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The epigenome serves as a signal integration platform that encodes information from experience and environment that

adds tremendous complexity to the regulation of transcription required for memory, beyond the directions encoded in

the genome. To date, our understanding of how epigenetic mechanisms integrate information to regulate gene expression

required for memory is primarily obtained from male derived data despite sex-specific life experiences and sex differences

in consolidation and retrieval of memory, and in the molecular mechanisms that mediate these processes. In this review, we

examine the contribution of chromatin modification to learning and memory in both sexes. We provide examples of how

exposure to a number of internal and external factors influence the epigenome in sex-similar and sex-specific ways that may

ultimately impact transcription required for memory processes. We also pose a number of key open questions and identify

areas requiring further investigation as we seek to understand how histone modifying mechanisms shape memory in

females.

The prevalence of memory-related disorders such as posttraumatic
stress disorder (PTSD) and Alzheimer’s disease (AD) in women is at
a rate twice that of men (Kessler et al. 1995, 2012; Kim et al. 2015;
Neu et al. 2017), whereas in neurodevelopmental disorders the
opposite is observed (Fombonne 2009; Zablotsky and Black
2015). In PTSD, women are diagnosed at higher rates even in stud-
ies that reveal greater exposure to traumatic events in men (Tolin
and Foa 2006). Associated with the increased prevalence of AD in
women, there is also an acceleration of cognitive decline and in-
creased severity of cognitive impairment (Lin and Doraiswamy
2015). However, it is important to note that clinical care for AD
symptomology varies greatly by sex with women beingmore likely
to be prescribed certain classes of psychotropic medications as-
sociated with increased risk of cognitive impairment (Moga et al.
2017). As these brief examples illustrate, there is significant
research needed to understand differences in vulnerability, sus-
ceptibility, and resilience to various disorders between sexes, and
develop appropriate sex-specific treatment and care. Fundamental
to disorders associated with cognitive function is understanding
how mechanisms of memory formation are different and similar
between females and males.

The ability to consolidate information and form long-term
memories is largely reliant on changes in gene expression which
are coordinated, in part, through epigenetic mechanisms that
function to regulate transcriptional processes (Burgess-beusse
et al. 2002; Horn and Petersen 2002; Mozzetta et al. 2014; Sartor
et al. 2015; Korb et al. 2016). A large number of studies report sex
differences in expression patterns of memory-relevant genes.
However, how epigeneticmechanisms regulate gene expression re-
quired for memory formation in females and males is less under-
stood. With the recent National Institutes of Health (NIH)
mandate to include sex as a biological variable and incorporate
both sexes in biomedical research (Clayton and Collins 2014),
the number of studies examining the epigenetic mechanisms of
memory in females and males has been increasing. As might be
currently predicted though, our understanding of how epigenetic
mechanisms regulate memory function is largely shaped from

data collected from male animals, emphasizing that we are at the
very beginning of understanding how these mechanisms impact
memory processing in the female.

In this review, we discuss the critical role that histonemodify-
ing enzymes play in the formation of memory in both sexes. We
primarily focus on histone modifications in the hippocampus, as
this region is critically involved in spatial memory formation and
retrieval in both sexes. We focus on histone modifying enzymes
as there is more literature on these enzymes, more studies involv-
ing females, and as one of the main epigenetic mechanisms that
regulate gene expression in coordination with other mechanisms
(e.g., nucleosome remodeling, DNA modification, histone vari-
ants), information from histone modifying mechanisms may in-
form and indicate where future studies on other epigenetic
mechanisms may be most fruitful. We also discuss examples of in-
ternal and external factors capable of influencing the epigenome in
sex-similar and sex-specific ways that regulate gene expression re-
quired for long-term memory. Last, we pose key open questions
in understanding histone modifying mechanisms in females and
males, and how knowledge of these epigenetic mechanisms may
impact our understanding of sex differences in learning and
memory.

A brief primer on chromatin modification

and memory

The term “epigenetics” refers to the ability of both external and in-
ternal factors to influence gene expression without modifying or
altering the DNA sequence. DNA is tightly wrapped around an
octamer of two pairs of four proteins called histones (H2A, H2B,
H3, and H4) which make up a nucleosome, the repeating unit of
chromatin. Modification and remodeling of chromatin structure
can dynamically regulate gene expression in numerous ways
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including transcriptional initiation, elongation, repression, chro-
mosomal looping (to bring enhancers and promoters together
for example), etc. The ability to form and consolidate new memo-
ries is dependent upon new transcription and activity-dependent
protein synthesis (Kang and Schuman 1996; Alberini 2009).
Studies of learning and memory continue to determine how chro-
matin modifying enzymes function to coordinately regulate gene
expression required for the consolidation of memory. Yet, this is
only the tip of the iceberg when considering the epigenome serves
not only to regulate gene expression, but also as an incompre-
hensibly complex signal integration platform capable of encoding
information from experience including exposure to the environ-
ment, stress, exercise, diet, etc. One key place to begin to under-
stand the epigenome is the histone tail.

The amino-terminal end of a histone protein is referred to as
the histone tail, which is themost common site of posttranslation-
al modification (e.g., acetylation, methylation, phosphorylation).
Histone modifications alter interactions within and between
nucleosomes, and also serve as sites of interaction for proteins
with specialized motifs (e.g., bromodomain recognizes acetylated
residues). Although there are amultitude of histonemodifications,
the best studied ones we will discuss here include acetylation,
methylation and phosphorylation, all of which dynamically regu-
late chromatin, and thus gene expression, and all have been impli-
cated in memory processes. These modifications are regulated by
histone modifying enzymes including acetyltransferases, deacety-
lases, methyltransferases, demethylases, kinases, and phosphatas-
es (for reviews, see Kouzarides 2007; Barrett and Wood 2008).
Importantly, although these enzymes are frequently called “his-
tone acetyltransferases” (HATs), they also modify nonhistone pro-
tein residues.

Despite many similarities between females andmales, sex dif-
ferences are present in learning and memory (e.g., for reviews, see
Cahill 2006; Andreano andCahill 2009). Sex differences have been
observed in the consolidation of memory and in the molecular
mechanisms that mediate consolidation (for reviews, see Shors
et al. 2000; Mizuno and Giese 2010; Keiser and Tronson 2016).
The process of transcription in itself is a dynamic and complex or-
chestration of dozens and dozens of transcription factors and co-
regulators induced by various converging signaling pathways
that ultimately coordinate the expression of a specific profile of
genes required for lasting memory formation. While research on
the molecular mechanisms of memory in females is sparse, studies
including female animals report sex differences in activation of ki-
nases (Mizuno et al. 2006, 2007; Gresack et al. 2009; Sase et al.
2019), transcription factors (Kudo et al. 2004), and more recently,
histone modifying enzymes (Tsai et al. 2009; Benoit et al. 2015;
Tyler et al. 2015; Sase et al. 2019), which all function to regulate
gene expression. Furthermore, there are a number of internal
(e.g., hormones) and external (e.g., stress) stimuli that partially
modulate molecular mechanisms of memory in both sexes.
Therefore, sex differences in the effects of internal and external
stimuli likely have a significant impact on the function of histone
posttranslational modifications in females and males (Fig. 1). We
next review the role of histone modifications in the regulation of
memory-related gene expression in females and males.

Examples of sex similarities and differences in histone

modifications involved in regulating gene expression

required for memory processes

Histone acetylation
Histone acetylation involves the addition of an acetyl group to ly-
sine tails, which generally facilitates gene expression. More specif-

ically, acetylation occurs through enzymes called histone
acetyltransferases (HATs) which utilize acetyl CoA as a cofactor
and transfer an acetyl group to a lysine residue. Because lysine is
a positively charged amino acid, it naturally interacts with the neg-
ative DNA phosphate backbone. Thus, lysine acetylation neutraliz-
es that charge and is thought to relax chromatin structure and
facilitate transcription by also providing docking sites for bromo-
domain containing proteins involved in transcriptional regula-
tion. There are two major types of HATs (type A and type B)
based in general on their presumed localization within the cell.
Type B HATs are primarily found in the cytoplasm and acetylate
numerous proteins as well as free histones that are newly synthe-
sized. Interestingly, type B HATs have not been well investigated
in the learning and memory field. Type A HATs on the other
hand, are located in the nucleus and directly modify multiple sites
on histone tails. Type A HATs can be categorized into three fami-
lies: CBP/p300, MYST, and GNAT (Hodawadekar andMarmorstein
2007). Histone Deacetylases (HDACs) remove acetyl groups and re-
turn chromatin structure back to its repressed state, therefore re-
stricting gene expression. HDACs are broken down into four
classes: Class I HDACs are comprised of HDACs 1, 2, 3, and 8; class
II are separated into IIa (HDACs 4, 5, 7, and 9) and IIb (HDACs 6
and 10); and class IV is comprised of HDAC 11. In general, an ex-
perience that is capable of being encoded into long-term memory
will prompt histone acetylation by increasing activity of HATs and
decreasing activity of HDACs, resulting in gene expression required
for memory consolidation (for reviews, see Marmorstein and Roth
2001; Barrett and Wood 2008; Gräff and Tsai 2013).

Histone acetylation is the most prominently studied histone
modification involved in hippocampus-dependent learning and
memory (see brief history described in Campbell and Wood
2019). In males, numerous reports indicate that hippocampus-
dependent memory and synaptic plasticity depend on HAT and
HDAC activity. For example, our laboratory and others have dem-
onstrated that the HAT CREB-Binding Protein (CBP) is required for
memory formation inmalemice and that HDAC3 is a negative reg-
ulator ofmemory formation inmales (McQuown et al. 2011; for re-
view, see Kwapis andWood 2015). Similarly, histone acetylation at
several sites (e.g., H3K14Ac, H4K8Ac, H4K12Ac) is increased dur-
ingmemory consolidation, correlating with increased gene expres-
sion (e.g., Fos, Nr4a2, Egr1, Bdnf, Arc). Mutations in HATs, like CBP,
result in developmental abnormalities and intellectual disability
disorders in humans as well as mice. Conversely, manipulations
that inhibit HDACs dramatically enhance memory processes (for
reviews, see Korzus 2017; Campbell and Wood 2019). Together,
these studies highlight the powerful role of these enzymes in regu-
lating gene expression and memory processes.

While themajority of studies implicating HATs andHDACs as
critical regulators of long-term memory formation have primarily
used male animals, histone acetylation is necessary for hippo-
campus-dependent spatial memory in females as well. For exam-
ple, a study using cbp+/− female mice demonstrated that reducing
CBP protein levels results in impairments in spatial memory and
hippocampal neurogenesis compared with same sex-controls
(Lopez-Atalaya et al. 2011). In both sexes, intrahippocampal
HDAC inhibition results in a memory that is longer lasting in
mice (Frick 2013). Additionally, global knock out of a transcrip-
tional coactivator that also acts as a HAT, the p300/CBP-associated
factor (PCAF), leads to impaired memory in object recognition and
water maze tasks in both female and male mice (Maurice et al.
2008). Despite these and many other similarities between males
and females, HATs and HDACs also play distinct roles in the
male and female brain. For example, hormones are important reg-
ulators of histone acetylation and other modifying enzymes (Zhao
et al. 2012; Fortress et al. 2014; Frick et al. 2015) and histone acet-
ylation is a fundamental process for brain sexual differentiation
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(Murray et al. 2009; Matsuda et al. 2011).
How histone acetylation impacts devel-
opment and memory processing in fe-
males and males will be discussed in
more detail in upcoming sections.

Histone methylation
Histone methylation involves the addi-
tionofmethyl groups to lysine or arginine
residues of histone tails that depending
on the position of the modification and
number of methyl groups added to a spe-
cific site (referred to as mono, di, or tri-
methylation), can either activate or re-
press transcription. For example, inmales,
tri-methylation of lysines such as H3K4,
H3K36, and H3K79 is associated with
gene expression, whereas di- or tri-me-
thylation at H3K9 and at H3K27 is associ-
ated with repression of transcription (for
review, see Dong and Weng 2014). His-
tone methylation occurs through en-
zymes called methyltransferases, which
transfer methyl groups to lysine or argi-
nine residues of histone tails. There are
two different types of histone methyl-
transferases: those that are arginine-
specific and those that are lysine specific.
Lysine-specific histone methyltrans-
ferases consist of two main classes: the
SET domain containing family and the
DOT1/KMT4 family (which only methyl-
ate nucleosomal substrates, not free
histones). Demethylases, on the other
hand, function to remove methyl groups
from lysine or arginine residues of
histone tails.

Histone methylation serves an im-
portant function for consolidation of
memory and several methyltransferases
have been recognized as being activated
following a learning event. A study by
Gupta et al. (2010) found that in male
rats, 1 h following contextual fear condi-
tioning tri-methylation of H3K4 (a mark
associated with active transcription)
was found to be up-regulated in the hip-
pocampus, at specific promoters of mem-
ory-related genes such as Egr1 and Bdnf.
Up-regulation of trimethyl-H3K4 at these
promoters was not sustained 24 h later,
suggesting that a demethylase may
have facilitated removal of the methyl
group. Additional studies using male rats
have also demonstrated changes in
H3K4 methylation in retrieval of cued
fear-related memory. H3K4Me3 was in-
creased in the CA1 region of the hippo-
campus at the promoter of the gene
Npas4 (implicated in memory formation)
compared with controls (Webb et al.
2017). Further, direct manipulation of
histone methylation via knockdown of
the methyltransferase Kmt2a in the CA1
region of the hippocampus prevented

Figure 1. External and internal factors influence modification of the epigenome, potentially leading to
sex differences in gene expression required for memory consolidation and retrieval. A number of external
and internal factors are important modulators of histone modification in the female and male brain. A
subset of histone modifications and enzymes listed reflect either a sex difference, with higher levels of
a histone modification or a histone modifying enzyme, or reflect changes in a histone modification or
histone modifying enzyme by one sex but not the other. Histone modifications or enzymes that are
only observed in males, or reflect higher levels compared with females, are denoted in blue. Histone
modifications or enzymes that are only affected in females are denoted in red. Differences between
females and males are labeled with an asterisk. Histone modifications or enzymes without an asterisk
reflect changes in one sex, but not the other, when compared to same-sex controls. Superscript
numbers above brain regions denote references. Together, these modifications affect expression of
memory-relevant genes; examples of genes associated with memory consolidation and retrieval are
listed in the middle, many of which are found to be differentially expressed between females and
males. (CTX) cortex, (HPC) hippocampus, (DG) dentate gyrus, (PFC) prefrontal cortex. References:
(1Tyler et al. 2015; 2Xu et al. 2008a; 3Xu et al. 2008b; 4Huang et al. 2007; 5Sobolewski et al. 2018;
6Tsai et al. 2009; 7Sase et al. 2019; 8Benoit et al. 2015; 9Glendining and Jasoni 2019).
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the retrieval-induced increases in CA1 Npas4 mRNA levels and
resulted in impaired fearmemory (Webb et al. 2017). Thesebrief ex-
amples demonstrate that similar to histone acetylation mecha-
nisms, histone methylation mechanisms likely play an important
role in transcriptional regulation required for memory.

Also similar to histone acetylation, the majority of studies on
histone methylation have exclusively used males. Thus, it is not
well understoodwhether similar histonemethylationmechanisms
in females similarly impact memory processes. There is intriguing
evidence to suggest that histone methyltransferases and demethy-
lases may function differently in the female brain to affect memo-
ry. For example, the histone demethylase KDM5C and UTX are
coded by genes that are X-linked and escape X-inactivation in fe-
males (Fig. 1; Agulnik et al. 1994; Wu et al. 1994a,b; Greenfield
et al. 1998), which result in higher expression of these histone
demethylases (Xu et al. 2002, 2008a,b), and may mediate sex dif-
ferences in brain development, memory and behavior. Although
a paralogue of KDM5C, called KDM5D is expressed from the
Y chromosome, it was found to be expressed only at nearly 1/3
the level of KDM5C (Xu et al. 2008a), therefore not compensating
for the higher levels of KDM5C observed in females. We discuss
this in more detail and discuss how sex differences in histone
methylation during development and sexual differentiation may
impact memory processing (see upcoming X-chromosome inacti-
vation section).

Histone phosphorylation
Histone phosphorylation, similar to the other modifications
above, is critical for transcription required for memory consolida-
tion. Generally, histone phosphorylation involves the addition
of a phosphate group on serines, threonines and tyrosines, mainly
occurring on the N-terminal histone tails. Histone phosphoryla-
tion occurs via the action of kinases and phosphatases that func-
tion to add or remove phosphate groups, respectively (Oki et al.
2007). The act of transferring a phosphate group to the target ami-
no acid provides a negative charge, as well as a docking site for pro-
teins with phospho-binding domains.

In males, a number of kinases have been shown to facilitate
histone phosphorylation and be critical for memory formation.
For example, following context fear conditioning, extracellular
signal-regulated kinase/mitogen-activated protein kinase (ERK/
MAPK) signaling has been shown to positively correlate with his-
tone H3 phosphorylation in the hippocampus of male rats
(Chwang et al. 2006). Specifically, the authors of this study found
that activation of ERK/MAPK led to an increase in histoneH3phos-
phorylated at serine 10 (H3S10p), H3K14 acetylation (H3K14Ac)
and phospho-acetyl histone H3 at these same sites in the CA1 re-
gion of the hippocampus. Further, blocking ERK/MAPK activity,
via inhibition of the kinase upstream of ERK, MAP kinase/ERK ki-
nase (MEK), prevented the increase in histoneH3 phosphorylation
normally observed in the hippocampus following context fear con-
ditioning. Therefore, following acquisition of context fear condi-
tioning, histone phosphorylation in males is regulated by ERK/
MAPK, presumably in the service of regulating gene expression re-
quired for memory.

Few studies of learning and memory have examined histone
phosphorylation in females and to our knowledge, no studies
have determined upstream kinases critical for regulating histone
phosphorylation in the female brain. However, a number of stud-
ies that have includedboth sexesfind that during consolidation ex-
pression of some kinases, necessary for memory in males, are
expressed at different levels in females and may not be required
for consolidation (for reviews, see Shors et al. 2000; Mizuno and
Giese 2010; Keiser and Tronson 2016). For example, following ac-
quisition of context fear conditioningmale rats display higher lev-

els of hippocampal phosphorylated ERK (pERK) compared with
females (Gresack et al. 2009). Given that in males, ERK regulates
H3S10p (Chwang et al. 2006), higher levels of hippocampal ERK
in males may lead to greater phosphorylation at H3S10 in males
compared with females. Additionally, following acquisition of
context fear, female rats show lower hippocampal levels of cAMP
response element-binding protein (CREB), a known target of
ERK/MAPK signaling in addition to lower levels of freezing com-
paredwithmale rats (Kudo et al. 2004). CREB is awell-studied tran-
scription factor necessary formemory processes (Kogan et al. 1996;
Pittenger et al. 2002; Josselyn et al. 2004; Alberini 2009). Therefore,
sex differences in the expression and requirement of upstream ki-
nases during memory consolidation also likely lead to female-
and male-specific differences in histone modification, potentially
resulting in sex differences in expression of memory-relevant
genes. Before we can begin to understand how histone phosphor-
ylation is regulated to impactmemory in the female brain, founda-
tional work must first begin to unravel the critical brain regions,
enzyme expression, and patterns of histone modifications in con-
solidation of memory.

Other histone modifications
In addition to histone acetylation, methylation, and phosphoryla-
tion there are many additional histone modifications critical
for transcription. These include, but are not limited to, ubiquitina-
tion (Goldknopf et al. 1975), sumoylation (Nathan et al. 2003;
Shiio and Eisenman 2003), ribosylation (Fontan-Lozano et al.
2010), citrullination (Christophorou et al. 2016), and serotonyla-
tion (Farrelly et al. 2019). To date, the number of studies examin-
ing the impact of these other histone modifications in memory
formation in the female, in addition to the male brain are largely
nonexistent. Thus, we cannot discuss these modifications here
in detail but to say that more research is needed in this area. For
the remainder of this review we discuss how both internal and
external factors (Fig. 1) may differentially impact histone modifi-
cation associated with memory processing in the female and
male brain.

The interplay between internal factors

(X-chromosome inactivation, brain sexual

differentiation, hormonal regulation), histone

modifications, and memory processes

The majority of studies examining the role of histone modifying
enzymes in the female in addition to the male brain have focused
on development and brain sexual differentiation. Histone acety-
lation and methylation and a number of other modifications
are implicated not just in brain development but a number of
brain disorders, most of which have an effect on learning and
memory function. Therefore, engagement of histone modifica-
tion mechanisms early in life in females and males has lasting
consequences for learning and memory function into adulthood.
Here, we highlight how epigenetic modifications that influence
development and brain sexual differentiation strongly impacts
memory processing in females and males. We also discuss how
memory processing is impacted by epigenetic mechanisms as
a consequence of activational effects of hormones beyond
development.

X-chromosome inactivation
Recent evidence indicates that X chromosome-dependent mech-
anisms play a role in observed sex differences in memory. The
process of X-inactivation refers to transcriptional silencing of
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one X chromosome in females to provide dosage equivalence
or compensation of the X chromosome between the sexes
(Nguyen and Disteche 2006). Which X chromosome undergoes
inactivation is unpredictable, making the female brain (and
body) a mosaic of cells, some expressing the maternally inherited
X chromosome and the others expressing the paternally inherit-
ed X chromosome (Tan et al. 1995). While the majority of genes
on the inactive X-chromosome in females are silenced, around
3% of X-linked genes have been shown to escape X inactivation
(Yang et al. 2010). As mentioned prior, one such gene that es-
capes X-inactivation is a gene that codes for a chromatin modify-
ing enzyme called Kdm5c (also known as Jarid1c), which is a
histone 3, lysine 4 (H3K4Me2/3) demethylase (Wu et al. 1994a;
Agulnik et al. 1994). Zamurrad et al. (2018) demonstrated in a re-
cent study that Drosophila harboring a missense allele of Kdm5,
which is analogous to a mutation in Kdm5c in patients with intel-
lectual disability are impaired in learning and/or memory.
Additionally, the authors demonstrate that this mutation disrupts
the transcription of a number of genes important for cognitive
function (Zamurrad et al. 2018). However, to our knowledge, the
sex of flies was not reported in this study. In male and female
mice, KDM5C also plays a critical role in learning and memory as
KDM5Cknockoutmice exhibit impairments in learning andmem-
ory in a variety of different tasks (Iwase et al. 2016; Scandaglia et al.
2017).

KDM5C also plays a critical role in brain development
(Lingenfelter et al. 1998) and mouse studies have demonstrated
greater mRNA expression of Kdm5c in a number of tissues in the fe-
male compared with the male, including the hippocampus (Fig. 1;
Xu et al. 2002, 2008a). Further, it was observed that the greater lev-
els of Kdm5c mRNA was due to the presence of two X chromo-
somes, independent of gonadal sex (testes versus ovaries) (Xu
et al. 2008a). Studies using mouse models with either one or two
X chromosomes but the same gonads, allow for sex chromosome
complement to be unrelated to biological sex (for review, see
Arnold and Chen 2009). Therefore, higher levels of Kdm5c
mRNA expression in the XX female hippocampus may result in
lower levels of H3K4Me3 at specific promoters in females com-
pared with males. As H3K4Me3 is associated with active transcrip-
tion (Klose and Zhang 2007), the possibility of greater demethylase
activity in females compared with males may result in decreased
transcription, or perhaps a higher threshold for transcriptional ac-
tivation, of target genes in females, which may ultimately impact
learning and memory differentially in females versus males.
Conversely, the single copy of Kdm5cmay leave males particularly
vulnerable to mutations in Kdm5c, resulting in developmental and
intellectual disability.

In humans, males are diagnosed with neurodevelopmental
and intellectual disability disorders at a rate more than 2–3 times
higher than females (Fombonne 2009; Zablotsky and Black 2015,
Zablotsky et al. 2017), and one potential mechanism involves
X-linked genes, as these genes are more vulnerable to mutation
in males than females. Kdm5c is thought to be one of the more fre-
quentlymutated genes in X-linked Intellectual Disability disorders
(Jensen et al. 2005; Vallianatos et al. 2015). Mutations that affect
the start or stop codon or frameshift mutations cause severe devel-
opmental and cognitive impairments in men (Gonçalves et al.
2014). However, women carriers usually have mild learning and
memory impairments (e.g., Simensen et al. 2012). Overall, these re-
sults are intriguing and give rise tomanyopenquestions including:
do expression level differences hold at the protein level and are pro-
tein levels reflective of enzymatic activity; are the same genes reg-
ulated by KDM5C and KDM5D in the adult female and male brain
during memory consolidation; and how do developmental chang-
es in expression of KDM5C/KDM5D ultimately affect cognition in
intellectual disability disorders?

Brain sexual differentiation

During sensitive periods of development, the brain undergoes sex-
ual differentiation (Phoenix et al. 1959). In the perinatal period tes-
tosterone is secreted inmale rodents and enters the brainwhere it is
then converted to estradiol via the enzyme aromatase, resulting in
masculinization of the brain (Naftolin et al. 1975; Maclusky and
Naftolin 1981; McEwen 1981). Brain masculinization has been
demonstrated to be important for sex differences observed in stud-
ies of learning andmemory. For example, nearly three decades ago,
a study by Williams et al. (1990) demonstrated that male rats per-
formed better than females when tested for spatial memory recall
in a radial armmaze task. However, females that weremasculinized
in early development performed better in the task than their same-
sex counterparts, suggesting that brain sexual differentiation con-
tributes to sex differences observed in spatial memory perfor-
mance. A number of other important studies demonstrate the
critical role of brain masculinization and spatial memory perfor-
mance (Roof and Havens 1992; Galea et al. 1996). More recent re-
search points to the fundamental role that histone modifying
enzymes play in brain sexual differentiation.

The principal nucleus of the bed nucleus of the stria termina-
lis (BNSTp) is a sexually dimorphic brain region that is larger in vol-
ume and cell number inmales compared with females (Hines et al.
1985, 1992; Guillamon et al. 1988; Forger et al. 2004). In rodents,
the observed sex difference in cell number in the BNSTp is due
to sexually dimorphic cell death occurring during the first week af-
ter birth (Chung et al. 2000; Forger et al. 2004; Gotsiridze et al.
2007) and testosterone treatment in females at birth, or castration
in males, prevents this sex difference (Guillamon et al. 1988).
Epigenetic mechanisms have also been shown to play a critical
role in masculinization of the BNSTp. Inhibition of HDAC activity
on the day of birth has been shown to increase acetylation of his-
tone H3 in the brain the following day and results in reduced vol-
ume and cell number of the BNSTp in male mice (as well as
testosterone-treated females), therefore preventing masculiniza-
tion of the sexually dimorphic BNSTp (Murray et al. 2009). These
findings suggest that histone acetylation plays a key role in mascu-
linization of the BNSTp. Epigeneticmodulation of BNSTmasculin-
ization likely affects memory processing in males and females due
tomemory circuits that interact with this region (e.g., Gungor et al.
2015; Kruger et al. 2015; Asok et al. 2018; Gorka et al. 2018) and the
role of BNSTp in social (Dumais et al. 2016) and fear memory
(Verma et al. 2018; for review, see Goode and Maren 2017).
However, it is not clear how BNST masculinization in early devel-
opment impacts social and fear memory in females and males
into adulthood. Further, it is difficult to prescribe histone modify-
ing enzyme activity in the developing brain, and in the BNSTp in
particular, with effects on adult learning and memory as even the
hippocampus exhibits differences in histonemodifying enzymatic
activity during development. There are few, if any, studies directly
linking sexual differentiation of specific brain regions during devel-
opment with sex differences in brain regions and circuitry neces-
sary for learning and memory. Thus, an exciting area for future
investigation is to understand how histone modifying enzymes
may be involved in establishing sexual differentiation and subse-
quently adult brain cognitive function.

In the mouse hippocampus, sex differences in histone H3
modifications have been observed early in development on embry-
onic day 18, the day of birth and 6 d later (Fig. 1; Tsai et al. 2009).
After observing greater levels of acetylation at H3K9/14 and tri-
methylation of H3K9 in the hippocampus of males compared
with females, the authors sought out to determinewhethermascu-
linization was critical in mediating sex differences in histone
modifications. For the last 4 d prior to gestation, pregnant dams re-
ceived either testosterone or vehicle and pup brains were collected
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at birth. Despite hormone treatment, H3K9Me3 was still greater in
the male hippocampus as compared with the female, but H3K9/
14Ac increased to male levels (Tsai et al. 2009). These findings sug-
gest that histone H3 modifications may be sexually dimorphic in
the hippocampus and suggest that the H3K9Me3 modification is
masculinized in females by testosterone in utero. Much further
work needs to be done to confirm and extend these results, but
overall they indicate that epigenetic mechanisms engaged during
development in a sexually dimorphic manner in a region like the
hippocampusmay have important implications for howwe under-
stand learning and memory processes in females and males.

Hormonal regulation of memory and epigenetic

mechanisms beyond development
Beyond development, memory is also modulated in females and
males through activational effects of hormones throughout the
lifespan. Epigenetic mechanisms play a fundamental role in hor-
monalmodulationof learning andmemoryand cognitive function
from adulthood to aging. For example, the sex-steroid hormone
and primary estrogen produced by the ovaries, 17β-oestradiol, in-
fused into the dorsal hippocampus has been shown to enhance ob-
ject recognitionmemory in young (Fortress et al. 2014) andmiddle
aged (Fan et al. 2010) femalemice. Administrationof 17β-oestradiol
was also observed to correlatewith increased pan-acetyl histoneH3
at brain derived neurotrophic factor (BDNF) promoters pII and
pIV, a critical neurotrophic factor necessary for hippocampus-
dependent memory (Fortress et al. 2014; Frick et al. 2015).
Additionally, the memory-enhancing effects of 17β-oestradiol on
object recognition memory correlated with acetylation of histone
H3 in dorsal hippocampus as bilateral dorsal hippocampal infusion
of the histone acetyltransferase inhibitor, garcinol, prevented the
ability of 17β-oestradiol to enhance object recognition memory
in female mice (Zhao et al. 2012). These findings suggest a key
role for the involvement of histone modifying mechanisms in reg-
ulating gene expression required for memory by 17β-oestradiol
within the dorsal hippocampus.

The above examples clearly point to an important role for epi-
genetic mechanisms in hormonal modulation of learning and
memory, but many open questions remain. For example, which
additional sex steroid hormones in adulthood (other than estradi-
ol) regulate histone modifications in brain regions important for
memory processing, and if this is the case, which histone modify-
ing enzymes are involved and which residues are being modified?
Additionally, what is the consequence of histone modifications
that are regulated by sex-steroid hormones, and do epigenetic
mechanisms such as histone acetylation always become engaged
when hormonal regulation leads to enhanced memory or is it
selective for specific types of memory? Regardless, the current evi-
dence strongly indicates that hormones serve an internal regula-
tion of learning and memory by impacting how epigenetic
modifications exert their effects in females and males. In the
next section, we provide examples of a number of external factors
that impact memory through histone modifications in the female
and male brain.

The interplay between external factors (stress,

environmental exposure, exercise), histone

modifications, and memory processes

A variety of external factors are responsible for influencing when
and which histone modifying enzymes are engaged. Below we
will discuss external factors (i.e., stimuli fromour environment) in-
cluding stress, environmental exposure, and exercise, and how
they engage epigenetic machinery and ultimately affect memory.

While there is a wealth of literature on how environmental stimuli
are encoded at the level of the epigenome, it is less clear how such
external stimuli impact memory processing via epigenetic mecha-
nisms (the lens with which we focus this review). With the major-
ity of literature predominantly using males to address these
questions, even less is understood about how external stimuli im-
pact the female epigenome. Here, we briefly highlight emerging lit-
erature on how exposure to external factors such as stress,
environmental toxins and exercise influence learning andmemory
through epigeneticmodifications inmanners both similar and dis-
tinct between the sexes.

Stress
Stress as an external stimulus has been shown to modulate memo-
ry in both sexes via epigeneticmechanisms. Beforewe discuss alter-
ations in histone modifications as a result of stress, we must first
briefly lay out how stress can differentially impact memory in fe-
males and males behaviorally and mechanistically (for a more
in-depth reviews, see Luine 2002; Shors 2004; Bowman 2005;
Shansky et al. 2013; Maeng and Milad 2015; Bangasser and
Wicks 2017; Luine et al. 2017; Merz and Wolf 2017). In males,
acute stress is capable of enhancing memory consolidation
(Shors et al. 1992; Radulovic et al. 1999; Roozendaal et al. 2002).
In studies using both sexes chronic stress has been observed to im-
pair spatial memory in males and either lead to small enhance-
ments of memory or to cause no effect in females (for review, see
Luine et al. 2017). In addition, exposure to the same stressor in
male and female rats leads to an NMDA-dependent decrease in
dendritic spines inmales, whereas in females anNMDA-dependent
increase in dendritic spines is observed (Shors et al. 2004). These
findings suggest that exposure to the exact same type, intensity
and duration of stress in males and females can lead to sex differ-
ences in dendritic morphology and behavioral measures of memo-
ry. Furthermore, stress has been shown to differentially affect
central transmitter levels of female and male rats in regions
important for memory function such as the hippocampus, frontal
cortex, and amygdala, which may also impact memory function
(Bowman et al. 2003). Exposure to a number of external stimuli,
including stress, also impacts intracellular signaling events that in-
fluence the activity of multiple histone acetyltransferases, deacety-
lases, methyltransferases, and demethylases (Graff et al. 2011).
Therefore, sex differences in the effects of external stimuli, likely
have a significant impact on the function of posttranslational
modifications of histones in females and males.

In males, stress has been shown to engage histone modifying
enzymes, and alter histone modifications, but the effects are large-
ly dependent on the type and intensity of stress, age when the
stressor was experienced, and brain region examined (for review,
see Bagot et al. 2014). For example, regulation of corticotropin-
releasing hormone (CRH) is critically important for central
and peripheral responses to stress. CRH is regulated in part by
cyclic-AMP response element (CRE) via interaction with the
transcription factor CREB. CREB in turn is known to recruit the
HAT CBP. Using a genetically modified knock-in mouse that ex-
presses a mutant form of CBP that can no longer interact with
CREB, a study found that in males, the recruitment of CBP was
not necessary under basal CRH expression (Cope et al. 2014).
However, the interaction and recruitment of CBP contributed
to stress-induced CRH expression in the adult mouse, sug-
gesting that CBP and its HAT activity may be important for the or-
chestration of gene regulation under specific stress-induced
conditions.

Stress has been shown to alter histone modifications where
exposure to chronic social defeat stress in male mice induced hip-
pocampal histone H3 dimethylation of H3K27 (thought to be
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associated with transcriptional repression) at BDNF promoter re-
gions, which correlated with a reduction in BDNF transcripts in
the hippocampus of male mice (Tsankova et al. 2006). Additional-
ly, the authors of this study found that hyperacetylation at BDNF
promoter regions as a result of chronic administration of the tricy-
clic antidepressant imipramine reduced susceptibility to chronic
social defeat stress (Tsankova et al. 2006). Therefore, in males, his-
tonemodifications are altered as a result of stress exposure andmay
play an important role in mediating response to stress, which
would likely impact memory function. Inmice, examining wheth-
er chronic social defeat induces the same epigenetic modifications
in females becomes challenging with lack of aggression in female
mice when using this model (Jacobson-Pick et al. 2013). However,
female voles are as highly social and aggressive as males, and thus
voles may be a more effective model to study female and male so-
cial defeat (Smith et al. 2013; Wang et al. 2018).

Additional studies, using males, have demonstrated that the
severity of stress differentially impacts histone H3 methylation
marks in the dentate gyrus and CA1 region of the hippocampus.
Acute stress was associated with increased the levels of H3K9Me3
(associated with repression of transcription) in the dentate gyrus
(DG) and CA1, while it reduced levels of H3K9Me (associated
with active transcription) and H3K27Me3 (associated with repres-
sion of transcription) in the same regions. Seven days of restraint
stress in male rats reduced levels of H3K4Me3 (associated with ac-
tive transcription) in the CA1 and H3K27Me3 in the DG and CA1,
while increasing basal levels of H3K9Me3; and chronic restraint
stress for 21 d mildly increased levels of H3K4mMe3 and reduced
H3K9Me3 levels in the DG (Hunter et al. 2009). Therefore, stress
severity differentially affects histone methylation modifications
in male hippocampus, likely affecting transcription required for
long-term memory processes. Future studies are required to link
stress severity with epigenetic modifications and transcription in
females.

Although the majority of studies examining the impact of
stress on histone modifications and memory use male subjects,
there is some evidence that stress impacts histone modifications
in females in ways that are distinct frommales. An example where
stress can lead to sex-specific consequences for histone modifica-
tions and memory can be observed in a model of prenatal stress
(PNS). PNS such as sparse maternal care can lead to cognitive im-
pairments and exaggerated stress responses and epigenetic mecha-
nisms may underlie changes in the brain as a result of PNS (for
review, see Maccari et al. 2014). A 2015 study by Benoit et al.
(2015) examined how PNS impacted hippocampal-dependent spa-
tial memory performance and histone modifications in the hippo-
campus of adult female andmale mouse offspring. The researchers
found that while both sexes that underwent PNS were impaired in
the spatial water maze task, females exhibited greater changes in
histone modifications in dorsal hippocampus as a result of PNS.
More specifically, male mice that were exposed to PNS exhibited
decreased acetylation of histone H3, lysine 14 (H3K14Ac; asso-
ciatedwith transcriptional activation) in the hippocampus as com-
pared with male mice that were not exposed to PNS. Females that
underwent PNS showed an even further decrease in H3K14Ac
when compared with female mice that did not undergo PNS (Fig.
1; Benoit et al. 2015). These studies suggest that PNS can result in
similar effects on memory performance between females and
males, yet histone modifications may be more impacted by PNS
in one sex than the other. Due to sex differences in response
to stress, it is likely that experiencing the same form of stress will
differentially influence which enzymes are engaged and where
those histone modifying enzymes exert their effects in females.
However,much is left to be determined regarding howdifferent in-
tensities and types of stressors differentially influence epigenetic
mechanisms that impact learning and memory.

Environmental exposure
Just as stress impacts the epigenome, so can direct exposure to com-
pounds found in the environment from early in development and
throughout the lifespan. While few studies have examined how
changes in the epigenome as a result of environmental influence
directly impact learning and memory in either sex, we will discuss
studies suggesting that similar environmental exposure in females
andmales can lead to sex-specific changes inhistonemodifications
to impact learning and memory.

Exposure to the same compounds during development in fe-
males and males can result in differences in the function of epige-
netic modifying enzymes in brain regions that play a role in
memory. For example, developmental exposure to arsenic during
all three trimesters of fetal/neonatal development leads to oppos-
ing histone modifications in the dentate gyrus (DG) region of the
hippocampus of female and male mice at postnatal day 70 (Fig.
1; Tyler et al. 2015). The authors find that developmental exposure
was associated with an increase in H3K4Me3 andH3K9Ac (both as-
sociated with active transcription) in the DG of males compared
with same-sex controls. In contrast, in females this same develop-
mental exposure to arsenic led to a decrease in H3K4Me3 and
H3K9Ac compared to same-sex controls. Further, the histone
methyltransferase responsible for trimethylation of H3K4, MLL
was also found to be increased in the DG of male mice, but de-
creased in females, exposed to arsenic during development. Fe-
males exposed to arsenic during development exhibited greater
levels of HDAC1 and 2 in the DG, whereas in males the levels
were unchanged as a result of arsenic exposure (Tyler et al. 2015).
A more recent study demonstrates sex-dependent effects of the
class I-IIa HDAC inhibitor sodium valproate on reversal learning
following exposure to arsenic during development. Here, the au-
thors find that arsenic exposure during development leads to
male-specific impairments inmemory into adulthood that were re-
versed with systemic HDAC inhibition over a period of 2 wk (Tyler
et al. 2018). In contrast, the same HDAC inhibition treatment had
no effect in females. Together, these findings suggest that identical
exposure to the same compound in males and females during de-
velopment can lead to distinct histone acetylation patterns in
the brain likely enhancing transcription in males compared with
females. Therefore, it is possible that sex differences in expression
of genes important for memory function early in life are partially
responsible for sex differences in memory performance into adult-
hood. These results also have important sex-specific implications
for the use of HDAC inhibitors as a therapeutic intervention.

The above example demonstrates how exposure to a toxin or
toxic environment can result in sex-specific epigenetic modifica-
tions in the brain to potentially impact memory. Another study
suggests that in females, exposure to an enriched environment
may also involve or require epigenetic mechanisms. Environmen-
tal enrichment (EE) has clear benefits for memory function and
neurogenesis in both females and males (e.g., Kempermann et al.
1997; Frick and Fernandez 2003; Bruel-Jungerman et al. 2005). A
study performed in females only by Lopez-Atalaya et al. (2011)
found that the beneficial effects of EE on memory and hippocam-
pal neurogenesis are occluded in femaleCBPmutantmice, suggest-
ing that the HAT CBP is likely an important mediator of the
cognitive benefits associated with EE. Future research is needed
to precisely determine epigenetic mechanisms involved and re-
quired for mediating EE in females and whether epigenetic mech-
anisms regulate pro-cognitive effects in males.

Exercise
Several studies have demonstrated that in males exercise facilitates
induction of hippocampal brain-derived neurotrophic factor
(BDNF), which plays a critical role in synaptic plasticity and
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memory (Neeper et al. 1995, 1996; Adlard et al. 2004; Berchtold
et al. 2005; Intlekofer et al. 2013). In males, expression of BDNF
is regulated by epigenetic mechanisms, including histone modifi-
cation. In a collaboration led by the Cotman lab, we previously
demonstrated that in males, exercise enables hippocampus-
dependent learning in conditions that are normally subthreshold
for long-termmemory formation. Similar effects are observed with
males receiving an HDAC inhibitor, sodium butyrate (NaB)—the
transformation of a subthreshold learning event into long-term
memory (Stefanko et al. 2009; Roozendaal et al. 2010; Haettig
et al. 2011; Intlekofer et al. 2013). In male mice, exercise and
NaB increased BDNF transcripts I and IV in the hippocampus,
and the increases were associated with BDNF promoter acetylation
on H4K8 (associated with transcriptional activation), but not
H4K12 (also associated with active promoters; Intlekofer et al.
2013). These results support the idea that in males, exercise leads
to enhanced memory formation via opening chromatin structure
and facilitating gene expression required for long-term memory.

Although studies on the effects of exercise and epigenetics in
females are sparse, there is evidence to suggest that exercise works
in both similar and distinct ways to enhance memory in females
and males. One study by Marlatt et al. (2012) demonstrated that
like males, physical activity enhances learning in female mice, as
observed with improved retention in the Morris water maze task
in females undergoing voluntary wheel running compared with
same-sex sedentary controls. However, in studies assessing the im-
pact of exercise on cognitive function in women andmen, exercise
was shown to improve object location memory in men, but not
women (Coleman et al. 2018), suggesting that a similar amount
of exercisemayhave a differential impact for learning andmemory
in human females and males. Sex-similar and sex-specific patterns
of hippocampal Bdnf mRNA as a result of exercise have also been
observed. Twenty weeks of voluntary wheel running resulted in
higherBdnf IVmRNA expression in the hippocampus of both sexes
compared with same-sex sedentary mice. However, total Bdnf
mRNA expression was only significantly greater in male mice
that underwent exercise, but not observed to be significantly ele-
vated in females when compared with sedentary controls
(Venezia et al. 2016). This study may also be consistent with re-
ports demonstrating that expression of BDNF in dorsal hippocam-
pus is observed in male, but not female mice during consolidation
(Mizuno et al. 2012). Estrogen regulates Bdnf and induces Bdnf ex-
pression following activation of estrogen receptors. Bdnf contains a
canonical estrogen response element that allows for ER complexes
to bind and modulate transcriptional activation (Sohrabji et al.
1995). Additionally, ovary removal reduces Bdnf mRNA levels in
both the hippocampus and cortex, which is partially restored
with estrogen supplementation (Singh et al. 1995; Sohrabji et al.
1995; Berchtold et al. 2001). Therefore, fluctuations in hormones
throughout the lifespan, among a number of other factors, may
modulate the effects of exercise in the female and male brain.
While these findings clearly speak to the ability of exercise to facil-
itate gene expression in both sexes, potentially through epigenetic
modification, a number of questions remain such as whether the
amount of exercise required to enhance cognitive function is sim-
ilar between the sexes, themechanismbywhich exercise enhances
memory in females and how BDNF is regulated by epigenetic
mechanisms in females.

Considerations for the interpretation of sex

differences in epigenetic mechanisms involved

in memory

Thus far we have touched on a number of important factors which
similarly and distinctly influence the epigenome in females and

males. However, it is important to note that sex-similar changes
in the epigenome do not necessitate similarities in learning and
memory between females and males and the reverse is true (for ex-
ample, see Sase et al. 2019, discussed below).With this inmind, we
briefly highlight additional factors to consider when interpreting
sex differences in epigenetic regulation of memory (see Fig. 2).

Memory circuitry: similar epigenetic modification≠ similar

behavior
In studies of learning andmemory similar behavioral outcomes be-
tween the sexes may still involve different neural mechanisms (for
review, see Becker and Koob 2016) and the reverse. For this reason,
it will be important to step away from comparing data obtained
from females to previously established male findings when exam-
ining how epigenetic modifications shape learning and memory.

A recent study by Sase et al. (2019) underscores this concept,
demonstrating that the same hippocampal histone modifications
in females and males may be causally associated with opposing ef-
fects onmemory and biological function. In this study, the authors
examined the impact of histone H3 acetylation at the Cdk5 pro-
moter in dorsal hippocampus of female and male mice after con-
text fear memory retrieval. First, the authors find that retrieval of
context fear results in markedly different patterns of histone H3
acetylation in the CA1 region of the dorsal hippocampus of male
and female mice where histone H3 lysine 9/14 acetylation
(H3K9/14Ac) is enriched at the Cdk5 promoter in males compared
with same-sex context only controls, correlating with higher freez-
ing observed inmales comparedwith females.Next, the authors as-
sess the causal role of histone H3 lysine 9/14 acetylation (H3K9/
14Ac) at the Cdk5 promoter in males and females by viral expres-
sion of zinc finger proteins (ZFPs) targeting histone acetylation to
theCdk5promoter. Forcing histoneH3 acetylation at theCdk5pro-
moter in both sexes resulted in impaired memory performance (as
assessed by freezing behavior) in females compared to same-sex
control, but freezing in males did not differ from control (Fig. 1;
Sase et al. 2019). The demonstration that recruiting histone
modifying enzymes at the same promoter region in both sexes op-
positely affects memory in females and males (and also led to
female-specific phosphorylation of tau protein) opens up a num-
ber of critical questions regarding the mechanism by which his-
tone modifying enzymes regulate chromatin to affect memory in
females. Next, we briefly discuss how sex differences in strategies
used to learn or retrieve information can be viewed in light of un-
derstanding how histone modifications influence memory acqui-
sition, consolidation and retrieval.

Sex differences in learning strategy and brain region

recruitment
As we begin to interpret sex differences in epigenetic mechanisms
of learning andmemory, it is important that we avoid assumptions
that a similar behavior or epigenetic signature in the female is
equivalent to that of the male and vice versa. To avoid this pitfall,
we must first understand how behavioral strategies can be sex-
specific and involve sex differences in regional recruitment for a
givenmemory task (Fig. 2). In spatialmemory tasks for an example,
different navigational strategies are adapted by males and females
to reach the same goal (Andreano and Cahill 2009; Rodríguez et al.
2011; Bettis and Jacobs 2013; Keeley et al. 2013; Shah et al. 2013).

In spatial tasks such as the Morris water maze, males have
been reported to outperform females. However, when strategy is
taken into account and a landmark such as a wall cue is included
as a navigation tool, these sex differences become no longer appar-
ent (Saucier et al. 2002; Chai and Jacobs 2010). This is because
males are shown to rely predominantly on distal cues on tasks of
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spatial navigation, whereas females rely on landmarks or proximal
cues (Rodríguez et al. 2011; Bettis and Jacobs 2013; Keeley et al.
2013; Shah et al. 2013). Similarly, in tasks examining memory
for a tone that was previously paired with footshock, a “typical” re-
sponse observed inmales upon reintroduction to the tone is lack of
movement other than respiration or freezing (Blanchard and
Blanchard 1969; Fanselow 1980) however, more recent studies
highlight a female-prone response to the tone associatedwith foot-
shock where female rats engage in an active “darting” behavior
(Gruene et al. 2015), demonstrating that a strong memory by
both sexes may be expressed in sex-specific ways. Together, these
examples highlight the need for considering sex differences in
strategies used to learn that may lead to a similar behavioral out-
come when assessing sex differences in memory performance,
while at the same time understanding the possibility that similarly
strong memory may be expressed in sex-biased ways.

As we interpret sex differences in epigenetic mechanisms of
learning andmemory, it is also important thatwe consider the pos-
sibility of sex differences in regional recruitment for a given learn-
ing andmemory task. For example, in instances where females and

males demonstrate strong memory for
a fear-conditioned context, male mice
show activation of hippocampus, where-
as females show activation of amygdala
following retrieval (Keiser et al. 2017). In
memory tests with an emotional compo-
nent, men and women show differences
in lateralization of a region important
for fear-related and emotionally charged
memories, the amygdala (Gasbarri et al.
2007; Cahill 2011), and women have
been shown to have increased recruit-
ment of hippocampal circuitry for cues
with an emotional component (Bellace
et al. 2013). Therefore, efforts to broadly
examine interactions between brain re-
gions and circuits engaged in a given
learning andmemory task, rather than re-
stricting analysis to one region of interest
will allow for a more complete picture
when interpreting how epigenetic mech-
anisms in the female, in addition to the
male brain influence memory.

Technical innovations in epigenetics:

approaches to examine sex

differences in the epigenome
A number of technical innovations over
recent years are now providing research-
ers the tools to better examine and under-
stand causal molecular mechanisms
involved in learning and memory. The
advent of epigenetic editing tools such
as clustered regularly interspaced short
palindromic repeats (CRISPR–Cas9 and
CRISPR–dCas9) enable researchers to di-
rectly target and edit specific genomic re-
gions and genes of interest with a desired
chromatinmodification,methods, which
begin to elucidate causality between epi-
genetic modification (by a specific en-
zyme) and memory (for reviews, see
Kwapis et al. 2018; Xie et al. 2018;
Campbell and Wood 2019; Savell et al.
2019; Xu and Heller 2019). Zinc finger

protein based systems also serve as a great tool, which enables tar-
geting of transcriptional activators to specific genomic regions (for
reviews, see Hamilton et al. 2018a; see also Heller et al. 2016;
Hamilton et al. 2018b).

One example of this can be found in the aforementioned
study by Sase et al. (2019). The authors observed that Cdk5 expres-
sion was increased in the hippocampus of males, but not females,
following retrieval of context fear conditioning, which correlated
with higher levels of freezing in males compared with females.
This suggested that Cdk5 expression/activity is necessary for re-
trieval of memory inmales, but potentially not females. To further
examine sex differences in this mechanism, the authors used a ZFP
based systempackaged intoHSV anddelivered to theCA1 region of
the hippocampus. ZFPs implemented in this study were designed
to bind an 18-base pair motif in the Cdk5 promoter and fused to
the p65 transcriptional activation domain. Cdk5-ZFP-p65 was
used to drive Cdk5 expression in the hippocampus of males and fe-
males to determinewhether increasingCdk5 expression, and activ-
ity, could result in similar retrieval effects in both sexes. Perhaps by
increasing Cdk5 in females, one would now observe memory

A

B

Figure 2. Conceptual framework for understanding how sex differences in histone modifications can
coincide with similarities or differences in memory performance. (A) Sex differences in epigenetic mod-
ifications may be due in part, to sex differences in brain regions recruited (e.g., Gasbarri et al. 2007;
Cahill 2011; Bellace et al. 2013; Keiser et al. 2017) and circuits activated during consolidation or retrieval
of memory or in behavioral strategies engaged during learning and/or expression of memory (Rodríguez
et al. 2011; Bettis and Jacobs 2013; Keeley et al. 2013; Shah et al. 2013; Gruene et al. 2015). Intact
memory retrieval in both females and males may exist despite sex differences in histone modifications
(e.g., Sase et al. 2019). (B) Sex differences in epigenetic modifications may facilitate sex differences in
expression of genes involved in memory (see Fig. 1) which may impact sex differences in brain
regions/circuits activated during retrieval, potentially influencing sex differences in memory perfor-
mance. Not presented here, but important to note is also the possibility of similar histone modifications
between females and males coinciding with differences in memory performance.
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retrieval similar to males. However, the results demonstrated the
opposite. Increased Cdk5 in females decreased retrieval of long-
termmemory for fear, demonstrating that the role ofCdk5 inmales
and females with regard to memory retrieval is different between
sexes. Without taking this promoter-specific approach to regulate
Cdk5, the data could not have been interpreted past a simple con-
clusion that level of freezing (interpreted as memory strength) is
dependent on level of Cdk5 expression, which would lead to a
misunderstanding of what Cdk5 does in the female hippocampus.
One caveat with any of these site-directed approaches is that the
endogenous transcriptionalmachinerymay be disrupted by the re-
cruitment of ZFP constructs or CRISPR–dCas9, leading to novel
molecular events.

Additional methods enable researchers to take nonbiased ap-
proaches to uncovering novel epigenetic mechanisms in females.
Single-cell RNA sequencing for example, will enable researchers
to examine how memory formation and retrieval impact specific
cell types in the brains of females and males (Tang et al. 2010;
Jiang et al. 2018). Tools such as INTACT (isolation of nuclei tagged
in specific cell types) and TRAP (translating ribosome affinity puri-
fication) add to this by enabling specific cell types to be isolated
and manipulated (Palovaara and Weijers 2019). Adapting this
approach could shine light on female mosaicism as transcriptional
silencing of one X chromosome in females (X chromosome-inacti-
vation) leaves the female brain (and body) a mosaic of cells, some
expressing thematernally inherited X chromosome and the others
expressing the paternally inherited X chromosome (Tan et al.
1995). Therefore, implementing this approachmay informwheth-
er a specific cell type expresses the maternally or paternally inher-
ited X chromosome and whether this impacts learning and
memory function.

Gene regulation is also influenced by the spatial organization
of chromatin and chromosomal interactions. Chromosomal con-
formation capture serves as an excellent tool to examine higher or-
der chromatin structure and chromosomal interactions in females
and males. This method works by using specific restriction en-
zymes to cross-link, isolate and digest chromatin and the remain-
ing ligated fragments are assessed with real-time polymerase
chain reaction (PCR) or sequencing. Correlation of the abundance
of the fragments with frequency of interactions between two re-
gions can define the three dimensional (3D) structure, organiza-
tion and boundaries of the genome inside a nucleus (e.g.,
Quinodoz et al. 2018). Since these factors directly impact gene ex-
pression, chromosomal conformation capture serves as an impor-
tant tool to specifically identify how higher order chromatin
structure and chromosomal interactions affect gene expression
and impact learning and memory in females and males.

Conclusions and a few open questions

Throughout this review, we have highlighted a number of factors
that influence epigenetic modifications critical for expression of
genes implicated inmemory consolidation and retrieval in females
and males (Fig. 1). While the literature on sex-similarities and dif-
ferences in a number of learning and memory tasks continues to
grow, and the inclusion of females in studies of epigenetics and
memory begins to emerge, the connection between these areas
and the factors that influence them are largely absent. Internal
and external factors such as the ones discussed here lead to epige-
netic changes in key brain regions important for learning and
memory and can also impact females and males in sex-specific
ways. Sex differences in the influence of these factorsmaybe attrib-
uted to sex differences in susceptibility to a number of external fac-
tors such as stress or differences in exposure to begin with; while
other factors simply impact the female andmale epigenome differ-

ently, despite similar exposure. As wemove forward, it is important
that we avoid assumptions that sex-specific epigenetic modifica-
tions must always lead to sex-specific changes in learning and
memory and vice versa (Fig. 2).

As the field begins to elucidate how learning and memory is
impacted in females in addition to males by epigenetic modifica-
tions that are largely influenced by a number of factors, we are
left with more questions than answers. For example, which
male or female specific factors that affect memory processing con-
tribute to sex-specific patterns of histone modifications and how
do those patterns affect gene expression required for memory
and retrieval? How does hormonal milieu during both develop-
ment and throughout the lifespan impact how histone modifying
enzymes act to regulate memory function? How might sex differ-
ences in strategies used to learn or retrieve memories impact the
function of histone modifying enzymes? While much research is
still needed to answer these questions, multiple studies incorporat-
ing both sexes into research examining histone modifying
enzymes reveal similar and distinct roles for memory function.
Understanding how histone modifications function to impact
memory in females as well as males is critically important in re-
gards to improving our understanding of increased prevalence of
disorders that directly affect memory such as PTSD and AD which
afflict women at a rate more than twice that of men (Kessler et al.
1995, 2012).
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