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Hippocampal memory formation is highly regulated by post-translational histone modifications and DNA
methylation. Accordingly, these epigenetic processes play a major role in the effects of modulatory fac-
tors, such as sex steroid hormones, on hippocampal memory. Our laboratory recently demonstrated that
the ability of the potent estrogen 17B-estradiol (E;) to enhance hippocampal-dependent novel object rec-
ognition memory in ovariectomized female mice requires ERK-dependent histone H3 acetylation and
DNA methylation in the dorsal hippocampus. Although these data provide valuable insight into the chro-
matin modifications that mediate the memory-enhancing effects of E,, epigenetic regulation of gene
expression is enormously complex. Therefore, more research is needed to fully understand how E, and
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Aging other hormones employ epigenetic alterations to shape behavior. This review discusses the epigenetic
Epigenetic alterations shown thus far to regulate hippocampal memory, briefly reviews the effects of E; on hippo-

campal function, and describes in detail our work on epigenetic regulation of estrogenic memory

enhancement.
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1. Introduction

What makes a memory last a lifetime? Whether a particular
face, a notable event, or a remarkable location, some experiences
need occur only once for their memory to persist indefinitely.
The past few decades have seen an explosion of research devoted
to understanding how our memories are formed and stored at
the molecular and cellular levels. This work has not only provided
a basic understanding of the molecular underpinnings of memory
consolidation and reconsolidation, but has also provided important
insight into the neural mechanisms underlying memory impair-
ments in neurodevelopmental disorders, neurodegenerative dis-
eases, and aging. Increasingly, epigenetic alterations have been
implicated in both normal memory formation and memory dys-
function. Unlike mutations that physically alter DNA, epigenetic
(“above the gene”) mechanisms alter transcriptional access to
DNA. The dizzying array of epigenetic modifications that regulate
the transcription of genes necessary for memory formation pro-
vides the means to regulate gene expression and enable encoding
of an almost infinite number of memories. However, prior to the
discovery of epigenetic regulation of memory, the role of DNA in
the storage of so many distinct memories was unclear. Even
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Francis Crick expressed doubt that memory could be coded within
specific sections of DNA (Crick, 1984). Instead, he proposed that
activity-dependent chemical modifications of proteins, such as
phosphorylation or methylation, could provide the increased syn-
aptic strength hypothesized to underlie memory formation
(Crick, 1984). Subsequent studies showing that DNA methylation
could stably repress gene expression led to the proposal that mem-
ory formation is regulated by DNA methylation and demethylation
(Holliday, 1999). In the years since, the new field of cognitive neu-
roepigenetics (Day and Sweatt, 2011) has demonstrated the critical
importance of both DNA methylation and histone modifications for
long-term memory formation.

Research from the past three decades has also highlighted the
myriad of ways in which hormones can influence memory forma-
tion. Initial evidence suggesting a role for sex steroid hormones in
memory came from studies in the late 1980s localizing estrogen
receptors to the dorsal hippocampus and entorhinal cortex (Loy
et al., 1988; Maggi et al., 1989). Not long afterwards, work by
Woolley, Gould, and McEwen showing that estrogens and proges-
terone regulate hippocampal CA1 spine density in female rats
(Gould et al., 1990; Woolley et al., 1990; Woolley and McEwen,
1992, 1993) gave birth to the field of hormones and cognition.
These findings inspired hundreds of subsequent studies that have
investigated the effects of estrogens and progesterone on
hippocampal plasticity and memory. Although some studies have
examined the influence of naturally fluctuating estrogen and pro-
gesterone levels on hippocampal function, most have administered
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exogenous hormones to ovariectomized female rodents to simplify
interpretation of the data. The vast majority of these studies have
focused on the potent estrogen, 17p-estradiol (E;), given its impor-
tant role in promoting the formation of new dendritic spines and
excitatory synapses in the hippocampus (Woolley, 2007). In
rodents, exogenous E, also facilitates hippocampal neurogenesis,
various forms of hippocampal synaptic plasticity including long-
term potentiation, and rapid hippocampal cell signaling
(Woolley, 2007; Pawluski et al., 2009; Frick, 2012). Accordingly,
many studies report that exogenous E, administered to rats or
mice enhances the acquisition and consolidation of several forms
of hippocampal learning and memory, including spatial memory,
working memory, contextual memory, and object recognition
memory (for reviews, see Daniel, 2006; Frick, 2009; Gibbs, 2010;
Choleris et al., 2012).

Given the importance of both E, and epigenetics to hippocam-
pal memory formation, it is natural to ask whether epigenetic
mechanisms play a role in estrogenic regulation of hippocampal
memory. As such, our laboratory began to investigate this issue
in the late 2000s in ovariectomized female mice. This work arose
from our studies showing that E; rapidly (within 5 min) activates
hippocampal cell signaling pathways, including the extracellular
signal-regulated kinase/mitogen activated protein kinase (ERK/
MAPK) pathway (Fernandez et al., 2008). Phosphorylation of ERK/
MAPK increases gene transcription by activating numerous tran-
scription factors, including cyclic AMP response element binding
protein (CREB) (Roberson et al., 1999), and by promoting histone
acetylation (Chwang et al., 2006). Our studies to date have demon-
strated that both histone acetylation and DNA methylation are
necessary for E; to enhance the consolidation of hippocampal-
dependent object recognition memory in female mice (Zhao
et al., 2010, 2012). What is the functional significance of epigenetic
regulation of estrogen-dependent memory? Memory dysfunction
is characteristic of aging, neurodegenerative diseases such as Alz-
heimer’s disease, and neuropsychiatric diseases such as depression
and schizophrenia (Gur and Gur, 2013; Pittenger, 2013; Ha et al.,
2014), and accumulating research suggests that treatments target-
ing specific epigenetic modifications can reduce memory deficits in
patients with Alzheimer’s disease, Parkinson’s disease, depression,
schizophrenia, stroke, and traumatic brain injury (Fischer et al.,
2010). Estrogen loss at menopause (surgical or natural) can accel-
erate the onset of age-related cognitive decline (Sherwin, 2012;
Hogervorst, 2013) and is associated with an increased risk of Alz-
heimer’s disease in women (reviewed in Maki, 2012). Furthermore,
estrogens are associated with the symptomatology of bipolar dis-
order, anxiety disorders, depression, schizophrenia, migraine, cata-
menial epilepsy, and stroke (Walf and Frye, 2006; Milad et al.,
2010; Begemann et al., 2012; Marsh et al., 2012; Reddy, 2013;
Sohrabji and Williams, 2013). Although E,’s neuroprotective,
anti-depressant, mood-stabilizing, and memory enhancing proper-
ties (Walf and Frye, 2006; Sherwin and Henry, 2008; Kulkarni,
2009; Liu et al.,, 2010; Luine and Frankfurt, 2013) might support
its use to reduce memory dysfunction in several brain disorders,
estrogen therapy has been associated with potentially life-threat-
ening side effects including breast and uterine cancer (Rossouw
et al., 2002; Chlebowski et al., 2003). On the other hand, several
histone deacetylase inhibitors have been FDA-approved to treat
various cancers (Wagner et al., 2010), so epigenetic treatments
might afford a mechanism for providing the cognitive benefits of
estrogens without their carcinogenic effects. Therefore, under-
standing how epigenetic alterations regulate estrogen-dependent
memory could lead to new treatments to reduce memory dysfunc-
tion in a variety of disorders in which estrogens play a role.

Thus far, our laboratory is alone in investigating the roles of epi-
genetic alterations in E;-induced memory enhancement. Therefore,
this work will be described here in some detail. We will begin by

reviewing how DNA methylation and the most well characterized
histone modifications influence learning and memory. Numerous
comprehensive reviews have detailed the epigenetic mechanisms
involved in the neurobiology of learning and memory (e.g.
Barrett and Wood, 2008; Sweatt, 2009; Day and Sweatt, 2010,
2011; Franklin and Mansuy, 2010; Lattal and Wood, 2013; Zovkic
et al., 2013), so we refer the reader to these resources for more
information beyond that presented here. Next, we briefly review
the considerable literature on estrogenic modulation of memory
and rapid cell signaling to set the stage for a more detailed descrip-
tion of how DNA methylation and histone acetylation regulate
E>-induced memory enhancement in the hippocampus. Finally,
we end by discussing future directions for this research, including
how estrogenic regulation of epigenetic processes may contribute
to sex differences in memory and age-related memory decline.

2. Epigenetic regulation of hippocampal memory

DNA is compacted in chromosomes within units called nucleo-
somes. Approximately 147 base pairs of DNA are wrapped around
each nucleosome (Gardner et al., 2011). Each nucleosome is com-
prised of an octamer of four histone (H) proteins, two each of
H2A, H2B, H3, and H4, all of which have an N-terminal tail that
can be altered by post-translational modifications (PTMs) includ-
ing acetylation, phosphorylation, methylation, ubiquitination, and
SUMOylation (Fig. 1) (Eickbush and Moudrianakis, 1978;
Rothbart and Strahl, 2014). Adjacent nucleosomes are connected
by the linker H1 protein, and are supercoiled to form chromatin
(Mazzio and Soliman, 2012). Chromatin can exist as either hetero-
chromatin, which prohibits transcription due to its tightly com-
pacted state, or as euchromatin, which is a more relaxed
chromatin state that is permissive to transcription. Transcription
of a specific segment of DNA is dependent on the methylation state
of certain cytosine residues and PTMs present on histone N-termi-
nal tails. The roles of DNA methylation and histone acetylation,
phosphorylation, and methylation in regulating memory are most
well studied, and so each of these modifications will be discussed
in turn below. Because emerging evidence suggests a role for his-
tone ubiquitination and SUMOylation in synaptic plasticity, these
PTMs will be addressed as well.

2.1. DNA methylation

DNA methylation is the only epigenetic alteration that modifies
the DNA itself (Robertson, 2005). This process involves the cova-
lent addition of a methyl group from an S-adenosyl-methionine
(SAM) methyl donor to the 5’ position on a cytosine, which forms
5-methylcytosine (5mC). Methylated cytosine residues are typi-
cally adjacent to a guanine nucleotide in so-called CpG islands
(Fig. 1) (Day and Sweatt, 2011; Zovkic et al., 2013). Methylation
within CpG islands occurs primarily at intragenic regions and in
gene bodies, and to a lesser extent in promoter regions (Grayson
and Guidotti, 2013). The methylation reaction is catalyzed by
DNA methyltransferases (DNMTs), of which there are three in
mammals: DNMT1, DNMT3A, and DNMT3B (Denis et al., 2011).
DNMT1 preferentially methylates hemimethylated DNA during
replication and is, therefore, regarded as a maintenance methyl-
transferase (Denis et al., 2011). DNMT3A and DNMT3B, however,
are considered de novo methyltransferases, due to their ability to
methylate sites irrespective of previous methylation status
(Okano et al., 1999). Once a site has been methylated, it is ‘read’
to contain a methylation mark by methyl-CpG binding proteins
(MBDs), such as MeCP2 and MBD1-4 (Robertson, 2005). MBDs
recruit transcriptional co-repressors, which ultimately prevent
DNA transcription by facilitating a closed heterochromatin state
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Fig. 1. Schematic illustration of epigenetic modifications studied in relation to hippocampal memory formation. The nucleosome is represented by the colored circles
(histone octamer) and curved black line (DNA). Curved lines extending from each histone protein represent N-terminal tails. Each amino acid is bidirectionally modified by
enzymes controlling methylation, phosphorylation, acetylation, ubiquitination, and SUMOylation, the symbols for which are shown in the box to the left of the figure. Each N-
terminal tail can receive only certain modifications at each amino acid position (see lower right box for representative post-translational modifications of H3 and H4 tails).
Histone modification by KMTs, PKs, HATs, the UPS, and SUMO relaxes the chromatin structure and allows a transcriptionally permissive state where the transcriptional
machinery can bind to the DNA and increase gene transcription. Removal of post-translational modifications by KDMs, PPs, HDACs, DUBs, and SENPs condenses the chromatin
structure, thereby causing a transcriptionally repressive state that prevents transcriptional access. DNA methylation on cytosine residues (box in upper right) also causes
transcriptional repression. Abbreviations: K, lysine; S, serine; KMTs, lysine methyltransferases; PKs, protein kinases; HATs, histone acetyltransferases; UPS, ubiquitin
proteosome system; SUMO, small ubiquitin-like modifier; KDMs, lysine demethylases; PPs, protein phosphatases; HDACs, histone deacetylases; DUBs, deubiquitinating

enzymes; SENPs, sentrin/SUMO-specific proteins; DNMTs, DNA methyltransferases.

(Fuks et al., 2003; Robertson, 2005). Thus, DNA methylation is
typically considered a transcriptionally repressive modification,
although it has been shown to activate transcription (Chahrour
et al., 2008). For example, mice that overexpressed MeCP2 exhib-
ited an 85% increase in gene expression in the hypothalamus,
whereas mice deficient in MeCP2 displayed an 85% decrease in
expression of the same genes relative to control mice (Chahrour
et al., 2008). Evidence for a dual role of DNA methylation in tran-
scriptional regulation is also supported by studies outside of the
nervous system, which suggest that DNMTs can both methylate
and demethylate DNA on active promoter regions (Metivier et al.,
2008). This dual functioning of DNMTs suggests that there is much
to learn about the relationship between DNA methylation and gene
expression.

The first evidence for a role of DNA methylation in regulating
synaptic plasticity relating to memory came from reports examin-
ing in vitro regulation of brain derived neurotrophic factor (BDNF),
a neurotrophin critical for hippocampal synaptic plasticity and
memory (Cowansage et al.,, 2010). In rat cortical neurons, KCI-
induced depolarization decreased MeCP2 binding to the Bdnf exon
Il promoter (Bdnf-plll) and decreased methylation of CpG islands
in regulatory regions of Bdnf-pIV (Chen et al., 2003; Martinowich
et al., 2003). These findings suggested that synaptic activity pro-
motes demethylation of genes important for synaptic plasticity
and memory. Subsequent treatment of rat hippocampal slices with
a DNMT inhibitor demethylated promoters for Bdnf exon I and
reelin, another gene implicated in long-term memory formation
(Levenson et al., 2006). Activation of protein kinase C also
decreased reelin promoter methylation and increased mRNA levels
of DNMT3A, indicating activity-dependent regulation of DNA
methylation (Levenson et al., 2006). Consistent with this finding,
DNMT inhibitors blocked induction of long-term potentiation
(LTP) in the hippocampus of male mice and rats (Levenson et al.,
2006; Miller et al., 2008), suggesting that methylation is a key
regulator of hippocampal synaptic plasticity. Accordingly,

hippocampal-dependent contextual fear conditioning increases
the expression of DNMT3A and DNMT3B mRNA in the male rat
hippocampus (Miller and Sweatt, 2007). This increased expression
is necessary for fear memory consolidation, as illustrated by data
showing that DNMT inhibition impairs contextual fear condition-
ing (Miller and Sweatt, 2007). However, memory formation
appears to involve a complex balance between methylation and
demethylation that is highly dependent on the function of the
genes in question. For example, contextual fear conditioning in
male rats decreases methylation of the memory promoting gene
reelin, but increases methylation of the memory repressor gene
protein phosphatase 1 (PP1) (Miller and Sweatt, 2007). Moreover,
contextual fear conditioning increases Bdnf mRNA via rapid
demethylation of specific Bdnf promoters (Lubin et al., 2008). Inter-
estingly, hippocampal DNMT inhibition blocks the contextual fear
conditioning-induced increase in histone H3 acetylation of hippo-
campal Bdnf-plV, and prevents global H3 acetylation in the hippo-
campus (Lubin et al., 2008). Furthermore, the detrimental effects of
DNMT inhibition on LTP and contextual fear conditioning in male
rats can be reversed by histone deacetylase inhibition (Miller
et al., 2008), indicating important interactions between DNA meth-
ylation and histone acetylation that regulate hippocampal memory
(Lubin et al., 2008). Combined, these data suggest a complicated
interplay between DNA methylation states and histone modifica-
tions that influences the expression of genes essential for hippo-
campal memory consolidation.

Like any other enzymatic reaction, DNA methylation is a bidi-
rectional process. Although a relatively small proportion of the
adult mammalian genome contains CpG islands (Saxonov et al.,
2006), approximately 70-80% of these islands contain the methyl-
ated mark 5mC (Kohli and Zhang, 2013). However, the 5mC mark
can be actively removed in multiple ways (for reviews, see
Niehrs and Schafer, 2012; Baker-Andresen et al., 2013; Kohli and
Zhang, 2013). Through the base excision repair (BER) pathway,
the 5mC is either oxidized to 5-hydroxymethylcytosine (5hmC)
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by the ten-eleven translocation (TET) family of DNA hydroxylases,
or undergoes deamination and subsequent removal of the mis-
matched T-G nucleotides. 5hmC is abundant in the hippocampal
dentate gyrus (Munzel et al., 2010) and manipulations of TET1 in
the dentate gyrus regulate 5hmC levels and prevent stimulation-
induced demethylation of Bdnf and Fgf1B (fibroblast growth factor
1B) promoters (Guo et al., 2011). These findings suggest that active
DNA demethylation via the BER pathway can regulate the expres-
sion of genes important for synaptic plasticity in the hippocampus.
Alternatively, the 5mC is removed through the nucleotide excision
repair (NER) pathway by the recruitment of the immediate early
gene growth arrest and damage-inducible beta (Gadd45b), which
regulates active DNA demethylation in a neural activity-dependent
manner (Ma et al., 2009). Behavioral experience (e.g., exploration
of a novel environment or exercise) increases Gadd45b expression
and neurogenesis in the adult mouse dentate gyrus, and Gabb45b
knockdown reduces electroconvulsive-induced demethylation of
Bdnf and Fgf1B (Ma et al., 2009). However, the role of Gadd45b in
hippocampal memory is unclear. Although contextual fear condi-
tioning rapidly increases hippocampal Gadd45b mRNA levels in
mice (Leach et al., 2012; Sultan et al., 2012), Gadd45b knockout
has been reported to both impair (Leach et al., 2012) and enhance
(Sultan et al., 2012) hippocampal-dependent memory. Neverthe-
less, these data support some involvement of DNA demethylation
in hippocampal plasticity and memory (Sultan and Sweatt, 2013).

2.2. Post translational histone modifications

Histone modifications are the other major epigenetic alterations
that regulate synaptic plasticity and memory function in the hip-
pocampus and elsewhere. Within the nucleosome, DNA is wrapped
around the four core histones, each of which has an N-terminal
tail whose amino acid residues are highly amenable to post-
translational modification. The amino acids most commonly
modified are serine (S), lysine (K), arginine (R), threonine (T), and
tyrosine (Y); some residues can be altered by multiple modifica-
tions (Fig. 1). The most well studied modifications include
acetylation, phosphorylation, methylation (mono-, di-, tri-), ubiq-
uitination, and SUMOylation. Other, less well characterized, modi-
fications include crotonoylation, butyrylation, proprionylation,
citrullination, ADP-ribosylation, and glycosylation (Musselman
et al., 2012; Rothbart and Strahl, 2014). Each histone modification
is regulated bidirectionally by a specific enzyme or a class of
enzymes. The resulting pattern of post-translational histone
modifications is often termed the “histone code”. In the sections
below, the five most common post-translational modifications will
be discussed in turn, with particular attention given to acetylation,
phosphorylation, and methylation because of their established
roles in cognitive neuroepigenetics.

2.2.1. Acetylation

Histone acetylation is the most widely studied histone modifi-
cation involved in learning and memory. It is almost universally
associated with activation of gene expression. Acetylation occurs
on the lysine residues of each the four core histones. The addition
of an acetyl group to a lysine residue decreases net positive charge,
thereby weakening interactions between the histone and the
negatively charged DNA. This diminished interaction produces a
relaxed chromatin structure, which allows the transcriptional
machinery access to the DNA. Acetylation is catalyzed by various
histone acetyltransferases (HATs), which are categorized into the
CBP/p300, GNAT, and MYST subfamilies (Roth et al., 2001). Acetyl
groups are removed by histone deacetylases (HDACs), which are
categorized into classes based on their zinc or NAD (sirtuins)
dependence. Class I, I, and IV HDACs are zinc-dependent, whereas
class Il HDACs are NAD-dependent (Graff and Tsai, 2013a).

Because the role of histone acetylation in learning and memory
has been reviewed extensively elsewhere (Vecsey et al.,, 2007;
Fischer et al., 2010; Sharma, 2010; Graff and Tsai, 2013a,2013b;
Peixoto and Abel, 2013), our goal here is to highlight only seminal
papers that have established a role for histone acetylation in
hippocampal memory. The importance of histone acetylation in
hippocampal memory was initially established by Sweatt and
colleagues, who demonstrated that hippocampal-dependent con-
textual fear conditioning could increase histone H3 acetylation in
the CA1 region of the male rat hippocampus in a manner depen-
dent on NMDA receptors and ERK cell signaling (Levenson et al.,
2004). Moreover, treatment with the HDAC inhibitor sodium buty-
rate (NaB) facilitated the induction of LTP in hippocampal slices
and enhanced contextual fear memory consolidation (Levenson
et al., 2004). As such, these findings provided the first evidence that
hippocampal learning regulates histone acetylation and that
promoting histone acetylation via HDAC inhibition could enhance
hippocampal memory. Pharmacological HDAC inhibition has sub-
sequently been shown to enhance other forms of hippocampal
memory consolidation in rats and mice, including object recogni-
tion (Stefanko et al., 2009; Zhao et al., 2010) and spatial memory
(Haettig et al., 2011; Hawk et al., 2011). The importance of histone
acetylation in hippocampal memory formation was further sup-
ported by evidence that mice overexpressing HDAC2, but not
HDAC1, exhibited impaired spatial memory and contextual fear
memory (Guan et al., 2009). HDAC2 overexpression also reduced
hippocampal synaptic plasticity, decreased dendritic spine density,
and decreased H3 and H4 acetylation at the promoter regions of
genes associated with synaptic plasticity and memory (Guan
et al., 2009). In contrast, HDAC2 knockout mice displayed increased
synapse number, enhanced associative memory formation, and
increased H3 and H4 acetylation at the promoter regions of synap-
tic plasticity genes including Bdnf-pll, Egr1, and GLUR1 (Guan et al.,
2009). In subsequent work, shRNA knockdown of HDAC2 in HDAC2
overexpressing mice rescued deficits in hippocampal memory and
ameliorated reductions in acetyl H4 binding to gene targets impor-
tant for synaptic plasticity (Graff et al., 2012). Consistent with the
amnestic effects of HDAC2 expression in mice, HDAC2 expression
is elevated in hippocampal CA1 and entorhinal cortex of Alzhei-
mer’s patients (Graff et al., 2012). Combined, these seminal find-
ings demonstrated that: (1) histone acetylation is essential for
hippocampal memory consolidation, and (2) HDAC2 is a potent
negative regulator of hippocampal synaptic plasticity and memory.

At least 11 HDACs have been identified, most of which are
expressed in the brain. Therefore, a role for other HDACs in regulat-
ing memory has begun to emerge. For example, deletion of HDAC3
or HDACG in the hippocampus enhances spatial memory in mice,
suggesting that HDAC3 and HDAC6 negatively regulate hippocam-
pal memory (McQuown et al.,, 2011; Govindarajan et al., 2013).
Moreover, knockout of HDAC6 in a mouse model of Alzheimer’s
disease reversed contextual and spatial memory deficits
(Govindarajan et al., 2013), suggesting that HDAC6 may contribute
to cognitive impairments in Alzheimer’s disease. However, not all
HDACs are detrimental to hippocampal memory. Loss of HDAC4
function impairs hippocampal memory formation and synaptic
plasticity in mice (Kim et al., 2012; Sando et al., 2012), whereas
evidence for the role of HDAC5 in hippocampal memory remains
controversial (Kim et al., 2012; Agis-Balboa et al., 2013). Further-
more, other data suggest that HDAC1 is necessary for contextual
fear memory extinction in mice (Bahari-Javan et al., 2012).

Given the important role of HDACs in regulating memory, con-
siderable recent interest has focused on the use of HDAC inhibitors
to reduce cognitive impairment in a variety of neurodegenerative
and neuropsychiatric diseases (Kazantsev and Thompson, 2008;
Fischer et al., 2010). The potential use of HDAC inhibitors for this
purpose could be accelerated relative to other cognitive enhancing



534 A.M. Fortress, KM. Frick/Frontiers in Neuroendocrinology 35 (2014) 530-549

compounds because the Food and Drug Administration has already
approved many HDAC inhibitors for the treatment of various can-
cers. Intracranial or systemic administration of class I and class II
HDAC inhibitors such as trichostatin-A (TSA), suberoylanilide
hydroxamic acid (SAHA), NaB, MS275, and RGFP136 enhances var-
ious forms of hippocampal memory in young and aged wild-type
rodents, and in mouse models of neurodegenerative disease
(Guan et al., 2009; Ricobaraza et al., 2009; Stefanko et al., 2009;
Kilgore et al., 2010; Peleg et al., 2010; Zhao et al., 2010; Haettig
et al., 2011; Hawk et al., 2011; McQuown et al., 2011). These find-
ings generally support the use of HDAC inhibitors for treating cog-
nitive impairment. However, not all HDACs negatively regulate
memory, as described above, so specific HDACs must be carefully
targeted for potential use in patients with cognitive impairment.

Although HDAC inhibition is a common approach to maintain-
ing histone acetylation, increasing HAT activity can also augment
histone acetylation. The transcriptional coactivator CREB binding
protein (CBP) has been most often manipulated in rodent studies
because it exhibits intrinsic HAT activity (Goodman and Smolik,
2000). Hippocampal synaptic plasticity and memory formation
require CBP, as demonstrated by studies showing that mice in
which the CBP protein was reduced or deleted displayed contex-
tual fear, object recognition, and spatial memory deficits, as well
as impaired hippocampal LTP (Alarcén et al., 2004; Wood et al.,
2005; Chen et al., 2010). Similarly, intrahippocampal infusion of
the p300/CBP inhibitor garcinol impairs object recognition mem-
ory consolidation in ovariectomized female mice (Zhao et al.,
2012). Conversely, a small molecule CBP activator increases hippo-
campal H3 acetylation and neurogenesis, and promotes long-term
spatial memory in male mice (Chatterjee et al.,, 2013). Together,
this evidence indicates that HAT activity plays an important role
in regulating hippocampal synaptic plasticity and memory, and
suggests that promoting HAT activity could be a viable strategy
for enhancing memory formation.

2.2.2. Phosphorylation

Phosphorylation of core histone proteins can occur on various
serine, threonine, and tyrosine residues of N-terminal tails. In gen-
eral, phosphorylation of histone proteins is associated with tran-
scriptional activation (Soloaga et al., 2003; Chwang et al., 2007),
although the phosphorylation of H2A on Ser 1 is a rare exception
that has been associated with transcriptional repression (Zhang
et al., 2004b). Phosphorylation and dephosphorylation of histone
tails are regulated by kinases and phosphatases, respectively. Phos-
phorylation is catalyzed by numerous kinases (for review, see
Banerjee and Chakravarti, 2011; Rossetto et al., 2012). Of particular
relevance to memory, the phosphorylation of Ser 10 on H3
(H3pS10) is catalyzed by ERK (Adams and Sweatt, 2002). ERK is a
serine/threonine kinase that is activated by phosphorylation and
is necessary for hippocampal synaptic plasticity and memory for-
mation (Sweatt, 2001). Histone dephosphorylation is regulated
by the same phosphatases that act elsewhere in cells, including
serine/threonine phosphatases and tyrosine phosphatases.

Histone phosphorylation, specifically phosphorylation of
H3S10, was one of the first histone modifications shown to be
important for hippocampal memory formation. Phosphorylation
of H3S10 is coupled to the acetylation of H3 on Lys 14 (H3K14)
(Walter et al., 2008), and the expression of both H3pS10 and acetyl
H3K14 is associated with enhanced hippocampal synaptic plastic-
ity and memory (Chwang et al., 2007). Contextual fear conditioning
increases hippocampal H3pS10 and acetyl H3K14 in male rats in an
ERK-dependent manner, as demonstrated by the fact that inhibi-
tion of ERK activation impaired contextual fear memory and pre-
vented both H3S10 phosphorylation and H3K14 acetylation
(Chwang et al., 2006). These data suggest an important role for
both of these PTMs in contextual fear memory consolidation.

The importance of protein dephosphorylation in neuroepigenet-
ics has been demonstrated in studies examining protein Ser/Thr
phosphatase 1 (PP1), a phosphatase whose expression impairs hip-
pocampal plasticity and memory in rodents (Blitzer et al., 1998;
Genoux et al., 2002; Jouvenceau et al., 2006). Contextual fear con-
ditioning increases methylation of the PP1 gene and decreases PP1
mRNA in the CA1 of male rats (Miller and Sweatt, 2007), suggesting
that hippocampal learning reduces expression of this memory
suppressing gene. Interestingly, PP1 appears to regulate not only
histone phosphorylation, but also histone acetylation and methyl-
ation, as indicated by a mouse study in which PP1 was inhibited in
forebrain areas including the hippocampus (Koshibu et al., 2009).
The reduction in PP1 promoted histone phosphorylation, acetyla-
tion, and methylation in mice, which were associated with
enhanced long-term object recognition and spatial memory
(Koshibu et al., 2009). These findings suggest an essential role for
PP1 in regulating histone modifications associated with enhanced
synaptic plasticity and mnemonic processes. Although other
protein phosphatases, such as PP2A, have been implicated in
hippocampal synaptic plasticity and function (Liu et al., 2013;
Lorrio et al., 2013), their role in histone dephosphorylation is
unknown.

2.2.3. Methylation

The effects of histone methylation on gene expression vary
depending on the residue affected and the number of methylation
moieties expressed (Jarome and Lubin, 2013). Methylation of his-
tones can occur on lysines or arginines of any of the four core his-
tones (Ng et al., 2009). Arginine expresses only one (mel) or two
(me2) methyl moities, including two configurations of me2 that
have functionally distinct consequences (Turner, 2005). Lysine res-
idues can express mel, me2, or me3 (three methyl moieties) on
their amine group (Ng et al., 2009). Histone methylation is cata-
lyzed by histone methyltransferases (KMTs), so named because
the majority of methylated sites are lysines (K) rather than argi-
nines. Each KMT is specific to the residue that it modifies
(Kouzarides, 2007; Black et al., 2012; Jarome and Lubin, 2013),
and typically adds only a specific number of methyl groups. Inter-
estingly, previously added methyl groups can help catalyze the
sequential addition of a subsequent methyl moiety (Zhang et al.,
2003). Histones are demethylated by lysine demethylases (KDMs),
which are divided into two categories: (1) those requiring flavine
adenine dinucleotide (FAD) for demethylase activity (e.g., LSD1),
and (2) Jumonji proteins, which contain a conserved JmjC domain
(Chen et al., 2011). Methylation and demethylation of an individual
histone is highly specific. For example, the G9a methyltransferase
converts unmethylated H3K9 to H3K9me1 and H3K9me2, but only
the MLL methyltransferase can convert H3K4 to H3K4me3 (Jarome
and Lubin, 2013). This specificity of KMTs and KDMs for particular
lysine residues and methyl moieties may help the hippocampus
differentiate among memories that differ in type, context, and
time.

The emerging role of histone methylation in memory formation
has recently been reviewed (Jarome and Lubin, 2013), so just a few
key studies will be described. Lysines 4 and 9 on histone H3 (H3K4
and H3K9) appear to be particularly important for memory regula-
tion. For example, contextual fear conditioning increased
H3K4me3 and H3K9me2 in the CA1 region of the male rat hippo-
campus, where H3K4me3 was associated with transcriptional acti-
vation and H3K9me2 was associated with transcriptional
repression (Gupta et al., 2010; Gupta-Agarwal et al., 2012). In par-
ticular, fear conditioning increased H3K4me3 at the Zif268 and
Bdnf Exon 1 promoters (Gupta et al., 2010), suggesting that learn-
ing-induced tri-methylation of genes involved in synaptic plastic-
ity fosters memory consolidation. In the same study, mice
deficient in Mll1, an H3K4 KMT, exhibited impaired contextual fear
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memory, but not cued fear memory, indicating a specific role for
H3K4 methylation in hippocampal memory (Gupta et al., 2010).
This notion is supported by other data showing that mice deficient
in MII2 (kmt2b) exhibited impaired object recognition and spatial
memory, as well as reduced H3K4 di- and tri-methylation in pro-
moter regions of genes associated with synaptic plasticity
(Kerimoglu et al., 2013). H3K9me2 expression is also associated
with enhanced memory, as indicated by evidence that the specific
H3K9 G9a methyltransferase inhibitor BIX01294 blocks contextual
fear memory consolidation (Gupta-Agarwal et al., 2012). Com-
bined, these data suggest that methylation-induced silencing of
genes that impair memory and expression of genes that promote
memory work in concert to facilitate hippocampal memory.

2.2.4. Ubiquitination and SUMQylation

The transcriptional effects of ubiquitination and SUMOylation
on gene expression in the hippocampus remain largely unknown.
Outside of the nervous system, ubiquitination has been associated
with transcriptional activation and repression, depending on the
histone and residues affected (Zhang, 2003). Although SUMOyla-
tion can also activate or inhibit transcription, it is most often asso-
ciated with transcriptional repression (Gill, 2005; Lyst and
Stancheva, 2007). Ubiquitination involves the addition of ubiquitin
to a lysine residue of a N-terminal histone tail. Ubiquitin can be
attached as a single modification (monoubiquitination) or as a
string of several ubiquitin marks (polyubiquitination). Polyubiqui-
tination occurs through a series of three enzymatic steps involving
specific enzymes (E): (1) activation by enzyme 1 (E1), (2) conjuga-
tion by enzyme 2 (E2), and (3) the addition of the ubiquitin by the
ligase to the E2 complex by enzyme 3 (E3) (Atanassov et al., 2011;
Hamilton and Zito, 2013). For histones, the most predominant form
of ubiquitination is monoubiquitination of histones H2A and H2B
(Zhang, 2003; Cao and Yan, 2012). Traditionally, ubiquitin marks
a protein for degradation through the ubiquitin proteosome sys-
tem, however this is not the case for histone ubiquitination
(Zhang, 2003). The functional impact of ubiquitination on gene
expression depends on which histone expresses the ubiquitin tag
and which regulatory cofactors are recruited. For example, H2A
ubiquitination is associated with transcriptional repressor com-
plexes, whereas H2B ubiquitination is associated with other active
histone marks such as acetylation and methylation (Zhang, 2003;
Cao and Yan, 2012). Ubiquitin can be removed by peptidases called
deubiquitinating enzymes (DUBs) (Atanassov et al., 2011).

Ubiquitination has received more attention of late, as it has
become increasingly apparent that the ubiquitin proteosome sys-
tem plays a vital role in regulating synaptic plasticity and memory
in multiple brain regions (for reviews, see Tai and Schuman, 2008;
Fioravante and Byrne, 2011; Jarome and Helmstetter, 2013). A role
for ubiquitination in memory consolidation was first demonstrated
by Medina and colleagues who showed in rats that activity of the
ubiquitin proteosome system was necessary for memory consoli-
dation in an inhibitory avoidance task (Lopez-Salon et al., 2001).
Consistent with this finding, genetic deletion of the E3 ubiquitin
ligase RNF13 in mice impairs hippocampal spatial learning in the
Morris water maze (Zhang et al., 2013). A role for the ubiquitin
proteosome system in memory consolidation has also been dem-
onstrated in the prefrontal cortex (Reis et al., 2013) and amygdala
(Jarome et al., 2014) of male rats. Interestingly, the genetic loss of
the E3 ligase UBE3a causes Angelman syndrome, a disease associ-
ated with intellectual disability and impaired motor coordination
(Mabb et al., 2011). Although these studies suggest an essential
role for ubiquitination in hippocampal function, the specific
contributions of histone ubiquitination to memory formation, or
hormonal regulation of memory formation, have not yet been
examined. Therefore, this is an area ripe for investigation.

Small ubiquitin-related modifier (SUMO) and ubiquitin share an
18% sequence homology, but are functionally distinct (Nathan
et al, 2003). SUMOylation occurs when a SUMO protein is
covalently attached to a target protein via a process analogous to
ubiquitination that requires E1 (activation), E2 (conjugation), and
E3 (ligase) proteins (Wilkinson et al., 2010). In mammals, there
are four known SUMO proteins (SUMO 1-4) (Flotho and
Melchior, 2013). Histone SUMOylation occurs only on specific
lysine residues of H2A, H2B, and H4, and is associated with tran-
scriptional repression (Ouyang and Gill, 2009). DeSUMOylation is
catalyzed by enzymes in the sentrin-specific proteases (SENP)
family (Drag and Salvesen, 2008; Wilkinson et al., 2010).

A role for SUMOylation in synaptic plasticity has begun to
emerge in recent years (Cheng et al., 2013; Jaafari et al., 2013;
Luo et al., 2013). SUMOylation occurs in hippocampal neurons,
and is regulated by neuronal stimulation (Loriol et al., 2013).
SUMOylation is also required for glutamate receptor trafficking in
hippocampal dendritic spines (Chamberlain et al., 2012). Although
no evidence yet links histone SUMOylation to memory formation,
SUMOylation of transcription factors is associated with synaptic
plasticity and spatial memory. For example, SUMOylation may
contribute to the etiology of the neurodevelopmental disorder Rett
syndrome by influencing the transcriptional repression induced by
methyl CpG binding protein (MeCP2). This work shows that
SUMOylation of MeCP2 at lysine 223 is necessary for its interaction
with the transcriptional repression complex HDAC1/2 in cortical
neurons and for synaptogenesis in hippocampal neurons (Cheng
et al., 2013). Another recent report found that spatial learning in
the Morris water maze reduced SUMOylation of the p300/CBP his-
tone acetyltransferase and the binding of SUMO-1 to the Arc pro-
moter in the rat hippocampus, suggesting that decreased
SUMOylation of plasticity-related genes is associated with
enhanced spatial memory (Castro-Gomez et al., 2013). Given this
intriguing finding, identifying the extent to which the SUMOyla-
tion of other transcription factors and of histone proteins influ-
ences memory will become increasingly important to
understanding hormonal regulation of memory formation.

3. Estrogenic regulation of hippocampal memory

Since the initial demonstration in ovariectomized female rats
that 17p-estradiol (E,) increases dendritic spine density in the
CA1 region of the hippocampus (Gould et al., 1990; Woolley
et al., 1990; Woolley and McEwen, 1992, 1993), the field of hor-
mones and cognition has focused almost exclusively on the hippo-
campus as a substrate for hormonal regulation of memory. The
rationale for the field’s preoccupation with the hippocampus likely
results, in part, because it was the first “cognitive” region of the
rodent brain in which hormonal regulation of neuronal morphol-
ogy was documented. Interest in the hippocampus has also been
guided by numerous other factors, including: (1) it is essential
for the formation of many types of memories, (2) is it one of the
earliest brain regions to deteriorate in Alzheimer’s disease, and
(3) hippocampal dysfunction is implicated in memory loss associ-
ated with aging, neurodegenerative diseases (e.g., Alzheimer’s dis-
ease, Parkinson’s disease, multiple sclerosis), and neuropsychiatric
diseases (e.g., schizophrenia, depression) (Chiaravalloti and
DeLuca, 2008; Whitwell, 2010; Ferreira et al., 2011; Holtzman
et al,, 2011; Kooi et al., 2011; Small et al.,, 2011). Nevertheless,
effects of estrogens on other cognitive regions of the brain have
been reported, most notably in the prefrontal cortex and amygdala
(Tang et al., 2004; Inagaki et al., 2010). However, in light of the
extensive literature on the effects of E, on the hippocampus, and
the fact that a role for epigenetic alterations in estrogenic regula-
tion of memory has been examined only in the hippocampus thus
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far, the remainder of this review will focus on the hippocampus
and hippocampal memory.

Because the density of CA1 dendritic spines fluctuates dramat-
ically during the estrous cycle, with spine density increased during
proestrus (high hormone levels) relative to estrus (low hormone
levels) (Woolley and McEwen, 1992), it has been assumed that
the primary sources of the estrogens that regulate hippocampal
memory are the ovaries. As such, ovariectomy has become the
standard model for studies of hormone regulation in female mam-
mals. Although the contribution of estrogens synthesized in other
tissues (e.g., heart, bone, adipose tissue Simpson and Davis, 2001;
Cui et al., 2013) to hippocampal function is likely to be minimal,
it is important to note that the hippocampus can make its own
E,. All of the steroidogenic enzymes necessary to produce E, are
present in the rodent hippocampus (Hojo et al., 2004; Prange-
Kiel et al., 2006), where this hormone influences cellular function
via intracrine and/or paracrine signaling mechanisms (Inoue
et al., 2012). Interestingly, E; levels in both male and female rats
are higher in the hippocampus than in plasma (Hojo et al., 2004;
Kato et al., 2013), which implicates de novo hippocampal E, syn-
thesis in memory formation. This notion is supported by evidence
that inhibition of hippocampal E, synthesis impairs spatial mem-
ory in male zebra finches (Bailey et al., 2013). In rodents, inhibition
of hippocampal E;, synthesis by the aromatase inhibitor letrozole
significantly decreases hippocampal synapse number and synaptic
spine density in vitro (Kretz et al., 2004), indicating an important
role for local E; synthesis in hippocampal synaptic morphology.
However, letrozole impairs hippocampal LTP in female, but not
male, mice (Vierk et al., 2012), suggesting a sex difference in the
role of locally synthesized E, in hippocampal plasticity. Such sex
differences could contribute to the premature hippocampal mem-
ory decline observed in reproductively senescent female rodents
relative to males (Markowska, 1999; Frick et al., 2000). Although
the contributions of hippocampal E, synthesis to memory forma-
tion are not yet clear, mounting evidence has demonstrated the
importance of brain-derived E, in regulating behavior (Balthazart
and Ball, 2006; Saldanha et al., 2011). This work highlights the
need to better understand the role of local E, synthesis, including
potential epigenetic consequences of such synthesis, in regulating
hippocampal memory formation.

Regardless of their tissue of origin, estrogens effect change by
binding to estrogen receptors (ERs), which are expressed through-
out the body including brain regions such as the hypothalamus,
hippocampus, amygdala, cerebral cortex, basal forebrain, striatum,
raphe nuclei, and cerebellum (Cui et al., 2013). Much attention
with respect to memory has focused on the classical intracellular
ERs, ERa and ERB, which are expressed in the dendritic spines, axon
terminals, and nucleus of hippocampal pyramidal neurons (Milner
et al.,, 2001, 2005; Waters et al., 2011). ERat is also expressed in the
cytoplasm and nucleus of GABAergic interneurons, where it facili-
tates an E,-induced decrease in GABAergic tone that promotes
pyramidal neuron spinogenesis (Murphy et al., 1998). The binding
of estrogens to ERa and ERB lead to either a classical “genomic”
response or a non-classical “non-genomic” response. In this con-
text, the terms “genomic” and “non-genomic” refer to the initial
molecular interactions engaged in by the ERs. That is, in the geno-
mic response, ERs interact directly with nuclear DNA, whereas in
the non-genomic response, ERs interact first with other receptors
and/or cell signaling molecules at the plasma membrane. Because
both responses can ultimately influence gene transcription, the
somewhat confusing genomic/non-genomic terminology has gen-
erally been replaced with the terms classical and non-classical,
respectively. In the classical response, ERa and ERB bind estrogens
in the cytosol and form homo- or heterodimers that translocate to
the nucleus and regulate expression of ER target genes by directly
binding an estrogen response element (ERE) or forming

protein-protein interactions to indirectly regulate other transcrip-
tion factors (Fig. 2) (Cheskis et al., 2007). Many of the co-activators
necessary for ERE-mediated gene transcription are HATSs or interact
with HATs, and some ERE-associated co-repressors exhibit HDAC
activities (Spencer et al., 1997; Blanco et al., 1998; Kishimoto
et al., 2006), suggesting that histone acetylation is a key element
regulating estrogen-induced gene transcription. However, ERa
and ERB may also exert epigenetic effects by rapidly regulating
cell-signaling pathways (e.g., ERK/MAPK; Fig. 2) that trigger his-
tone acetylation, as is suggested by our own work with E; (Zhao
et al., 2010, 2012). Because E, can activate ERK and related signal-
ing molecules within seconds to minutes of treatment (Zhao and
Brinton, 2007; Fernandez et al.,, 2008; Fan et al., 2010; Zhao
et al., 2010), such non-classical responses are generally considered
to be faster than classical ER responses. To facilitate non-classical
effects, ERat and ERP are thought to either translocate to the plasma
membrane after binding E, (Razandi et al., 1999; Sheldahl et al.,
2008) or to reside in plasma membrane caveolae where they inter-
act with metabotropic glutamate receptors (mGluRs) to rapidly ini-
tiate ERK/MAPK signaling and stimulate phosphorylation of the
transcription factor CREB (Fig. 2) (Boulware et al., 2005, 2007).
Within the dorsal hippocampus, this E;/mGIuR signaling is essen-
tial for E; and agonists of ERa and ERp to enhance object recogni-
tion and spatial memory consolidation (Boulware et al., 2013).
Rapid non-classical effects of estrogens may also be mediated by
putative plasma membrane receptors, including GPER (GPR30)
(Filardo et al., 2007), Gg-mER (Smith et al., 2013), and ER-X
(Toran-Allerand et al., 2002). GPER is the most well studied of
these receptors, and has been identified within hippocampal
dendritic spines and in hippocampally-projecting basal forebrain
cholinergic neurons (Hammond and Gibbs, 2011; Hammond
et al.,, 2011; Srivastava and Evans, 2013). GPER activation report-
edly facilitates spatial memory consolidation in female rats
(Hammond and Gibbs, 2011; Hammond et al., 2012; Hawley
et al., 2014), although the molecular mechanisms underlying this
effect remain unknown.

The many effects of E; on hippocampal morphology, physiology,
and memory have been reviewed extensively elsewhere (e.g.,
McEwen and Alves, 1999; Daniel, 2006; Woolley, 2007; Sherwin
and Henry, 2008; Spencer et al., 2008; Frick, 2009; Dumitriu
et al, 2010; Gibbs, 2010; Srivastava et al., 2011; Luine and
Frankfurt, 2013), so this work will be only briefly summarized
here. In addition to its established effects on CA1 dendritic spines
(Woolley and McEwen, 1993; Frick et al., 2004; MacLusky et al.,
2005), E, promotes neurogenesis in the dentate gyrus (see Galea
et al., 2013 for a recent review), thereby providing multiple mor-
phological substrates for encoding new memories. Physiologically,
E, rapidly facilitates excitatory synaptic transmission (Smejkalova
and Woolley, 2010), decreases inhibitory synaptic transmission
(Huang and Woolley, 2012), and facilitates the induction of LTP
(reviewed in Baudry et al., 2013; Kramar et al., 2013). As will be
discussed below, E, also rapidly activates numerous cell-signaling
cascades in the hippocampus that are essential for long-term
memory formation (Zhao and Brinton, 2007; Frick, 2012). The acti-
vation of these signaling pathways influences hippocampal histone
acetylation, gene expression, and protein synthesis in the hippo-
campus (Pechenino and Frick, 2009; Zhao et al., 2010; Fortress
et al., 2013), although it remains unclear whether these changes
promote synaptogenesis and neurogenesis. Such rapid changes in
hippocampal morphology may be possible, given that activation
of Rap/AF-6/ERK1/2 signaling by E, promotes the formation of
new dendritic spines in mature cultured cortical neurons
(Srivastava et al., 2008).

Consistent with the aforementioned effects of exogenous E; on
hippocampal function, exogenous E, administered to young
ovariectomized rats and mice generally enhances memory in
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Fig. 2. Diagrammatic illustration of the molecular mechanisms required for E, to enhance hippocampal memory consolidation. In the classical response, E; binds ERo and
ERB, which then translocate into the nucleus, bind to the estrogen response element (ERE) on DNA, and interact with co-regulatory proteins (including histone
acetyltransferases, HAT) to influence transcription. In a non-classical response, E; may affect cell signaling in several ways. It can bind to ERs that interact with metabotropic
glutamate receptors (mGluRs) at the membrane and activate extracellular regulated kinase (ERK) signaling. It can also interact with NMDA receptors and membrane-bound
ERs (mER) to activate the protein kinase A (PKA), phosphoinositol-3-kinase (PI3K), and mammalian target of rapamycin (mTOR) signaling pathways. mTOR signaling regulates
the protein synthesis necessary for memory formation. Activation of ERK increases H3 acetylation. Both H3 acetylation and DNA methylation are necessary for E; to enhance

memory consolidation. Adapted with permission from Frick (2013).

hippocampal-dependent tasks such as the Morris water maze,
radial arm maze, T-maze, object placement/location, novel object
recognition, social recognition, inhibitory avoidance, and trace eye-
blink conditioning (see Daniel, 2006; Frick, 2009; Gibbs, 2010;
Choleris et al., 2012 for reviews). However, the effects of E; on hip-
pocampal memory depend on numerous factors, including treat-
ment dose and duration, duration of hormone loss prior to
treatment, timing of treatment relative to testing, type of memory
tested, and task difficulty (Frick, 2009). Perhaps the most reliable
effects of E; on hippocampal memory have come in studies of
rodents using acute administration of E; immediately post-training
(Frick et al., 2010; Frick, 2013). In these studies, a single injection
or infusion of E, is administered immediately after training to
eliminate confounding effects of E, on motivation, anxiety, or
sensorimotor abilities during training. Many rodent studies use a
rapidly metabolized water-soluble form of E, so that exogenous
hormone levels are low or non-existent in the hippocampus during
testing 4-48 h later. The post-training approach typically employs
one-trial learning tasks like novel object recognition or object
placement, which are ideal for linking rapid molecular events
(e.g., protein phosphorylation, histone acetylation) in a causal
manner to memory consolidation. Such studies have consistently
reported that E, or agonists of ERoc and ERB enhance the consolida-
tion of spatial memory measured in the Morris water maze and
object placement tasks, and of novel object recognition memory
(Packard and Teather, 1997a,b; Luine et al., 2003; Gresack and
Frick, 2006; Walf et al., 2006, 2008; Fernandez et al., 2008; Lewis
et al., 2008; Fan et al.,, 2010; Jacome et al., 2010; Zhao et al.,
2010; Boulware et al., 2013; Fortress et al., 2013). Findings show-
ing that E; administered to rats or mice two or three hours after
training do not enhance spatial memory or object recognition
(Packard and Teather, 1997b,a; Fernandez et al., 2008) support
the temporal specificity of E,’s effects to the memory consolidation
phase of memory formation. In our own work, we have used the
post-training approach, combined with infusions of E, or inhibitor

drugs directly into the dorsal hippocampus, to pinpoint the molec-
ular mechanisms in the hippocampus necessary for E, to regulate
hippocampal memory consolidation. This approach has allowed
us to begin to identify cell signaling pathways, epigenetic
processes, and neurotransmitter receptors that are essential for
estrogenic regulation of hippocampal memory. Some of these
findings will be discussed in the sections below.

Our own research investigating the molecular underpinnings of
estrogenic memory regulation began with two distinct literatures.
One demonstrated that ERK phosphorylation in the hippocampus
is essential for the long-term consolidation of contextual, inhibi-
tory avoidance, spatial, and object recognition memories (Atkins
et al., 1998; Blum et al., 1999; Walz et al., 2000; Bozon et al.,
2003; Kelly et al., 2003; Zhang et al., 2004a). The other showed that
E, could increase ERK phosphorylation (i.e., activation) in the hip-
pocampus within minutes, both in vivo and in vitro (Kuroki et al.,
2000; Nilsen and Brinton, 2003; Yokomaku et al., 2003). We rea-
soned that because E; increases ERK phosphorylation in the hippo-
campus, and hippocampal ERK phosphorylation is necessary for
memory formation, ERK activation would be necessary for E, to
enhance hippocampal memory formation. Indeed, we demon-
strated in several studies that bilateral dorsal hippocampal infu-
sion of E, increases hippocampal p42 ERK phosphorylation
within 5 min, and that this increase was necessary for E, to
enhance novel object recognition memory consolidation in young
ovariectomized mice (Fernandez et al., 2008; Fan et al., 2010;
Zhao et al., 2010). In these studies, mice accumulated 30 s of time
exploring two identical objects in a large square arena (Fig. 3A).
Immediately after training, mice received an infusion of water-sol-
uble E, into the dorsal third ventricle and a bilateral infusion of the
ERK activation inhibitor U0126 into the dorsal hippocampus.
Importantly, this dose of U0126 does not impair object recognition
on its own relative to vehicle infusion (Fernandez et al., 2008).
Forty-eight hours later, mice accumulated 30 s of time exploring
an object identical to that explored during training and a novel
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Fig. 3. (A) Schematic diagram of our novel object recognition protocol. During
training, mice accumulate 30 s of time exploring two identical objects. Immediately
after training, mice receive an infusion of E, or other drugs into the dorsal
hippocampus or dorsal third ventricle. Twenty-four or 48 h later, mice accumulate
30s with a novel object and an object identical to that explored during testing
(familiar). Mice that remember the familiar object spend significantly more time
than chance (15s) with the novel object. Adapted with permission from Frick
(2013). (B) The beneficial effects of E; on object recognition memory consolidation
depend on dorsal hippocampal ERK activation. Forty-eight hours after training,
mice infused with 10 pg E,, but not vehicle, spend more time than chance with the
novel object ('p < 0.05 relative to chance), demonstrating enhanced object recog-
nition. The memory-enhancing effect of E, is completely blocked by a dorsal
hippocampal infusion of the ERK activation inhibitor U0126 (0.5 pg), which has no
detrimental effect on memory on its own. Error bars represent the mean + standard
error of the mean (SEM). Reprinted with permission from Zhao et al. (2010).

object. Because mice express an innate preference for novelty, mice
that remember the familiar training objects spend more time than
chance (15 s) exploring the novel object during testing (Frick and
Gresack, 2003). Mice receiving E; spend more time than chance
exploring the novel object (Fig. 3B) (Fernandez et al., 2008; Lewis
et al.,, 2008; Fan et al., 2010; Zhao et al., 2010, 2012; Boulware
et al., 2013; Fortress et al., 2013), suggesting consolidation of the
memory for the familiar training object. Infusion of U0126 into
the dorsal hippocampus completely blocks this effect (Fig. 3B),
demonstrating that ERK activation is necessary for E,-induced
object recognition memory consolidation (Fernandez et al., 2008;
Zhao et al., 2010; Fortress et al., 2013). In other studies using this
same approach, we determined that activation of phosphatidylino-
sitol 3-kinase (PI3K)/Akt, protein kinase A (PKA), and NMDA recep-
tors upstream from ERK are also essential for E, to enhance object
recognition memory consolidation (Lewis et al., 2008; Fan et al.,
2010; Fortress et al., 2013), as is activation of the mammalian tar-
get of rapamycin (mTOR) protein synthesis pathway downstream
from ERK (Fig. 2) (Fortress et al., 2013). Supporting the importance
of ERK in estrogenic regulation of hippocampal function, other labs
have shown that blocking ERK activation prevents E; from increas-
ing hippocampal synaptic protein levels, glutamate release, and
CA1 spine synapses (Yokomaku et al., 2003; Ogiue-lkeda et al.,
2008). Most recently, we reported that dorsal hippocampal ERK

activation is necessary for ERo and ERB agonists to enhance both
object recognition and object placement memory in young ovariec-
tomized mice, and showed that this effect depended on interac-
tions at the plasma membrane between the ERs and mGluRs
(Boulware et al., 2013). The central role of ERK activation in the
effects of E,, ERa, and ERB on hippocampal memory consolidation
raised the possibility that epigenetic processes triggered by ERK
activation may also be essential to the estrogenic regulation of
memory. Given that ERK-induced regulation of hippocampal H3
acetylation facilitates contextual fear memory consolidation
(Levenson et al., 2004), we reasoned that histone acetylation and
other epigenetic processes downstream from ERK might be essen-
tial for E, to enhance memory consolidation.

4. Chromatin modifications regulating estrogenic modulation
of hippocampal memory

4.1. Histone acetylation

We examined the role of epigenetic alterations in estrogenic
regulation of novel object recognition memory consolidation based
on ample evidence demonstrating that E; enhances this type of
memory in ovariectomized rodents (Luine et al.,, 2003; Gresack
and Frick, 2004, 2006; Walf et al., 2006, 2008; Fernandez et al.,
2008; Lewis et al., 2008; Jacome et al., 2010). Furthermore, the dor-
sal hippocampus is essential for mediating memory consolidation
in the novel object recognition protocol used by our laboratory
(Baker and Kim, 2002; Cohen et al., 2013; Fernandez et al., 2008).
Several studies had suggested that histone acetylation regulated
novel object recognition in rodents (Alarcon et al., 2004; Korzus
et al., 2004; Oliveira et al., 2007; Stefanko et al., 2009), so we first
determined whether our novel object recognition protocol was
sensitive to HDAC inhibition in ovariectomized female mice. In
our protocol, mice receiving vehicle infusions into the dorsal hip-
pocampus immediately after training display a significant prefer-
ence for the novel object 24, but not 48, hours later (Zhao et al.,
2010). However, mice receiving immediate post-training dorsal
hippocampal infusions of the HDAC inhibitor TSA exhibited
enhanced 48-h object recognition memory (Zhao et al., 2010), sug-
gesting that preventing histone deacetylation doubled the length
of time that information about the familiar object could be remem-
bered. Similar to E;, TSA infusion 3 h after training had no effect on
48-h object recognition, suggesting that E; and histone acetylation
both regulate object memory within 3 h of training (Zhao et al.,
2010). We then showed that dorsal hippocampal infusion of TSA
significantly increased acetylation of both H3 and H4 in the dorsal
hippocampus 30 min after infusion (Fig. 4A). E,, however, signifi-
cantly increased acetylation of H3 (Fig. 4A), but not H4 in the dor-
sal hippocampus 30 min after infusion (Zhao et al., 2010, 2012).
Subsequent work showed that E, also had no effect on H2B acety-
lation in young female mice (Zhao et al., 2012) or on H2A and H2B
acetylation in middle-aged female mice (Fortress and Frick, unpub-
lished results). These findings suggest that genes associated with
H3 are particularly important for estrogenic regulation of hippo-
campal memory. Alternatively, the relatively greater abundance
of post-translational modifications on H3 residues compared to
those on H2A, H2B, or H4 (Tweedie-Cullen et al., 2012) may pro-
vide more opportunity for genes associated with H3 to be tran-
scribed. It is unclear at this point exactly which genes are
involved, but our recent chromatin immunoprecipitation analysis
showing that E, increases H3 acetylation of Bdnf-pll and Bdnf-pIlV
in the dorsal hippocampus of young and middle-aged female mice
(Fortress and Frick, unpublished results), suggests that BDNF may
play a role.
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Fig. 4. ERK-dependent H3 acetylation in the dorsal hippocampus is necessary for E, to enhance object recognition memory consolidation. (A) Bilateral dorsal hippocampal
infusion of E; (5 ng/hemisphere) or the HDAC inhibitor trichostatin A (TSA, 16.5 mM/hemisphere) significantly increased H3 acetylation in the dorsal hippocampus relative to
vehicle 30 min after infusion (‘p < 0.05). (B) Intracerebroventricular (ICV) infusion of E; significantly increased H3 acetylation in the dorsal hippocampus relative to vehicle
('p < 0.05). This increase was blocked by dorsal hippocampal infusion of U0126 (0.5 ug/hemisphere), suggesting that the E-induced increase in H3 acetylation is dependent
on ERK activation. (C) Bilateral dorsal hippocampal infusion of the HAT inhibitor garcinol in doses of 0.1, 1.0, and 10 pg/hemisphere immediately after novel object
recognition training impaired object recognition 24 h later. At this delay, vehicle-infused mice remember the familiar training object, which allows us to observe memory-
impairing effects of drugs. Mice receiving 1 ng/hemisphere garcinol exhibited no memory impairment ('p < 0.05 relative to chance), suggesting that this dose does not block
memory consolidation. (D) We next tested the ability of the 1 ng dose of garcinol to block the memory-enhancing effects of E, using a 48-h delay at which vehicle-treated
females do not remember the familiar object. Although the 1 ng dose of garcinol was behaviorally ineffective on its own, it blocked the memory enhancing effects of E; at this
delay ('p < 0.05 relative to chance), suggesting that histone acetylation is necessary for memory consolidation. (E) Dorsal hippocampal infusion of E, (5 pig/hemisphere)
significantly decreased HDAC2 levels in the dorsal hippocampus 4 h after infusion relative to vehicle (‘p <0.05). (F) The E-induced decrease in HDAC2 in the dorsal
hippocampus was blocked by garcinol, suggesting that histone acetylation is necessary for E, to regulate HDAC2 protein. Error bars in all panels represent the mean + SEM.
Insets in panels A, B, E, and F illustrate representative Western blot images. Reprinted with permission from Frick (2013) and Zhao et al. (2010, 2012).

The observed specificity of E, for H3 acetylation is consistent recognition? To answer this question, we turned to a naturally
with effects of contextual fear conditioning on hippocampal H3 occurring HAT inhibitor called garcinol that is isolated from the
acetylation, and with previous data showing that H3 acetylation rind of the Garcinia indica fruit. Garcinol is a potent inhibitor of
is ERK dependent (Levenson et al., 2004). Because the memory the CBP/p300 and PCAF HATs (Balasubramanyam et al., 2004),
enhancing effects of E; on object recognition are associated with and also inhibits activation of ERK and PI3K/Akt in colorectal can-
p42 ERK phosphorylation (Fernandez et al., 2008), we next exam- cer cell lines (Liao et al., 2005). At the time we conducted our study,
ined whether the effects of E; on H3 acetylation were dependent garcinol had not yet been infused into the brain, so we first con-
on ERK activation. Young ovariectomized mice were infused with ducted a dose-response experiment to determine how post-train-
E; and U0126, and we found that U0126 blocked the effects of E; ing dorsal hippocampal infusion of this drug would affect novel
on both H3 acetylation (Fig. 4B) and object recognition memory object recognition. At a shorter 24-h delay between training and
consolidation (Zhao et al., 2010). These data suggested that ERK testing at which vehicle-treated females remember the training
activation is necessary for E, to increase H3 acetylation. But is objects, we found that doses in the range of 0.1-10 pg impaired
H3 acetylation necessary for E, to enhance novel object object recognition memory consolidation (Fig. 4C) (Zhao et al,,
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2012). Subsequent work from other labs has shown that garcinol
also blocks fear memory consolidation and reconsolidation in rats
and olfactory memory consolidation in honeybees (Merschbaecher
et al,, 2012; Maddox et al., 2013). In our study, a 1 ng dose did not
block object recognition, so we next co-infused E; and 1 ng garcin-
ol into the dorsal hippocampus and tested consolidation 48 h later,
a delay at which vehicle-treated mice do not remember the famil-
iar objects. We found that garcinol blocked E,’s effects on both H3
acetylation and object recognition memory consolidation (Fig. 4D)
(Zhao et al., 2012). Garcinol also blocked the E;-induced increase in
dorsal hippocampal HAT activity observed 15 min after infusion
(Zhao et al., 2012), confirming that E, rapidly increases intrinsic
HAT activity, and that this effect is blocked by garcinol. Combined,
these data suggest that E;-induced object recognition memory
consolidation requires ERK-dependent H3 acetylation in the dorsal
hippocampus. It is worth noting that E, can also increase HAT
activity by binding to nuclear receptors in the traditional genomic
pathway and recruiting steroid receptor coactivator complexes
(Kim et al., 2001). Although our study did not specifically differen-
tiate between these two mechanisms, the fact that garcinol
blocked the E,-induced increase in HAT activity within 15 min of
infusion suggests involvement of a more rapid non-classical signal-
ing mechanism rather than a classical ERE-dependent mechanism.
Therefore, we speculate that this regulation is largely epigenetic in
nature.

We also reasoned that the rapid changes in ERK signaling and
H3 acetylation might influence the expression of HDAC proteins,
given the important role of HDAC2 and HDAC3 in regulating hippo-
campal memory (Guan et al., 2009; McQuown et al., 2011). Four
hours after dorsal hippocampal infusion, E; significantly reduced
HDAC2, but not HDACT, protein levels in the dorsal hippocampus
of young ovariectomized mice (Fig. 4E) (Zhao et al., 2010, 2012).
In middle-aged ovariectomized mice, we have replicated this find-
ing and also shown that E, decreases levels of HDAC3 protein in
the dorsal hippocampus 4 and 6 h after infusion (Fortress and Frick,
unpublished results). In young females, we found that garcinol
blocks the E-induced decrease in hippocampal HDAC2 levels
(Fig. 4F) (Zhao et al., 2012), indicating that histone acetylation reg-
ulates HDAC2 protein levels, perhaps by increasing expression of
another protein (e.g., a DNA methyltransferase) that decreases
HDAC2 expression. The E,-induced decrease in HDAC2 and HDAC3
is consistent with previous findings that expression of HDAC2 and
HDACS3, but not HDAC1, impairs hippocampal memory and synap-
tic plasticity (Guan et al., 2009; McQuown et al., 2011; Graff et al.,
2012). Thus, E; may facilitate hippocampal memory consolidation,
at least in part, by reducing HDAC2 and HDAC 3 levels in the dorsal
hippocampus. Combined, these findings suggest that E, requires
histone acetylation to facilitate memory consolidation and that
intrinsic HAT activity may drive subsequent epigenetic modifica-
tions to enhance long-term memory consolidation.

4.2. DNA methylation

The other major chromatin alteration thus far associated with
estrogenic regulation of memory is DNA methylation. Our research
on this subject to date has focused on gross changes in DNA meth-
ylation and DNMT enzymes. The rationale for this work comes
from the neurobiology of learning and memory literature, which
illustrated that DNMT inhibition blocks learning-induced histone
H3 acetylation in rats (Miller et al., 2008). We, therefore, ques-
tioned whether DNA methylation was essential for E; to regulate
hippocampal memory. We first examined the effects of a single
dorsal hippocampal infusion of E; on DNMT mRNA and protein lev-
els in the dorsal hippocampus of young ovariectomized mice. E,
transiently increased levels of DNMT3A and DNMT3B levels
45 min after infusion, but the increase in DNMT3B (>2-fold) was

more robust than that for DNMT3A (~1.5-fold) (Zhao et al,,
2010). Accordingly, when DNMT protein was examined in the dor-
sal hippocampus 1-4 h later, only DNMT3B protein was increased
4 h after E; infusion (Fig. 5A) (Zhao et al., 2010, 2012). Interest-
ingly, DNMT1 mRNA and protein in the dorsal hippocampus were
not affected by E, (Zhao et al., 2010, 2012), suggesting that E, pref-
erentially increases expression of enzymes that catalyze de novo
methylation of previously unmethylated cytosine residues in the
dorsal hippocampus.

We next asked whether DNA methylation is necessary for estro-
genic regulation of memory consolidation. As with histone acetyla-
tion, we first determined the extent to which our novel object
recognition task was regulated by DNA methylation in young
ovariectomized female mice. Interestingly, bilateral dorsal hippo-
campal infusion of the DNMT inhibitor 5-aza-2-deoxycytidine (5-
AZA) immediately after object recognition training enhanced
memory consolidation 48 h later (Fig. 5B) (Zhao et al., 2010). This
somewhat counterintuitive finding suggests that inhibiting the
DNMT activity in the absence of E, may be necessary for intact
object recognition, perhaps by preventing the methylation of
memory promoting genes such as reelin and Bdnf (Miller and
Sweatt, 2007; Guan et al., 2009). We next co-infused E; with 5-
AZA and found that 5-AZA blocked the beneficial effects of E; on
48 h object recognition when it was administered immediately,
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Fig. 5. Regulation of hippocampal DNA methylation by E,. (A) Bilateral dorsal
hippocampal infusion of E, (5 pg/hemisphere) increases DNMT3B protein levels in
the dorsal hippocampus 4 h after infusion ('p < 0.05 relative to vehicle). This effect
is blocked by the HAT inhibitor garcinol, suggesting that histone acetylation
regulates the E,-induced increase in DNMT3B (¥p < 0.05 relative to E, alone). Inset
illustrates representative Western blot image. Error bars represent the mean + SEM.
Reprinted with permission from Zhao et al. (2012). (B) Post-training infusion of the
DNMT inhibitor 5-AZA (100 pg/hemisphere) blocks the memory-enhancing effects
of E, measured 48 h after training, suggesting that action of DNMT enzymes is
necessary for E, to enhance object recognition memory consolidation. Dorsal
hippocampal infusion of 5-AZA alone enhances 48-h object recognition memory
consolidation when given immediately, but not 3 h, after training ('p < 0.05 relative
to chance), suggesting that DNMT enzymes regulate object recognition memory
irrespective of E,. Error bars represent the mean + SEM. Reprinted with permission
from Zhao et al. (2010).
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but not 3 h after, training (Fig. 5B) (Zhao et al., 2010). This finding
suggests that, like histone acetylation, DNA methylation is also
necessary for E; to enhance object recognition memory consolida-
tion within a 3-h critical window after training. However, more
sophisticated analyses directly measuring specific E,-induced
alterations in methylated DNA (e.g., bisulfite sequencing, methyl-
ated DNA immunoprecipitation (MeDIP)) will be necessary to
make more definitive conclusions about the role of DNA methyla-
tion in estrogen-dependent memory consolidation.

4.3. Conclusions

Collectively, our data suggest that dorsal hippocampal H3 acet-
ylation and DNA methylation are essential for E; to enhance object
recognition memory consolidation in female mice. We have, thus
far, shown that E; specifically regulates H3 acetylation and protein
levels of HDAC2, HDAC3, and DNMT3B in the dorsal hippocampus
(Zhao et al., 2010, 2012). The fact that garcinol prevented E; from
increasing DNMT3B levels and reducing HDAC2 levels indicates
that histone acetylation and DNA methylation work together to
regulate the effects of E, in the hippocampus. The findings also
suggest that changes in histone acetylation may precede the
changes in DNMTs and HDACs. Although it is unclear at this point
whether these alterations are related to each other, it is tempting
to speculate that E;, increases H3 acetylation of the Dnmt3b pro-
moter, thereby increasing DNMT3b protein, which then methylates
the Hdac2 and Hdac3 genes to reduce expression of HDAC2 and
HDAC3 protein and promote long-term memory formation
(Fig. 6). Our unpublished work also suggests that the E,-induced
increase in histone acetylation can directly increase the expression
of genes that facilitate memory formation, such as Bdnf, and we
would predict that E; would also increase expression of other
memory-promoting genes like reelin that are epigenetically regu-
lated. In future work, this hypothesis could be tested using chro-
matin immunoprecipitation (ChIP) to examine H3 acetylation of
Dnmt3b and bisulfate sequencing or MeDIP analysis to examine
methylation of Hdac2 and Hdac3 genes. These techniques could
also be used to determine how E, influences the acetylation or
methylation status of other genes known to regulate hippocampal
memory and synaptic plasticity. As mentioned earlier, our preli-
minary work suggests that E, increases H3 acetylation of Bdnf-pll
and Bdnf-plV in young and middle-aged female mice (Fortress
and Frick, unpublished results). Epigenetic regulation of Bdnf has
emerged as a critical mediator of cognitive function (Lubin, 2011;
Boulle et al., 2012; Gupta-Agarwal et al., 2012), so this finding sup-
ports the notion that E, facilitates expression of genes that pro-
mote hippocampal memory formation. Other potential gene
targets include reelin, Egr1, Arc, Cbp, Creb, GIluR1, Nr2a, Nr2b, which
are important for hippocampal memory and plasticity and
regulated by histone acetylation (Guan et al., 2009).

5. Future directions

Our work has provided the initial demonstration that histone
modifications and DNA methylation play vital roles in the estro-
genic regulation of memory, but these findings are merely the first
pieces in what is likely to be an enormously complicated puzzle. As
discussed above, we do not yet know which genes are epigeneti-
cally regulated by E; in the hippocampus or how this regulation
is accomplished. As illustrated in the first portion of this review,
epigenetic regulation of learning and memory involves multiple
chromatin modifications. Therefore, the roles of other histone
alterations, including phosphorylation, methylation, ubiquitina-
tion, and SUMOylation, in estrogenic regulation of memory must

Dnmt3b \
* > Bdnf reelin X

Expressmn of memory

promoting genes

v

Memory
consolidation

Fig. 6. Hypothetical model of how estrogenic regulation of epigenetic mechanisms
in the dorsal hippocampus may promote memory consolidation. Activation of ERK
by intracellular and membrane estrogen receptors increases HAT activity and H3
acetylation of the Dnmt3b promoter, which then increases levels of DNMT3B
protein and methylation of memory repressor genes like Hdac2 and Hdac3. This, in
turn, increases expression of memory promoting genes and leads to memory
consolidation. E, can also directly increase H3 acetylation of memory promoting
genes, such as Bdnf and reelin, thereby, increasing expression of these genes and
also leading to memory consolidation.

also be addressed in future work. Histone methylation is likely to
be especially interesting, given the complicated role of multiple
methylation marks in memory consolidation. It will also be imper-
ative in future studies to determine the extent to which E,-induced
chromatin modifications regulate other types of hippocampal
memories, and memories mediated by other brain regions. Related
to this point, it should be noted that very little is known about the
role of specific estrogen receptors (e.g., ERa, ERB, GPER) in
regulating memory formation, or the extent to which epigenetic
alterations mediate the effects of these receptors. Because hippo-
campal ERa and ERB enhance object recognition and spatial
memory consolidation in ovariectomized female mice in an ERK-
dependent manner (Boulware et al., 2013), there is reason to
believe that activation of either receptor may trigger H3 acetyla-
tion similar to E,. However, the effects of ER-specific drugs on his-
tone modifications or DNA methylation have not yet been
examined in cognitive regions of the brain. Other important goals
of this research should be to understand the extent to which epige-
netic alterations influence sex differences in cognition and how
hormone loss during aging influences the epigenetic landscape of
the brain. As such, the sections below will briefly discuss these
two issues.
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5.1. Epigenetic regulation of sex differences

Organizational effects of sex steroid hormones shape male and
female brains into sexually dimorphic patterns that influence
behavioral responses throughout development and adulthood.
Examples of sex-specific behaviors abound in endocrinology
research, perhaps none better studied than the male rat mounting
behavior and the female rat lordosis posture (Blaustein and
Erskine, 2002; Kow and Pfaff, 2004; Etgen et al., 2006; Dewing
et al., 2007; Micevych and Christensen, 2012; Lenz et al., 2013).
Sex differences in cognitive function have been documented as
well, most notably the reported male advantage in spatial abilities
observed in humans and rodents. In humans, males have been
shown to outperform females on spatial tests like the mental rota-
tion task and virtual computer spatial navigation tasks (Astur et al.,
1998; Kimura, 1999). Sex differences favoring males are observed
in adulthood (Astur et al.,, 1998), and appear before puberty
(Newhouse et al., 2007), suggesting an organizational influence
of sex steroids on spatial memory. This notion is supported by
observations in rats that the male advantage in spatial working
memory could be reversed within the first 10 days of life by gonad-
ectomy in males and estradiol treatment in females (Williams
et al., 1990). Such treatments after the 10-day critical period have
no effect on spatial abilities in adulthood, but the mechanisms gov-
erning the closing of this critical period remain unclear. Numerous
subsequent rodent studies have reported a male advantage in
other tests of spatial memory and in contextual fear conditioning
and object recognition (e.g., (Galea et al., 1996; Perrot-Sinal et al.,
1996; Frick and Gresack, 2003; Gresack et al., 2009). Various sex
differences have also been reported within the hippocampus itself;
relative to the adult male rat hippocampus, the adult male rat hip-
pocampus is heavier (Madeira et al., 1991b), has a larger cross sec-
tional area (Pfaff, 1966), contains more cells in the neurogenic
granule cell layer (Madeira et al., 1991a), and has a higher density
of neurons and more dendritic branching in the CA1 and dentate
gyrus (Markham et al.,, 2005). Dendritic morphology also differs
between the sexes in response to stress and environmental enrich-
ment. For example, restraint stress increases hippocampal den-
dritic spine density and enhances associative learning in male
rats, but decreases spine density and impairs associative learning
in female rats (Wood and Shors, 1998; Shors et al., 2001). On the
other hand, the female rat hippocampus is more responsive than
the male rat hippocampus to environmentally enriching stimuli,
given that dendritic branching of dentate granule cells is highest
in male rats when raised in an isolated environment and in females
when reared in an enriched environment (Juraska et al., 1985).

Although reports of sex differences in hippocampal morphol-
ogy and memory abound, we should note that the magnitude
of these differences is considerably smaller than those associated
with reproductive brain regions and behaviors (McCarthy and
Konkle, 2005). Indeed, sex differences in hippocampal learning
are not observed in all studies, and can be minimized or elimi-
nated by manipulating testing parameters (McCarthy and
Konkle, 2005). Nevertheless, the preponderance of evidence sug-
gests differences in hippocampal morphology and behavioral
strategies that warrant further study. Given the importance of
the hippocampus to regulating the hypothalamic-pituitary-
adrenal axis and the involvement of this structure in the
cognitive dysfunction inherent to numerous mental illnesses,
even subtle sex differences in hippocampal function could con-
tribute to differential susceptibility to stress and psychiatric or
neurodegenerative diseases. The molecular mechanisms underly-
ing sex differences in hippocampal morphology and memory are
not clear, but the emerging importance of epigenetics in the neu-
robiology of hippocampal memory points toward a possible role
for chromatin modifications.

Unfortunately, we know very little about how epigenetic pro-
cesses shape sex differences in the brain, let alone sex differences
in memory. Clues linking hormonal regulation of histone acetyla-
tion to the development of sex differences in the hippocampus
come from a report showing that high levels of testosterone in
the hippocampus and neocortex on embryonic day 18 are associ-
ated with more H3 acetylation in males than in females (Tsai
et al., 2009). Consistent with this finding, contextual fear condi-
tioning increases ERK more in the ventral hippocampus of gonadal-
ly intact adult male rats relative to adult females (Gresack et al.,
2009), raising the possibility that ERK-dependent H3 acetylation
in the hippocampus may be higher in males. Several recent studies
have examined epigenetic regulation of sex differences in the con-
text of prenatal maternal stress. In one mouse study, maternal
restraint stress impaired spatial memory in adult male offspring,
while tending to improve spatial memory in adult female offspring
(Sierksma et al., 2013). DNMT3A immunoreactivity was decreased
in the dentate gyrus of females relative to males (Sierksma et al.,
2013), regardless of prenatal stress, suggesting a potential
association between DNMT3A levels and sex differences in spatial
memory. However, much more research is clearly needed to
understand possible epigenetic mechanisms underlying sex
differences in cognitive function.

Such future work can take a cue from recent studies of sex dif-
ferences in reproductive areas of the brain. E; is necessary for mas-
culinization of the brain (for reviews, see McCarthy et al., 2009;
McCarthy and Nugent, 2013). The masculinizing effects of E,
require the expression and epigenetic regulation of sex hormone
receptors, such as ERa, in sexually dimorphic brain areas such as
the preoptic area (POA) (Kurian et al., 2010). High levels of E, in
the male rat POA increase H3 and H4 acetylation at the ERa and
aromatase promoters, whereas low E, levels are associated with
decreased acetylation and increased HDAC expression at the ERa
and aromatase promoters (Matsuda et al., 2011). Furthermore,
post-natal infusions of the HDAC inhibitor TSA into the cerebral
ventricles of male rats impair male sexual behavior in adulthood
(Matsuda et al., 2011), suggesting that histone acetylation during
a critical perinatal period after birth is necessary for masculiniza-
tion. Additionally, the closing of this critical period in males is
associated with increased methylation of the ERa promoter and
reduced ERa levels (Kurian et al., 2010). HDAC inhibition also pre-
vents masculinization of the bed nucleus of the stria terminalis
(BNST), another sexually dimorphic brain region. The BNST is lar-
ger in males than females because male gonadal hormones prevent
apoptosis of BNST neurons during early development (Chung et al.,
2000). HDAC inhibition blocks the masculinizing effects of testos-
terone in mice (Murray et al., 2009), suggesting that histone acet-
ylation is responsible for the sexual dimorphism of the BNST.
Together, these data indicate that the organizational effects of E,
in the POA and BNST are mediated by epigenetic regulation of
genes necessary for masculinization. These epigenetic processes
early in development may provide a foundation for activational
effects of hormones in adulthood that influence behavior, possibly
including memory consolidation.

5.2. Epigenetic regulation of age-related memory decline

Because estrogens are vital neuroprotective factors for hippo-
campal neurons in adulthood (Picazo et al.,, 2003; Chen et al,
2006; Suzuki et al., 2006; Yang et al., 2010), the loss of ovarian-
derived estrogens in reproductively senescent females is thought
to contribute to age-related memory loss. Indeed, the massive loss
of estrogens and progestins at menopause significantly increases
the risk of memory decline and Alzheimer’s disease in middle-aged
women relative to men (Zandi et al., 2002; Yaffe et al., 2007). In
middle-aged female rats and mice, premature decline of spatial
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reference memory relative to males is associated with the loss of
estrous cycling (Markowska, 1999; Frick et al., 2000). Given the
importance of histone acetylation and DNA methylation to E;-
induced memory enhancement, epigenetic alterations related to
the loss of ovarian-derived E, likely contribute to age-related
memory decline in older females. Accumulating evidence suggests
that alterations in chromatin plasticity occur during aging,
although it is unclear if hormone loss contributes to these changes.
For example, post-training systemic injection of the HDAC inhibi-
tor NaB reverses object recognition memory consolidation impair-
ments in aged male rats (Reolon et al., 2011). One of the first
studies to establish a role for acetylation of specific histones in
age-related cognitive decline showed that middle-aged
(16 month-old) mice failed to a display learning-induced increase
in hippocampal acetyl H4K12 that was evident in young
(3 month-old) mice (Peleg et al., 2010). This dysregulated H4K12
acetylation was reversed by intrahippocampal infusion of the
HDAC inhibitor SAHA, which also reversed deficits in contextual
fear memory consolidation (Peleg et al., 2010). Support for a role
of H4 acetylation in age-related cognitive decline has been sug-
gested elsewhere. For example, spatial memory deficits in aged
mice were associated with lower H4 acetylation and higher H3
acetylation in hippocampal CA1 and dentate gyrus relative to
young mice with intact spatial memory (Dagnas and Mons,
2013). However, another study comparing aged cognitively
impaired rats to aged non-cognitively impaired rats, reported no
difference in hippocampal H4 acetylation between the groups
(Castellano et al., 2012), suggesting that deficient H4 acetylation
may affect memory only under certain circumstances. Recent evi-
dence also suggests that a specific histone binding protein,
RbAp48, may be critical for age-related memory decline. RbAp48
is reduced in the hippocampus of aged mice (Pavlopoulos et al.,
2013). Inhibition of RbAp48 in young mice produces hippocam-
pal-dependent memory deficits that mimic those of aged mice,
whereas increasing RbAp48 expression ameliorates cognitive defi-
cits in aged mice (Pavlopoulos et al., 2013). These findings suggest
that targeting specific binding proteins such as RbAp48 may be
beneficial for treating age-related cognitive decline.

Although no published studies have specifically examined his-
tone alterations in aging females, our own unpublished data sug-
gest that the middle-aged (16 month-old) female mouse brain
retains the same epigenetic response to E, observed in young
females. As in young females, E; enhances novel object recognition
in middle-aged female mice in an ERK- and PI3K-dependent man-
ner (Fan et al., 2010). As such, we hypothesized the E, might influ-
ence H3 acetylation and HDAC levels in a manner similar to young
females (Zhao et al., 2010, 2012). As expected, E, increased acety-
lation of H3 (but not H2A, H2B, or H4) in the dorsal hippocampus
30 and 60 min after infusion, and decreased HDAC2 and HDAC3
protein levels 4 h after infusion (Fortress and Frick, unpublished
results). Additional studies showed that E, increased H3 acetyla-
tion in Bdnf-pll and Bdnf-pIV in both young and middle-aged
females (Fortress and Frick, unpublished results). This evidence
that histone acetylation mechanisms appear intact in the middle-
aged female brain may suggest that maintaining epigenetic
responsiveness to E; is key to staving off memory decline in aging.
It will be interesting to see in future work if E; can regulate histone
acetylation in the aged female mouse brain, given that post-train-
ing infusion of E; into the dorsal hippocampus does not enhance
object recognition in aged females (Fan et al., 2010).

The influence of aging on DNA methylation is likely to be as
complicated as the relationship between DNA methylation and
memory formation. Both aging and Alzheimer’s disease are charac-
terized by hypermethylation of specific CpG islands in the hippo-
campus and neocortex (Calvanese et al., 2009; Chouliaras et al.,
2012; Haberman et al., 2012; Coppieters et al., 2014). In normal

aging, this hypermethylation has been associated with memory
decline. For example, aged cognitively-impaired male rats exhib-
ited hypermethylation in the CpG island of the Gabra5 gene, which
is highly expressed in hippocampal pyramidal neurons and
encodes for the a5 subunit of the GABA, receptor (Haberman
et al., 2012). Further, aged male rats exhibit hypermethylation of
the immediate early gene Arc and decreased Arc mRNA in hippo-
campal CA1 compared to young rats (Penner et al., 2010). Although
these data suggest that age-related hypermethylation of genes
involved in hippocampal synaptic plasticity is detrimental for
memory consolidation, hypermethylation of DNMT genes, specifi-
cally Dnmt3a2, may be beneficial for memory in older animals. Lev-
els of Dnmt3a2 are decreased in the hippocampus and neocortex of
aged male mice, who also exhibit a deficit in learning-induced acti-
vation of Dnmt3a2 (Oliveira et al., 2012). Viral overexpression of
Dnmt3a2 in aged males ameliorated age-related deficits in trace-
fear conditioning and object location memory (Oliveira et al.,
2012), suggesting that expression of this specific Dnmt3a
transcript is essential to memory function in aged males.

However, it is unknown how DNA methylation is affected by
aging in the hippocampus of females. In our unpublished work,
we have found that E; increases DNMT3B protein in middle-aged
female mice as it does in young female mice (Fortress and Frick,
unpublished results), which is consistent with the histone respon-
siveness at this age described earlier. In future work, it will be
important to look for methylation in promoter regions for ERa
and ERB in the aging female hippocampus. The expression of ERa
is highly regulated by methylation during early post-natal devel-
opment in mice (Westberry and Wilson, 2012). More relevant for
aging, methylation of the ERB promoter is increased in the neocor-
tex of middle-aged, but not young, female rats (Westberry et al.,
2011). This increased methylation was associated with reduced
ERB mRNA. Although the behavioral consequences of this reduc-
tion are unknown, the fact that hippocampal ERB promotes rapid
ERK signaling and object recognition memory consolidation in
young female mice (Boulware et al., 2013) would suggest that a
reduction in ERB could contribute to memory loss in aging females.
This hypothesis will need to be addressed in future studies.
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Fig. 7. Hypothesized general epigenetic mechanisms through which E, and aging
may regulate memory consolidation in the dorsal hippocampus. Endogenous levels
of E, from either local synthesis or from the periphery may sustain a relaxed
chromatin structure and baseline level of histone acetylation by increasing HAT
activity and reducing HDAC activity. Intrinsic HAT activity selectively facilitates an
increase in the acetylation of H3 to promote the transcription of genes, such as Bdnf,
important hippocampal memory consolidation. The loss of E; during menopause
leads to reduced intrinsic HAT activity. Decreased HAT activity favors a reduction in
histone acetylation, an increase in HDACs, and therefore, a condensed chromatin
structure. With the chromatin condensed, genes important for memory cannot be
transcribed and, therefore, hippocampal memory is impaired.
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6. Conclusions

This review has highlighted the many ways in which chromatin
modifications can influence hippocampal memory formation. The
data, thus far, suggest that E, facilitates a transcriptionally permis-
sive chromatin state that leads to the transcription of genes that
promote hippocampal synaptic plasticity and memory consolida-
tion (Fig. 7). Menopause and aging may facilitate a transcription-
ally repressive chromatin state that decreases the transcription of
synaptic plasticity and memory genes, thereby leading to impaired
memory (Fig. 7). However, much more work is needed in aging
females to support this hypothesis. Although we are a long way
from fully understanding the complex epigenetic code regulating
memory, we are starting to appreciate the role that epigenetic pro-
cesses play in hormonal modulation of memory. Our findings have
thus far shed light on gross changes in histone acetylation and DNA
methylation necessary for E; to enhance hippocampal memory for-
mation, but future studies will be needed to better pinpoint the
histone residues and promoter regions that are particularly essen-
tial. As such, our work has opened up new avenues for research
that should provide a much more comprehensive view of hor-
monal regulation of memory in the coming years. Such information
should facilitate the development of treatments to reduce the inci-
dence and severity of memory dysfunction in neuropsychiatric and
neurodegenerative disorders, particularly those for which women
are at increased risk.
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