Smith CC, Flannigan AE, McMahon LL
(2013) Estradiol-induced increase in novel ob-
ject recognition requires hippocampal NR2B-
containing NMDA receptors. Hippocampus
23:108-115.

Velazquez-Zamora DA, Garcia-Segura LM, Gonzalez-
Burgos I (2012) Effects of selective estrogen
receptor modulators on allocentric working
memory performance and on dendritic spines in
medial prefrontal cortex pyramidal neurons of
ovariectomized rats. Horm Behav 61:512-517.

Vierk R, Brandt N, Rune GM (2014) Hippocampal
estradiol synthesis and its significance for
hippocampal synaptic stability in male and female
animals. Neuroscience 274:24-32.

143

Vierk R, Glassmeier G, Zhou L, et al. (2012) Aromatase
inhibition abolishes LTP generation in female but
not in male mice. ] Neurosci 32:8116-8126.

Wade CB, Dorsa DM (2003) Estrogen activation of
cyclic adenosine 5-monophosphate response
element-mediated transcription requires the extra-
cellularly regulated kinase/mitogen-activated pro-
tein kinase pathway. Endocrinology 144:832-838.

Wade CB, Robinson S, Shapiro RA, Dorsa DM (2001)
Estrogen receptor (ER)a and ERf3 exhibit unique
pharmacologic properties when coupled to ac-
tivation of the mitogen-activated protein kinase
pathway. Endocrinology 142:2336-2342.

Walf AA, Koonce CJ, Frye CA (2008) Estradiol or
diarylpropionitrile administration to wild type, but
not estrogen receptor beta knockout, mice enhances
performance in the object recognition and object
placement tasks. Neurobiol Learn Mem 89:513-521.

Walf AA, Rhodes ME, Frye CA (2006) Ovarian
steroids enhance object recognition in naturally
cycling and ovariectomized, hormone-primed
rats. Neurobiol Learn Mem 86:35-46.

Wallace M, Luine V, Arellanos A, Frankfurt M (2006)
Ovariectomized rats show decreased recognition
memory and spine density in the hippocampus
and prefrontal cortex. Brain Res 1126:176-182.

Walters MR (1985) Steroid hormone receptors and the
nucleus. Endrocr Rev 6:512-535.

Warburton EC, Brown MW (2015) Neural circuitry
for rat recognition memory. Behav Brain Res
285:131-139.

Waters EM, Thompson LI, Patel P, et al. (2015) G-
protein-coupled estrogen receptor 1 is anatomi-
cally positioned to modulate synaptic plasticity in
the mouse hippocampus. ] Neurosci 35:2384-2397.

Watters JJ, Campbell JS, Cunningham M]J, Krebs EG,
Dorsa DM (1997) Rapid membrane effects of
steroids in neuroblastoma cells: Effects of estrogen
on mitogen activated protein kinase signalling cas-
cade and c-fos immediate early gene transcription.
Endocrinology 138:4030-4033.

Wioland H, Guichard B, Senju Y, et al. (2017) ADF/
Cofilin accelerates actin dynamics by severing
filaments and promoting their depolymerization
at both ends. Curr Biol 27:1956-1967.

Woolley CS, Gould E, Frankfurt M, McEwen BS (1990)
Naturally occurring fluctuation in dendritic spine
density on adult hippocampal pyramidal neurons.
] Neurosci 10:4035-4039.

Woolley CS, McEwen BS (1992) Estradiol mediates fluc-
tuation in hippocampal synapse density during the es-
trous cycle in the adult rat. ] Neurosci 12:2549-2554.

Woolley CS, McEwen BS (1993) Roles of estradiol and
progesterone in regulation of hippocampal den-
dritic spine density during the estrous cycle in the
rat. ] Comp Neurol 336:293-306.

Yang XJ, Seto E (2007) HATs and HDACs: From struc-
ture, function and regulation to novel strategies for
therapy and prevention. Oncogene 26:5310-5318.



144 ESTROGENS AND MEMORY

Yokomaku D, Numakawa T, Numakawa Y, et al
(2003)  Estrogen  enhances  depolarization-
induced glutamate release through activation of
phosphatidylinositol 3-kinase and mitogen-activated
protein kinase in cultured hippocampal neurons.
Mol Endocrinol 17:831-844.

Yuen GS, McEwen BS, Akama KT (2011) LIM
kinase mediates estrogen action on the actin
depolymerization factor Cofilin. Brain Res 1379:
44-52.

Zhao J, Bian C, Liu M, et al. (2018) Orchiectomy and
letrozole differentially regulate synaptic plasticity
and spatial memory in a manner that is mediated
by SRC-1 in the hippocampus of male mice. J
Steroid Biochem Mol Biol 178:354-368.

Zhao L, Brinton RD (2007) Estrogen receptor a and f
differentially regulate intracellular Ca2+ dynamics
leading to ERK phosphorylation and estrogen

neuroprotection in hippocampal neurons. Brain
Res 1172:48-59.

Zhao Z, Fan L, Fortress AM, Boulware MI, Frick KM
(2012) Hippocampal histone acetylation regulates ob-
ject recognition and the estradiol-induced enhance-
ment of object recognition. ] Neurosci 32:2344-2351.

Zhao Z, Fan L, Frick KM (2010) Epigenetic alterations
regulate the estradiol-induced enhancement of
memory consolidation. Proc Natl Acad Sci USA
107:5605-5610.

Zhou L, Fester L, von Blittersdorff B, et al. (2010)
Aromatase inhibitors induce spine synapse loss
in the hippocampus of ovariectomized mice.
Endocrinology 151:1153-1160.

Zurkovsky L, Brown SL, Boyd SE, Fell JA, Korol DL
(2007) Estrogen modulates learning in female rats
by acting directly at distinct memory systems.
Neuroscience 144:26-37.





