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Abstract: The hippocampus is crucial in learning, memory and emotion processing, and is involved
in the development of different neurological and neuropsychological disorders. Several epigenetic
factors, including DNA methylation, histone modifications and non-coding RNAs, have been shown
to regulate the development and function of the hippocampus, and the alteration of epigenetic
regulation may play important roles in the development of neurocognitive and neurodegenerative
diseases. This review summarizes the epigenetic modifications of various cell types and processes
within the hippocampus and their resulting effects on cognition, memory and overall hippocampal
function. In addition, the effects of exposure to radiation that may induce a myriad of epigenetic
changes in the hippocampus are reviewed. By assessing and evaluating the current literature,
we hope to prompt a more thorough understanding of the molecular mechanisms that underlie
radiation-induced epigenetic changes, an area which can be further explored.
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1. Introduction

The hippocampus is a structure in the brain within the medial temporal lobe [1] which plays an
important role in the limbic system and is involved in learning, memory processing and emotions [2].
The three principle structures of the hippocampal formation (hippocampus, dentate gyrus and
subiculum) are made up of glutamatergic principal neurons and inhibitory GABAergic neurons [3],
and damage to the hippocampus has been shown to bring about amnesic effects in humans,
alluding to its major role in memory formation and consolidation [4]. Both animal and clinical
studies have clearly indicated that radiation exposure or radiotherapy induces hippocampal damage,
resulting in the impairment of neurogenesis and cognition [5]. The production of reactive oxygen
species (ROS), pro-inflammatory cytokines and chemokines, pro-apoptotic proteins, autophagosome
markers, excitatory neurotransmitters and neurotrophic factors may be involved in hippocampal
neuropathy and cognitive impairment [6,7]. Recent studies have suggested that epigenetic mechanisms
are involved not only in normal hippocampal development and regulation [8–14], but also in
radiation-induced hippocampal pathophysiological changes leading to the development of neurological
and neuropsychological disorders [15]. In this paper, we briefly introduce major mechanisms of
epigenetic regulation, followed by a review of the epigenetic regulation of hippocampal neurogenesis.
Normal physiological and pathophysiological regulation of different hippocampal cells, such as
principal cells, interneurons and glial cells, by epigenetic mechanisms, is also summarized. We then
focus on how low or high doses of radiation may induce epigenetic changes in the hippocampus and
propose future research directions.
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1.1. Epigenetics

Epigenetics is a term first coined by C. H. Waddington in 1942 [16] without it being fully
understood. It was said to refer to the interactions between genes and their surroundings [17] involving
heritable changes in gene expression bringing about phenotypical changes without modifying the
underlying DNA sequence [18]. Thus, the epigenome consists of covalent modifications of chromatin
components, including DNA, RNA and histones, which ensure the inheritance of differentiated
states [19]. Many studies now support the notion that epigenetic regulation plays significant and
influential roles in biological systems throughout different stages of life, from development through to
adulthood. Studies have shown that a reduction in cognitive development in early life correlated with
differential methylation levels between hundreds of genes [20]. Due to the significance of its regulation,
aberrant epigenetic regulation has been implicated in many diseases and disorders, such as in cancer,
neurodegenerative diseases and congenital diseases [21–25]. There are three major mechanisms
of epigenetic regulation, namely, DNA methylation, histone modifications and non-coding RNA
targeting [26]. The dynamic interactions of chromatin modifications, cytosine modifications within
DNA and miRNAs determine the complex outcomes of gene expression [11].

1.2. DNA Methylation

DNA methylation is a biological process in which methyl groups are added to the DNA,
bringing about the conversion of cytosine to 5-methyl cytosine (5 mC) mediated by DNA
methyltransferases (DNMTs), which then interferes with transcription initiation, leading to gene
silencing [17]. DNA methylation plays an important role in epigenetic regulation, changes in chromatin
structure, DNA repair and DNA–protein interactions [27]. CpG islands are DNA methylation regions
in promoters that mediate gene expression regulation through transcriptional silencing [28].

The reversal of DNA methylation involves the removal of the methyl group from cytosines,
converting 5 mC back to 5-hydroxymethlcytosine (5 hmC). DNA demethylation has been proposed to
be carried out in two ways namely, active demethylation, with the enzymatic help of 5 mC hydroxylase
(ten-eleven translocation 1, TET1) and also passive demethylation caused by the suppression of DNMTs
during DNA replication [29,30]. Growth arrest and DNA damage (Gadd45) genes, involved in stress and
growth arrest, have been shown to mediate repair-based DNA demethylation [31]; Gadd45a and Gadd45b
have been proven to play crucial roles in DNA demethylation [32–36]. Methyl-CpG-binding proteins
(MeCPs) are also important mediators of DNA methylation in the regulation of gene expression [26].

1.3. Histone Modifications

Histones are proteins which DNA is wrapped around. They package and order DNA into structural
units known as nucleosomes, which are then condensed to form chromatin and subsequently further
condensed into chromosomes [37]. Modifications to histone proteins include acetylation, methylation,
phosphorylation, ubiquitination, sumoylation and adenosine diphosphate (ADP) ribosylation, with the
most well-studied modification being acetylation, and result in either transcriptional activation or
repression [14,38]. Histone acetylation involves the addition of an acetyl group from acetyl coenzyme
A (acetyl-CoA), catalyzed by histone acetyltransferase (HATs). This results in the loose packing
of nucleosomes, allowing transcription factors to bind to the DNA, bringing about transcriptional
activation [39]. Histone acetylation is reversible, and the deacetylation of histone is catalyzed by
histone deacetylases (HDACs). Histone methylation involves the addition of methyl groups to histone
proteins, with lysine and arginine residues being the most common sites for methylation marks [40].
Lysine residues on histone proteins can be mono, di or tri-methylated [41]. Histone methylation
can bring about either transcriptional repression or transcriptional activation. Trimethylation of
histone H3 at lysine 4 (H3K4me3) is associated with transcriptional activation and is upregulated in
the hippocampus during memory formation [42]. Histone phosphorylation involves the addition
of phosphate groups to the histone tail, which may take place during cellular response to DNA
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damage when phosphorylated histone H2A(X) demarcates large chromatin domains around the site
of DNA breakage [43]. The transport of ubiquitin to the histone core proteins H2A and H2B [44]
(or modification of histone H4 by small ubiquitin-related modifier (SUMO) family proteins [45]) is
defined as histone ubiquitination or histone sumoylation respectively. ADP-ribosylation (ADPr) is
a reversible post-translational modification of proteins, which controls major cellular and biological
processes, including DNA damage repair, cell proliferation and differentiation, metabolism, stress and
immune responses [46].

1.4. Non-Coding RNA

Non-coding RNAs (ncRNAs) are functional RNA molecules transcribed from DNA but not
translated into proteins [47]. Examples of ncRNAs include microRNAs (miRNAs), long non-coding
RNAs (lncRNAs), short-interfering RNAs (siRNAs) and piwi RNAs (piRNAs). A predominant class
of ncRNAs are miRNAs, which are small non-coding RNA molecules of about 22 nucleotides in
length that bring about RNA silencing and post-transcriptional regulation of gene expression [48].
miRNAs bind to specific target messenger RNAs (mRNAs) with complementary sequences inhibiting
their expression [49] by mRNA degradation or translational repression. Target mRNAs may be
regulated by multiple miRNAs; similarly, miRNAs are able to regulate the expression of more than
one target [50]. In addition to miRNAs, lncRNAs and piRNAs have also been shown to play roles
in epigenetic regulation. Some lncRNAs are related to genomic imprinting and have been shown
to be associated with chromatin-modifying complexes regulating gene transcription [51]. Similarly,
piRNAs have been associated with chromatin regulation and are able to repress gene transcription;
however, piRNAs have also been found to be involved in transposon methylation by the DNA
methltransferase family (DNMT3a and DNMT3b) [52] and also DNA methylation in germ cells [53].

2. Epigenetic Regulation of Hippocampal Neurogenesis

The generation of new neurons in the adult central nervous system (CNS) in the subventricular
zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the dentate gyrus (DG) in the
hippocampus is one of the major breakthroughs in neuroscience research. Adult hippocampal
neurogenesis occurs in the DG and refers to the formation of new functional dentate granule
cells from neural stem cells (NSCs) [10] contributing to learning and memory [11] and also mood
regulation [54]. Adult hippocampal neurogenesis was first observed in rodents [55] and later confirmed
in humans [56–58]. This process occurs when intermediate neural progenitors (IPCs) are amplified and
integrated into existing neural circuits. Due to this, adult hippocampal neurogenesis provides a means
for both functional and structural plasticity in the hippocampus. Dysregulation of adult hippocampal
neurogenesis has been shown to cause cognitive decline and psychological symptoms [10].

The process of adult hippocampal neurogenesis is regulated by factors that are both extrinsic
and intrinsic [59], which are able to actively upregulate or downregulate the generation of new
neurons throughout adulthood and may occur prenatally or postnatally. One of the key regulators
of neurogenesis is epigenetics. Studies have shown that epigenetic regulators are crucial for the
generation of neurons from adult neural progenitors that integrate into the hippocampus [8,26,60,61].
These neural progenitor cells have high levels of histone H3 lysine 4 trimethylation (H3K4me3) and
histone H3 lysine 27 trimethylation (H3K27me3); alterations of H3K4me3 and H3K27me3 are often
the focus of environmental epigenetic studies due to their strong association with gene expression
at promoters. Histone deacetylase 1 (HDAC1) is mainly expressed in NSCs, while mature neurons
mainly express histone deacetylase 2 (HDAC2) [62] suggesting that the expression of HDACs may
be developmentally regulated. Combined deletion of both these HDACs resulted in an inability for
neuronal precursors to differentiate into mature neurons, leading to excessive cell death [63]. In cases
where HDAC2 was depleted, studies have shown that HDAC1 was able to compensate for the loss of
HDAC2 [64], and thus, neurogenesis is not affected. In terms of histone acetylation, KAT6B, a gene



Int. J. Mol. Sci. 2020, 21, 9514 4 of 26

which provides instructions for making histone acetyltransferases, is highly expressed in the adult
SVZ, and a deficiency of KAT6B results in a decrease in NSCs [65].

Tritorax group (trxG) and polycomb group (PcG) proteins activate or silence gene expression
respectively, through a chromatin remodeling system [66]. Epigenetic modifications of chromatin
structure by PcG proteins, which function as transcriptional repressors, aid in the maintenance
of cellular identity [67]. These proteins facilitate the trimethylation of the lysine 27 of histone 3
(H3K27me3), bringing about transcriptional repression, and trxG protein complexes catalyze the
trimethylation of H3K4 (H3K4me3) [11]. Mixed-lineage leukemia I (Mll1) is a member of the trxG
family and it is expressed in the SVZ and olfactory bulb (OB) [68]. Mll1 has been shown to be crucial
for the proliferation and neurogenesis of SVZ and the olfactory bulb (OB) NSCs [66] and is known to be
a histone methyltransferase (HMT) for histone H3 lysine 4 [69]. Studies have shown that a deficiency
of Mll1 in the SVZ severely impaired neuronal differentiation [66].

Sex determining region Y-box 2 (SOX2) has been reported to prime the epigenetic landscape in
neural progenitors, as the early SOX2-dependent imbalance in H3K4me3 and H3K27me3 marks has a
profound impact throughout the entire differentiation process, which allows for proper gene activation
during neurogenesis [8]. The epigenetic mechanisms that regulate neurogenesis are extremely strongly
associated with each other and other regulatory pathways [70].

The involvement of DNA methylation is seen in studies with Gadd45b, which is a crucial component
for the DNA methylation of certain promoters and their corresponding gene expressions essential
for neurogenesis [60], thereby increasing the expression of key neuronal genes such as Fgf1 and
Bdnf [65]. Mice with Gadd45b deletions showed deficits in the proliferation of neural progenitors
and dendritic growth in the hippocampus [60]. In addition, mice exposed to prenatal stress showed
increased expressions of DNA methyltransferase 1 (DNMT1), and also an increase in its binding
to the glutamic acid decarboxylase 67 (GAD67) promoter, leading to an impairment in the genesis
of the gamma-aminobutyric acid (GABA) interneurons, suggesting that prenatal upregulation of
DNMT1 may reduce interneuron genesis [10]. On the other hand, the expression of DMNT1 in
neural precursor cells was also shown to be crucial for the survival of newly generated neurons
in the adult hippocampus. Deletion of DNMT1 in NSCs at an early stage of DG development
impaired the ability of NSCs to establish secondary radial glial scaffolds and to migrate into the
SGZ of the DG, leading to aberrant neuronal production in the molecular layer, increased cell
death and decreased granule neuron production. Furthermore, it promoted the differentiation of
NSCs into astrocytes [71,72]. In addition to DMNT1, DMNT3-knockout mice were also found to
have significantly fewer immature neurons [73]. DNMT1 has been shown to control the timing of
astrogliogenesis through Janus kinase/signal transducers and activators of transcription (JAK-STAT)
signaling, and DNMT3A and DNMT3B are required for neuron specification [65]. Maternal exposure to
3,3’-iminodipropionitrile (IDPN) was shown to affect hippocampal neurogenesis in offspring, and this
was found to be due to hypermethylation of genes Edc4, Kiss1 and Mrpl38 [13]. DMNTs have been
proven to be crucial in ensuring normal neurogenesis, as dysregulation or mutations in DNMTs
result in abnormal neurogenesis [74] which further confirms the importance of DNA methylation
in hippocampal neurogenesis. Reductions in hippocampal neurogenesis have also been linked to
glucocorticoid hormones (GC) which regulate neural stem/precursor cell proliferation via changes in
the methylation state of gene promoters associated with cell cycle regulation and Wnt signaling [75].
Disruption of GCs causes alterations in dendritic morphology and numbers and the appearance of
new granule neurons.

Methyl-CpG-binding protein 2 (MeCP2) is a member of the methyl-CpG binding domain
(MBD) family that plays an important role in both neuronal and astrocytic lineage specification by
repressing astrocytic genes during neurogenesis and releasing this repression during astrogenesis [76].
MeCP2 appears to play a key role in conveying neuronal signaling and activity into epigenetic gene
regulation. MeCP2-knockout mice have neurons with smaller nuclei and fewer dendritic branches [77],
and activity-dependent changes in DNA methylation were associated with a reduction in MeCP2
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binding [78]. MeCp2 deficiency also correlated with poor neural progenitor cell (NPC) maturation and
impaired dendritic and spine morphogenesis in new neurons [79]. In addition to MeCP2, MBD1 proteins
of the MBD family have also been shown to play crucial roles in hippocampal neurogenesis [70],
and it is their MBD domains that interact with methylated CpG, and thus, MBD binding correlates
with DNA methylation. MBD1-deficient mice had lower levels of neurogenesis and impaired spatial
learning capabilities [80] and were also found to be susceptible to depression [81]. It is evident that
DNA methylation has a crucial role in the maintenance of NPCs and their fate specification in adult
hippocampal neurogenesis.

It has also been shown that MeCP2 is able to epigenetically regulate miRNAs in adult NSCs,
which brings in another form of epigenetic regulation. Co-regulation of miR-137 together with
SOX2 regulates the proliferation and differentiation of adult neural stem cells [82]. Knockdown of
miR-137 enhances their differentiation while overexpression of miR-137 promotes their proliferation.
Furthermore, miR-137 has been found to repress the expression of enhancer of zeste homolog 2 (EZH2),
a PcG histone methytransferase, which brings about a global reduction in H3K27me3-modulated
neurogenesis [82]. Similarly, high levels of miR-184 were found to promote proliferation of neural
progenitors while inhibiting their differentiation [83].

The miR-30 family of miRNAs has also been shown to mediate the effects of stress on hippocampal
neurogenesis in mice [84]. These miRNAs were found to be downregulated in stressed mice and
involved in neural progenitor cells differentiation. In addition, miR-137 and miR-34a have been shown
to negatively regulate dendritic branching and the complexity of newborn neurons [85,86], and miR-19
has been proven to be crucial for the migration of these newborn neurons [87]. Human neural
progenitor cells with abnormal expression of miR-19 display deviant migration patterns. Regulation of
ten-eleven translocation protein 1 (TET1), a methylcytosine dioxygenase, and miR-124 has also been
shown to modulate hippocampal neurogenesis. Together with miR-9, miR-124 appears to repress
Brg- and Brahma (Brm)- associated factor-complex 53a (BAF53a) allowing neural progenitors to
properly differentiate into neurons [69]. Thus, miR-124 is very lowly expressed in progenitor cells but
upregulated in differentiation and mature neurons [88]. TET1 controls the demethylation of miR-124
thereby regulating its expression. Dysregulation of TET1 and miR-124 due to Down Syndrome critical
region 1 (DSCR1) protein knockout led to an impairment in hippocampal neurogenesis [89]. TET1 is also
known to interact with MeCP2 further confirming the importance of epigenetic regulation including
the crosstalk between different epigenetic factors [90]. Several studies also show that a synergistic
modulation by various different miRNAs facilitates hippocampal neurogenesis and is crucial for
neurogenic lineage fate determination in the adult hippocampus [91–93]. Epigenetic factors governing
adult hippocampal neurogenesis are summarized in Figure 1. We are just beginning to understand
the influence of epigenetics on hippocampal neurogenesis as an intermediate regulatory mechanism
between DNA sequences and gene expression. Thus, further studies should be carried out on the
molecular pathways to induce, remove and interpret epigenetic modifications. Looking downstream,
this may enable us to further elucidate the mechanisms of neurodevelopment-related disorders and
aid the development of novel therapeutic approaches to prevent abnormal brain development.
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Figure 1. Epigenetic regulation during adult hippocampal neurogenesis. Adult hippocampal neurogenesis
is regulated by epigenetics at every stage. Neural progenitor cells (NPCs) (orange) require high levels of
H3K27me3 and H3K4me3 for proper differentiation, and their proliferation and migration are regulated
by miR-184 and miR-19 respectively. In order for NPCs to transform into immature neurons (green),
DMNT3 is required. Mature neurons (purple) are then regulated by miR-137 and miR-34a. miR-30 and
miR-124 regulate adult hippocampal neurogenesis in general. NPCs are located in the subgranular
zone (SGZ) of the dentate gyrus, and mature neurons integrate into the granule cell layer. (DNMT:
DNA methyltransferase).

3. Epigenetic Regulation of Hippocampal Principal Neurons

The two principal neuronal cell types in the hippocampus are pyramidal cells and granule cells [3].
These pyramidal and granule cells form an intrinsic circuitry making up the hippocampal formation.
Neurons in the hippocampus undergo long-term potentiation (LTP), a process believed to be the
basis of neuroplasticity that underlies memory formation [94]. Nevertheless, the ability of the brain
to code information pertaining sensory, spatial or temporal changes in our everyday lives is made
possible through hippocampal neurons. Studies have even gone so far as to suggest that hippocampal
neurons may organize our experiences into distinct, transferable units [95]. Animal studies have
shown that hippocampal principal cells are developmentally regulated by a characteristic DNA
methylation program (DMP), including 5-methylcytidine (5 mC), 5-hydroxylmethylcytidine (5 hmC)
and their binding proteins, leading to the hippocampal neuronal differentiation and maturation
spatiotemporally, as indicated by their phenotypic marks in the cornus ammonis (CA) and the DG
prenatally and postnatally [96]. As hippocampal neurons form the basis of learning and memory,
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epigenetic factors that modulate neuronal function will inevitably modulate memory formation as
well. In neurons, acetylation of histones is dependent on acetyl-CoA produced from acetate and
this regulates gene expression. Acetyl-CoA synthetase 2 (ACSS2), the enzyme that facilitates this
process, has been shown to be a direct regulator of histone acetylation in neurons [9]. ACSS2 is
localized in the nucleus of hippocampal neurons, and inhibition of ACSS2 leads to a decrease in histone
acetylation and the impairment of long-term spatial memory, a process reliant on histone acetylation [9].
Extracellular stimulation of hippocampal neurons in rat brains show that histone acetyltransferase
(HAT) Tip60 translocates to the nucleus, where it mediates the epigenetic control of genes that allow
for chromatin reorganization in the hippocampus [97]. In studies where there was an inhibition of
DNMTs in the hippocampus of rats, there was an inability to consolidate memories following fear
conditioning [98]. DNMT inhibition was also found to prevent the induction of LTP suggesting that
DNA methylation may govern memory formation.

Methylation of histones proves to be equally important in the epigenetic regulation of hippocampal
neurons (Figure 2, Table 1). Acute stress has been shown to increase the expression of repressive histone
mark, H3K9me3 in CA1, CA3 and DG neurons of the hippocampus [99], resulting in changes in gene
expression and circuit connectivity. Histone methyltransferase MLL2 (KMT2B) has also been shown to
be crucial for memory formation in mice [100]. In mice lacking KMT2B, DNA microarray analysis
showed a downregulation of 152 genes in the DG of the hippocampus and significant decreases in
H3K4me3 and H3K4me2 levels resulting in impaired memory function. Methylation of histones has
also been shown to facilitate long-term memory formation in the hippocampus, as fear learning induced
an upregulation of H3K4 trimethylation in hippocampal neurons as early as 1 h post-conditioning [101].

Figure 2. Epigenetic regulation of hippocampal neurons. Hippocampal neurons are regulated by
histone acetylation and methylation which in turn affect long-term memory. DNA methylation regulates
the development of hippocampal neurons. Abnormal changes to the levels of histone marks contribute
to cognitive deficits and memory impairment. (HAT: histone acetyltransferase; ALS: amyotrophic lateral
sclerosis; FTD: frontotemporal dementia).
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Table 1. Summary of the epigenetic regulation of different cell types in the hippocampus.

Cell Type DNA Methylation Histone Modifications Non-Coding RNAs (ncRNAs)

Principal neurons

- Developmentally
regulated by a DMP

- Inhibition of DNMTs
caused an inability to
consolidate memories
and induce LTP

- Histone methyltransferase
MLL2 (KMT2B) crucial for
memory formation

- Decreases in H3K4me3
and H3K4me2 correlated
with impaired
memory function

- Reduction in H3K9ac leads
to memory impairment

- Histone methylation
crucial for hippocampal
consolidation of memories

- Disruption in
miR-137-regulated
H3K27me3 levels leads to
spatial memory deficits

- miR-467b-5p increase
contribute to deficits in
cognition and behavior

Interneurons

- DNMT1 binding to
GAD67 promoter in
GABAergic
interneurons cause
deficits in
hippocampal neurogenesis

- lncRNA-Evf2-knockout mice
have significantly
reduced interneurons

Astrocytes

- DNA methylation
regulates Kir4.1 in
potassium buffering
crucial for
protecting neurons

- Significant decrease in
H3K9me3 in C9ALS/FTD
BAC mouse models

- H2AX phosphorylated
more in AD patients

- Astrocytic miR-324-5p
facilitates the formation
of synapses

- Astrocytic death
post-epilepsy regulated
by miR-34b-5p

- Increase in miR-132 in
epileptogenic hippocampus
in rats and humans

- miR-191a promotes
restoration of CA1 neurons
in rat hippocampus

Microglia

- AD may be partly
attributed to global
DNA methylation
changes in microglia

- IL1β expression in
aging microglia
regulated by
DNA methylation

- HDAC inhibition
promotes neuronal LTP

- HDACs 1 and 2 modulate
microglial function in the
hippocampus in
homeostasis, development
and neurodegeneration

- miR-301b overexpression
accelerated hippocampal
microglial activation and
cognitive impairment

- miR-155 involved in
inflammation-induced
neurogenic deficits through
microglial activation
in hippocampus

- miR-146a restores learning
and memory impairment by
suppressing hippocampal
microglial inflammation

Oligodendrocytes

- DNMT1 crucial for
oligodendrocyte
differentiation
and proliferation

- MS patients have
upregulated levels
of DNA
methyltransferases
(DNMT1, DNMT3A
and DNMT3B)

- Loss of myelin
correlates with DNA
methylation changes

- Oligodendrocytes with
deacetylated histones seen
in early MS lesions

- Oligodendrocytes with
high levels of histone
acetylation seen in chronic
MS patients

- Inhibition of class I
HDACs inhibits
specification of OPCs
from NPCs

- HDACs 1, 3 and
10 promote
oligodendrocyte differentiation

- miR-23 overexpression
enhances oligodendrocyte
differentiation and myelin
thickness via mTOR/AKT

- miR-124 associated with
demyelination in
hippocampus and
memory dysfunction

DNMT: DNA methyltransferase; HDAC: histone deacetylase; NPC: neural progenitor cell; mTOR: mammalian target
of rapamycin; AKT: protein kinase B; MS: multiple sclerosis; AD: Alzheimer’s disease; LTP: long-term potentiation;
DMP: DNA methylation program; OPCs: oligodendrocyte progenitor cells.
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Infections or diseases that alter histone acetylation/methylation levels have also been shown to
impair memory. An example of this is in the case of Borna disease virus 1 (BoDV-1) which brings about
a reduction in H3K9 acetylation upon infection, leading to memory impairment [102]. In amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD) mice models, there was a marked decrease in
H3K9me3 staining in hippocampal neurons, leading to neuronal loss in CA1, CA3 and DG regions and
cognitive dysfunction related to the hippocampus [103]. In addition, primary hippocampal neurons
exposed to ketone metabolite β-hydroxybutyrate (BHBA) brought about an upregulation of H3K27
acetylation at Bdnf promoters and also a decrease in H3K27 trimethylation, ultimately activating Bdnf
transcription [104]. Brain-derived neurotrophic factor (BDNF) is one of the key regulators of synaptic
plasticity and memory formation [105], and the ability of histones to regulate Bdnf transcription
highlights their influence on memory and synaptic plasticity.

In addition to histone modifications, miRNA targeting has also been proven to be an
epigenetic regulator of hippocampal neurons. Studies have shown the miR-137 and EZH2 regulate
H3K27me3 levels and a disruption in this regulation leads to spatial memory deficits [106]. EZH2,
a methyltransferase, also regulates the mammalian target of rapamycin (mTOR) signaling pathway by
altering H3K27me3 levels and DNA methylation in the phosphatase and tensin homolog (PTEN) coding
and promoter regions [107] necessary for memory consolidation. Both mTOR and histone methylation
are crucial for hippocampal consolidation of memories [100,101,108]. Vesicular glutamate transporter 2
(VGLUT2) is a glutamate transporter that allows uptake of glutamate into synaptic vesicles. Studies have
shown that prenatal exposure to ethanol upregulates VGLUT2 expression in adult hippocampal neurons
associated with decreased DNA methylation changes in the promoter, enrichment of H3K4me3 and
also an increase in miR-467b-5p levels [109]. These epigenetic modifications altering glutamate
neurotransmission in the hippocampus are said to contribute to deficits in cognition and behavior.
These studies further emphasize the importance of epigenetic regulation in all forms, be it histone
modifications, DNA methylation or miRNAs targeting in the modulation of hippocampal neurons
and subsequently synaptic transmission in learning and memory. Our current understanding of the
epigenetic regulation of hippocampal pyramidal cells and granule cells is still in its infancy. It may be
interesting to further explore how epigenetic regulation affects neurotransmitter release and uptake,
and neuromodulators and their receptor systems. The influences these epigenetic mechanisms have on
neurotransporters and ion channels in principal neurons in the hippocampus, and how they may affect
cognition and memory, are also worth investigating.

4. Epigenetic Regulation of Hippocampal Interneurons

Hippocampal interneurons are GABAergic neurons that control the inhibitory activity within
the hippocampus. These interneurons account for approximately 10–15% of the total neuronal
population [110] and carry out their functions through the release of the neurotransmitter GABA.
There are various different subtypes of interneurons, namely, axo-axonic cells (AACs) also
known as Chandelier cells, parvalbumin-expressing basket cells (PVBCs), bistratified cells (BiCs),
cholecystokinin-expressing basket cells (CCKBCs), oriens–lacunosum-moleculare cells (O-LMs),
neurogliaform cells (NGFCs) and ivy cells (IvCs) [110]. These GABAergic neurons innervate excitatory
neurons and enable the balance of excitation and inhibition to be achieved [111]. This dynamic interplay
between principal neurons and interneurons underlies information processing in the hippocampus.

Hippocampal interneurons have also been shown to be epigenetically regulated (Table 1).
These interneurons have been observed to have distinct DNA methylation patterns regardless of
phenotypic similarity, indicating diverse epigenotypes within similar neuronal phenotypes in different
microcircuits in the hippocampus [112]. Long non-coding RNA (lncRNAs) are another type of
non-coding RNA, and it was found that in lnc-RNA-Evf2-knockout mice, the number of interneurons
was significantly reduced [113]. Evf2 recruits distal-less homeobox (DLX) and MeCP2 transcription
factors, which are crucial for DNA regulation and expression, ultimately regulating the formation of
hippocampal GABAergic interneurons [14]. In addition, the lack of lnc-RNA-Evf2 appeared to induce
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epilepsy [14], which indicates a lack of GABAergic interneurons or dysfunction allowing for runaway
excitation [114]. This suggests that adequate production of GABAergic interneurons in the hippocampus
is reliant on non-coding RNA-dependent gene regulation and is therefore epigenetically regulated.

GABAergic interneurons are key modulators of adult hippocampal neurogenesis. In prenatally-
stressed mice, epigenetic modifications of GABAergic interneurons cause depression and also deficits
in hippocampal neurogenesis [10] due to an increase in DNMT1 binding to the GAD67 promoter.
Mice exposed to prenatal stress had higher levels of DNMT1 and DMNT3a as compared to controls,
and this overexpression of DNMTs correlated with a decrease in reelin and GAD67 expression [115].
These mice also showed increased binding of DNMT1 and MeCP2, and increased DNA methylation
in CpG-rich regions of reelin and GAD67 promoter regions, resulting in hyperactivity and impaired
social interaction abilities. DNMT1 levels in GABAergic interneurons have been shown to be affected
by nicotine from tobacco smoking. Nicotine was found to decrease DNMT1 mRNA and protein
levels in mice given four nicotine injections [116]. It was also found that maternal exposure to
hexachlorophene (HCP) brought about a disruption in neurogenesis in the hippocampus, and this
was due to a reduction in the number of GABAergic interneurons as a result of hypermethylation
of distal-less homeobox 4 (DLX4), doublesex and mab-3-related transcription factor 1 (DMRT1) and
phospholipase C beta 4 (PLCB4) [12]. These studies show that the GABAergic interneurons of the
hippocampus are indeed epigenetically regulated and that they are key modulators in hippocampal
neurogenesis. So far, there has been no report of modifications to histone proteins in the hippocampal
interneurons. Furthermore, as the hippocampal interneurons exhibit many different morphological
phenotypes with varying modes of discharge, understanding the epigenetic modulations of each type of
interneuron, in particular, histone modifications, may shed some light on the excitatory and inhibitory
changes in hippocampal neurons and relevant neurological and neuropsychological disorders.

5. Epigenetic Regulation of Hippocampal Glial Cells (Astrocytes, Microglia and Oligodendrocytes)

Glial cells are the non-neuronal cells which make up approximately 80% of the cells in the
human brain [117], suggesting their influence and importance to neurons, the main players of
memory formation and cognition. Glial cells in the CNS consist of microglia, oligodendrocytes
and astrocytes [118], and this is also true of the hippocampus [119]. They play key roles in the
housekeeping activities of the brain, providing protection and support and maintaining homeostasis
in the CNS. While once thought to only play minor supporting roles in the housekeeping of the brain,
they have now been shown to be crucial in regulating synaptic plasticity, transmission and memory
formation [119–121]. In the hippocampus, glial cells have long been shown to play integral roles in the
regulation of neuronal connections and synaptic transmission [119,122–124], and this finding has not
changed over time but has become more and more evident. Thus, it is not surprising to find that glial
cells of the hippocampus are also regulated by epigenetic factors (Table 1).

5.1. Astrocytes

Astrocytes are the most abundant of all glial cells and promote neuronal survival [125] and
maintenance through the uptake and release of extracellular ions [126]. They are mainly found in
the hippocampus and cerebral cortex with ramified cell bodies allowing contact with hippocampal
neurons and their synapses [127]. In addition to neurons being epigenetically regulated, the study
by Jury et al. (2020) also showed a significant decrease in H3K9me3 staining in astrocytes in
C9ALS/FTD BAC mouse models (C9BAC) [103], which may contribute to cognitive deficits seen
in ALS. Astrocytes have been shown to protect neurons in the hippocampus by potassium buffering
through an inward-rectifying potassium channel Kir4.1 [128]. The expression of Kir4.1 in astrocytes has
been demonstrated to be regulated by DNA methylation through DNMT1 [129], indicating that DNA
epigenetic regulation of astrocytes confers neuronal protection in the hippocampus. In addition,
in Alzheimer’s disease (AD) patients, H2A histone family member X (H2AX) was seen to be
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phosphorylated more as compared to control [130], further alluding that hippocampal astrocytes are
epigenetically regulated.

Astrocytic miR-324-5p has been shown to be crucial in facilitating the formation of synapses
due to the suppression of chemokine ligand 5 (CCL5). Presynaptic marker synapsin 1 (SYN1) was
found to be reduced by 79.1% in Dicer-knockout mice [131]. In epileptic mouse models, inhibition of
miR-103a prevented the activation of astrocytes in the hippocampus allowing for a reduction in
hippocampal neuron injury following epilepsy [132]. Death of astrocytes from these epileptic seizures
also seemed to be epigenetically regulated by miR-34b-5p, which directly targets B-cell lymphoma 2
(Bcl-2) modulating apoptosis [133]. There was also an increase in miR-132 expression in glial cells in
both rat and human epileptogenic hippocampus. Transfection of miR-132 in human primary astrocytes
brought about decreases in the expression of genes involved in epileptogenesis, such as COX-2, IL-1β,
TGF-β2, CCL2 and MMP3 [134]. Following ischemic injury, inhibition of miR-181a in astrocytes has
been shown to promote the restoration of CA1 neurons in the hippocampus in rats [135]. These studies
show the extent to which astrocytes in the hippocampus are epigenetically regulated (Figure 3, Table 1).
While different epigenetic regulations of astrocytes have been documented through physiological
and pathophysiological changes of hippocampus, how these epigenetic regulations affect astrocytic
glutamate transporter, ion channels and gap junction proteins remains unknown. Further study in
these areas may provide us with a better understanding of the effects of transcriptional activation and
repression on hippocampal functional changes and disease genesis.

Figure 3. Epigenetic regulation of hippocampal astrocytes. Astrocytes in the hippocampus protect
neurons via potassium buffering through Kir4.1 channels, which are regulated by DNA methylation
through DNMT1 miR-103a, miR-181a and miR-132 regulation; astrocytes protect neurons post-injury
by preventing astrocytic activation and promote the restoration of CA1 neurons in the hippocampus.
(AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; DNMT1: DNA methyltransferase 1; FTD:
frontotemporal dementia).

5.2. Microglia

Microglia are the macrophages of the CNS and serve as the first line of defense against injury
or insult, and make up roughly 5–12% of the total CNS cell population [136]. In a healthy adult
brain, the ramified microglia act as surveillance cells [137], as their processes are highly motile and
they are able to extend and retract to actively scan and survey the brain’s parenchyma [138]. In the
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hippocampus, microglia are key players in adult hippocampal neurogenesis [139–141]. They shape
hippocampal neurogenesis by means of apoptosis-coupled phagocytosis [142]. Hippocampal microglia
have been said to be more vigilant than in other parts of the brain [143] and in the cerebellum.

Microglia have been shown to be epigenetically regulated by histone modifications and also
post-translationally regulated by sumoylation [120]. Inhibition HDACs brought about an enrichment
H3K9ac in the promoter region of microglial phosphatidylinositol 3-kinase (PI3K) [120], a key player
in neuronal long-term potentiation (LTP) [144]. The effects of HDAC inhibition on the PI3K/Protein
kinase B (AKT) pathway ultimately affect the expression of microglial BDNF, which has been shown
to act on neurons and alter synapse formation and transmission [145]. Changes in microglial BDNF
expression were found to alter neuronal LTP [120,146] signifying the possibility of using epigenetics
to regulate LTP and memory in the hippocampus via microglia. Suberoyl anilide hydroxamic acid
(SAHA), another histone deacetylase inhibitor, was found to reduce toll-like-receptor 4 (TLR4)/myeloid
differentiation primary response protein 88 (MYD88) signaling in hippocampal microglia through an
increase in histone acetylation [147], which may be protective in the case of epileptic brain damage.
HDACs 1 and 2 have also been shown to modulate microglial function in the hippocampus and cortex
in the processes of homeostasis, development and also neurodegeneration [148].

In addition to histone modifications, microglia have also been shown to be epigenetically regulated
by miRNAs (Figure 4, Table 1). Overexpression of miR-301b was found to accelerate hippocampal
microglial activation and cognitive impairment in mice models of depression [149] suggesting a role for
epigenetic regulation of hippocampal microglia in the pathophysiology of mood disorders. miR-155 was
also shown to be involved in inflammation-induced neurogenic deficits through microglial activation
which caused abnormal development of the hippocampus [150]. In the postoperative cognitive
dysfunction (POCD) mouse model, miR-146a was able to restore learning and memory impairment by
suppressing hippocampal neuroinflammation via microglia [151]. Looking upstream—the removal
of Dicer, the ribonuclease that is crucial for miRNA biogenesis—from microglia both prenatally
and postnatally was found to have profound effects on the hippocampus, whereby Dicer-negative
microglia showed compromised hippocampal neuronal function [152]. The effects of most miRNAs
on microglia appear to be related to the NF-κB pathway [153], suggesting a central role for this
pathway in the epigenetic regulation of microglia by miRNAs. Other than miRNAs, lncRNA H19 has
also been shown to contribute to both hippocampal microglial and astrocytic activation, leading to
a release of pro-inflammatory cytokines [154] via the JAK/STAT signaling pathway. These studies
suggest an influential role of non-coding RNAs in the epigenetic regulation of microglia and astrocytes
in the hippocampus. Studies have suggested that AD may be at least partly attributed to global
DNA methylation changes in microglia [155]. In addition, IL1β gene expression is regulated by
DNA methylation in aging microglia [156]. Recent studies have brought to light the possibility
of microglia playing a far bigger role in memory processing and synaptic plasticity than we once
thought [120]. Further studies on the regulatory influences of epigenetics on microglia by DNA
methylation, histone modifications or miRNA targeting may shed more light on the involvement
of microglia in memory formation and may allow us to modulate synaptic plasticity via epigenetic
regulation of microglia.
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Figure 4. Epigenetic regulation of hippocampal microglia. As resident immune cells of the brain, microglia
release pro- and anti-inflammatory cytokines depending on their polarization. HDAC inhibition and
RNA targeting influence this release of cytokines. HDACs 1 and 2 in microglia regulate their
involvement in homeostasis, development and neurodegeneration. miR-146a, miR-301b and miR-155 in
microglia are involved in regulating memory and cognition and in hippocampal development. (HDAC:
histone deacetylase; MYD88: myeloid differentiation primary response 88; POCD: postoperative
cognitive dysfunction; TLR4: toll-like receptor 4).

5.3. Oligodendrocytes

Oligodendrocytes are the myelinating cells of the CNS which insulate axons facilitating the
conductance velocity of action potentials [157]. Oligodendrocyte precursor cells (OPCs) originate
from the ventricular zones of the brain and spinal cord, and from there they migrate throughout the
developing CNS where they differentiate into myelinating oligodendrocytes [158]. They are found
more abundantly in the CA2 region of the hippocampus as compared to CA1 and CA3 areas [159],
suggesting a role in social memory [160]. Oligodendrocytes respond to neuronal activity with prolonged
membrane potential depolarization, which facilitates the conduction velocity of action potentials along
the myelin sheaths of axons in the hippocampus [161].

Studies have found that early postnatal exposure of isoflurane brings about a decrease in the
expression of DNMT1 and DNA methylation in oligodendrocytes in the hippocampus, inhibiting their
differentiation and proliferation [162]. In fact, hippocampal demyelination along with memory
impairments are several hallmarks of multiple sclerosis (MS), an autoimmune demyelinating disease
of the CNS. Studies have shown that MS patients had upregulated levels of DNA methyltransferases
(DNMT1, DNMT3A and DNMT3B), and demethylation enzymes were decreased [163]. The loss
of myelin correlated with changes in DNA methylation and four oligodendrocyte-specific genes
were hypermethylated suggesting that oligodendrocytes are epigenetically regulated by DNA
methylation [163]. A large number of oligodendrocytes with deacetylated histones were also seen in
early MS lesions but interestingly in patients with chronic MS, there appears to be a shift towards high
levels of histone acetylation [164] suggesting that histone deacetylation occurs in the early stages of
MS but decreases as the disease progresses. Histone modifications have also been proven to be crucial
in oligodendrocyte development whereby the inhibition of class I HDACs by valporic acid (VPA) was
found to inhibit the specification of OPCs from NPCs [165]. More specifically, HDACs 1, 3 and 10 have
been shown to promote oligodendrocyte differentiation [166]. miR-23a overexpression has been seen
to enhance oligodendrocyte differentiation and myelin thickness via the mTOR/AKT cascade [167].
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In addition, miR-124 has been shown to be associated with demyelination in the hippocampus
and memory dysfunction [168], which suggests that miRNAs affect myelin integrity particularly
in the hippocampus which may then cause impairments in memory formation further indicating
the hippocampal oligodendrocytes are epigenetically regulated (Figure 5, Table 1). The epigenetic
regulatory mechanisms that govern oligodendrocytes and their interactions with other cell types
have mostly been studies in the context of MS. It would be interesting to explore how epigenetic
changes in oligodendrocytes may affect memory formation in the hippocampus. In addition to
oligodendrocytes, their precursors, OPCs, encompass approximately 3–4% of cells in the grey matter
and 8–9% in the white matter, making them the fourth largest group of glia after astrocytes, microglia and
oligodendrocytes [169] and the fifth largest cell population in the brain. OPCs are particularly prevalent
in the hippocampus [170], where they interact with neurons, astrocytes and microglia, and may also be
able to differentiate into neurons and astrocytes [171]. Thus, it may be worthwhile to further study the
epigenetic regulation of OPCs and the downstream effects this may have in the hippocampus.

Figure 5. Epigenetic regulation of hippocampal oligodendrocytes. Oligodendrocytes are the myelinating
cells of the CNS. Changes in epigenetic factors such as DNA methylation, histone modifications
and miRNA regulation affect myelination of neurons and are seen in the multiple sclerosis (MS)
pathology. Oligodendrocyte differentiation and specification are also affected by these epigenetic
changes by miR-23a, miR-124, DNMT1 and Class 1 HDACs. (DNMT: DNA methyltransferase; HDAC:
histone deacetylase; MS: multiple sclerosis).

6. Radiation-Induced Epigenetic Changes in the Hippocampus

Environmental toxicants can alter epigenetic regulatory features of the hippocampus leading to
cognitive impairment. With increasing building of nuclear power plants to produce clean energy to
reduce environmental contamination, and the use of ionizing radiation in modern medical diagnosis
and treatment and space travel, the negative impacts of radiation exposure to human health have now
attracted significant attention. Radiation induces DNA damage, and therefore, it is not surprising that it
would also induce a cascade of epigenetic changes such as DNA methylation and affect the expression
of DNA methyltransferases [172]. Extensive studies on the relationship between radiation damage
and epigenetic mechanisms in recent years suggest that histone modifications, DNA methylation and
miRNA targeting may be associated with the effects of irradiation [15]. While ionizing radiation (IR)
is commonly used on many imperative diagnostic and treatment methods, it is also known to cause
many unwanted side effects such as DNA damage [173]. IR can also trigger changes in the expression
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of genes and the control of cell cycles, and disruptions in mitochondrial processes and apoptosis.
Cranial radiation therapy has been found to cause side effects in the CNS, such as declines in memory
function, cognitive abilities and attention [173]. In young patients, it has been shown to hinder normal
brain development and possibly lead to neuropsychological or psychosocial outcomes [5].

Proton irradiation was found to cause significant long-term epigenetic effects on the hippocampus
of mice whereby there was an increase in 5 hmC 22 weeks following a single exposure to proton
irradiation [174]. This shows the profound and long-term effects of a single proton irradiation on
DNA methylation patterns specifically in the hippocampus. In another study by Torres et al. (2019),
proton irradiation (1 Gy of 150 MeV) of mice upregulated individual and total amino acid synthesis in
the hippocampus, whereas amino acid tRNA synthetase methylation was mostly downregulated [175].
The epigenetic changes in cytosine methylation (5 mC) and hydroxymethylation (5 hmC) in the
hippocampus following 56Fe ion and proton were also observed which correlated with animal
behavioral changes [176]. Furthermore, a novel class of DNA methylation change was observed
following an environmental challenge, characterized by both increased and decreased 5 hmC levels
along the entire gene body [177]. Other hippocampal-specific changes that occur due to irradiation
include an inhibition of postnatal neurogenesis in the SGZ of the DG [178]. Space relevant irradiation
was also seen to bring about cognitive impairment, resulting in a diminished ability to perform
hippocampal-dependent behavior tasks, which correlated with significant increases in 5 mC and 5 hmC
levels in the hippocampus, and increases in the levels of DNA methylating enzymes, such as TET1,
TET3 and DNMT3a [179]. It has been suggested that overexpression of TET1 in the DG of the adult
hippocampus may lead to an increase in the global levels of 5 hmC [180,181], and TET1 overexpression
in CA1 area has been demonstrated to impair contextual fear conditioning [182,183]. These studies
indicate that 5 mC, 5 hmC and TET may serve not only as radiation-induced epigenetic biomarkers,
but also as parameters for evaluating the radioprotective effectiveness of drugs.

Whole brain irradiation with 2 and 30 Gy brought about a significant decrease in histone
H3 acetylation and an increase of HDAC1 in hippocampus of rats at 7 and 30 days after
radiation exposure [184]. This suggests that epigenetics is involved in irradiation-induced memory
deficiency and alterations in chromatin structure may be a new possible molecular correlation of
irradiation-induced cognitive deficiency [184]. Interestingly, HDAC2 expression was not affected
by the irradiation. Irradiated rats also had profound memory impairments in the Morris water
maze test and passive-avoidance test, which suggests that radiation-induced histone modifications
in the hippocampus may ultimately lead to deficits in memory formation and cognitive function.
Kang et al. (2017) assessed changes of enzymes associated with the epigenetic modifications of gene
expression, including DNMT1, HDAC1, HDAC2, Sirtuin 1 (SIRT1) and acetylated histone H3 (Ace-H3)
in the mouse hippocampus 1 and 30 days after acute cranial irradiation with 10 Gy [185]. They saw a
downregulation of mRNA levels of HDAC1 1 day post-irradiation and decreases in mRNA levels of
DNMT1, HDAC1 and HDAC2 at 30 days post- irradiation [185]. DNMT1, HDAC1, HDAC2, SIRT1 and
Ace-H3 protein were reduced 1 and 30 days after irradiation with 10 Gy. This suggests that the
reduction in epigenetic gene expression is associated with hippocampal dysfunction in mice exposed
to cranial irradiation [185] with varying effects dependent on the time post-irradiation.

Functionally, the DNA methylation data appear to be consistent with involvement of post-synaptic
mechanisms as effects of proton irradiation where the enrichment for 5 hmC changes near
NMDA-subtype glutamate receptors links to LTP [177], leading to changes of postsynaptic
neuronal function, as it has been shown that DNMT inhibition in hippocampal neurons results in
activity-dependent demethylation of genomic DNA and a parallel decrease in the frequency of miniature
excitatory postsynaptic currents (mEPSCs), which in turn impacts neuronal excitability and network
activity [186]. Changes in NMDA receptor composition and postsynaptic density protein 95 levels,
and an increase in the rate of miniature excitatory postsynaptic currents in the CA1 hippocampal region
in response to radiation in rodent models and in human patients further support the involvement of
radiation-induced DNA methylation and hippocampal neuronal function changes, and subsequent
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learning and memory impairment [187–190]. Increased GABA release from the cannabinoid type 1
receptor (CB1)-expressing basket cells (CB1 BCs) onto pyramidal cells after proton irradiation may
be useful as a potential therapeutic target to prevent radiation-induced cognitive impairment [191].
In addition, epigenetic modulation via increased levels of microRNAs such as miR-34c, miR-488 [192],
miR-132/miR-212 and miR-134 [193] in the hippocampus has also been reported after low and moderate
cranial doses of radiation [193]. Furthermore, Kempf et al. (2014) found that the irradiation-induced
alteration of miR-132 may result in rapid dendritic spine and synapse morphology alterations via
aberrant cytoskeletal signaling and processing, leading to neurocognitive side effects observed in
patients treated with ionizing radiation [193]. Interestingly, the total abdominal irradiation-induced
elevated peripheral blood miR-34a-5p targeted the 3′UTR of brain-derived neurotrophic factor (Bdnf )
mRNA in hippocampus to mediate cognitive dysfunction [194].

Non-ionizing radiation such as microwave exposure (30 mW/cm2) also induced an upregulation
of 12 miRNAs and a downregulation of 14 miRNAs in the hippocampus of rats. These miRNAs are
involved in brain-related signaling pathways, such as synaptic vesicle cycle, long-term depression,
calcium signaling and neurotrophin signaling pathways [195]. A recent study has also shown that
radio frequency radiation from mobile phone signals brought about a decrease in global DNA
methylation and an increase in histone methylation in the rat hippocampus. These changes are
dose- and frequency-dependent [196]. Therapeutic approaches by inhibiting methylation using
5-iodotubercidin [179], increasing 5 hmC and TET2 through force running to alleviate hippocampal
cognitive deficits induced by radiation further confirm the important roles epigenetics may play in
radiation-induced cognitive impairment [197]. Triggering of BDNF-TrkB signaling by inhibition of
HDAC-1 may also stimulate neurogenesis as it has been reported that the high dose irradiation-induced
decrease in histone deacetylase 1 (HDAC1)-dependent H3 acetylation is associated with long-term
impairment of neurogenesis in the DG [198].

7. Concluding Remarks

Dissection of the epigenetic regulation of each type of hippocampal neuron and glial cell
indicates significant ncRNAs—in particular miRNAs—in the regulation of hippocampal cells in
addition to DNA methylation and histone modifications. Radiation exposure induces the abnormally
epigenetic regulation of hippocampal neurons, which may result in rapid dendritic spine and
synapse morphology alterations via aberrant cytoskeletal signaling and processing leading to
neurocognitive side effects. As we are just beginning to understand the influence of epigenetics
on hippocampal cells and function, further in-depth studies in the following areas may still be needed.
(1) Molecular pathways to induce, remove and interpret epigenetic modifications of neurogenesis in
the subgranular zone of the DG. (2) Epigenetic regulation of neurotransmitter release and uptake,
and neuromodulators and their receptor systems in hippocampal neurons. (3) Epigenetic modulation
of each type of hippocampal interneuron—particularly regarding neurotransmitter synthesis and
release. (4) Epigenetic regulation of astrocytic glutamate transporter, ion channels and gap junction
proteins. (5) Regulatory influences of epigenetics on the microglial involvement in memory formation
and (6) epigenetic regulatory mechanisms that govern OPCs. As irradiation induces abnormally
epigenetic regulation of neurons, it is reasonable to investigate whether similar changes occur in
hippocampal glial cells, i.e., astrocyte, microglia, oligodendrocytes and oligodendrocyte precursor cells.
Furthermore, by targeting those radiation-induced abnormal changes in miRNA, DNA methylation and
histone modifications, novel therapeutic approaches may be developed to prevent radiation-induced
acute and chronic hippocampal damages. Given that non-ionizing radiation could induce decreased
global DNA methylation, an increase in histone methylation and upregulation of some miRNAs in the
animal hippocampus, further study of low dose (<100 mSv) ionizing radiation-induced epigenetic
changes in the hippocampus may provide some clues for understanding chronic low dose ionizing
radiation-induced cognitive impairment, neurological and neuropsychological disorders.
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As some age-associated DNA methylation patterns are similarly observed in both the hippocampus
and the peripheral blood cells [199], it may be useful to explore blood biomarkers as indicators of
epigenetic changes that occur in the hippocampus, as this may have significant translational relevance.
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46. Palazzo, L.; Mikolčević, P.; Mikoč, A.; Ahel, I. ADP-ribosylation signalling and human disease. Open Biol.
2019, 9, 190041. [CrossRef]

47. Srijyothi, L.; Ponne, S.; Prathama, T.; Ashok, C.; Baluchamy, S. Roles of Non-Coding RNAs in Transcriptional
Regulation. Transcriptional and Post-Transcriptional Regulation; IntechOpen: Rijeka, Croatia, 2018; p. 55.

48. MacFarlane, L.-A.; Murphy, P.R. MicroRNA: Biogenesis, function and role in cancer. Curr. Genom. 2010,
11, 537–561. [CrossRef] [PubMed]

49. Felekkis, K.; Touvana, E.; Stefanou, C.; Deltas, C. microRNAs: A newly described class of encoded molecules
that play a role in health and disease. Hippokratia 2010, 14, 236. [PubMed]

50. Cai, Y.; Yu, X.; Hu, S.; Yu, J. A brief review on the mechanisms of miRNA regulation. Genom. Proteom. Bioinf.
2009, 7, 147–154. [CrossRef]

51. Ayub, A.L.P.; Papaiz, D.D.A.; da Silva Soares, R.; Jasiulionis, M.G. The Function of lncRNAs as Epigenetic
Regulators. In Non-Coding RNAs; IntechOpen: Rijeka, Croatia, 2019.

52. Wei, J.-W.; Huang, K.; Yang, C.; Kang, C.-S. Non-coding RNAs as regulators in epigenetics. Oncol. Rep. 2017,
37, 3–9. [CrossRef] [PubMed]

53. Kuramochi-Miyagawa, S.; Watanabe, T.; Gotoh, K.; Totoki, Y.; Toyoda, A.; Ikawa, M.; Asada, N.; Kojima, K.;
Yamaguchi, Y.; Ijiri, T.W. DNA methylation of retrotransposon genes is regulated by Piwi family members
MILI and MIWI2 in murine fetal testes. Genes Dev. 2008, 22, 908–917. [CrossRef]

54. Zhao, C.; Deng, W.; Gage, F.H. Mechanisms and functional implications of adult neurogenesis. Cell 2008,
132, 645–660. [CrossRef]

55. Altman, J. Are new neurons formed in the brains of adult mammals? Science 1962, 135, 1127–1128. [CrossRef]
56. Eriksson, P.S.; Perfilieva, E.; Björk-Eriksson, T.; Alborn, A.-M.; Nordborg, C.; Peterson, D.A.; Gage, F.H.

Neurogenesis in the adult human hippocampus. Nat. Med. 1998, 4, 1313–1317. [CrossRef]
57. Knoth, R.; Singec, I.; Ditter, M.; Pantazis, G.; Capetian, P.; Meyer, R.P.; Horvat, V.; Volk, B.; Kempermann, G.

Murine features of neurogenesis in the human hippocampus across the lifespan from 0 to 100 years. PLoS ONE
2010, 5, e8809. [CrossRef] [PubMed]

58. Roy, N.S.; Wang, S.; Jiang, L.; Kang, J.; Benraiss, A.; Harrison-Restelli, C.; Fraser, R.A.; Couldwell, W.T.;
Kawaguchi, A.; Okano, H. In vitro neurogenesis by progenitor cells isolated from the adult human
hippocampus. Nat. Med. 2000, 6, 271–277. [CrossRef] [PubMed]

59. Balu, D.T.; Lucki, I. Adult hippocampal neurogenesis: Regulation, functional implications, and contribution
to disease pathology. Neurosci. Biobehav. Rev. 2009, 33, 232–252. [CrossRef] [PubMed]

60. Ma, D.K.; Jang, M.-H.; Guo, J.U.; Kitabatake, Y.; Chang, M.-l.; Pow-Anpongkul, N.; Flavell, R.A.; Lu, B.;
Ming, G.-l.; Song, H. Neuronal activity–induced Gadd45b promotes epigenetic DNA demethylation and
adult neurogenesis. Science 2009, 323, 1074–1077. [CrossRef]

61. Gao, Z.; Ure, K.; Ding, P.; Nashaat, M.; Yuan, L.; Ma, J.; Hammer, R.E.; Hsieh, J. The master negative regulator
REST/NRSF controls adult neurogenesis by restraining the neurogenic program in quiescent stem cells.
J. Neurosci. 2011, 31, 9772–9786. [CrossRef]

62. MacDonald, J.L.; Roskams, A.J. Histone deacetylases 1 and 2 are expressed at distinct stages of neuro-glial
development. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2008, 237, 2256–2267. [CrossRef]

63. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.;
Amelio, I.; Andrews, D.W. Molecular mechanisms of cell death: Recommendations of the Nomenclature
Committee on Cell Death 2018. Cell Death Differ. 2018, 25, 486–541. [CrossRef]

64. Montgomery, R.L.; Hsieh, J.; Barbosa, A.C.; Richardson, J.A.; Olson, E.N. Histone deacetylases 1 and 2 control
the progression of neural precursors to neurons during brain development. Proc. Natl. Acad. Sci. USA 2009,
106, 7876–7881. [CrossRef]

http://dx.doi.org/10.1016/j.nlm.2019.04.009
http://dx.doi.org/10.4161/epi.21975
http://dx.doi.org/10.3389/fonc.2012.00026
http://dx.doi.org/10.1073/pnas.1735528100
http://www.ncbi.nlm.nih.gov/pubmed/14578449
http://dx.doi.org/10.1098/rsob.190041
http://dx.doi.org/10.2174/138920210793175895
http://www.ncbi.nlm.nih.gov/pubmed/21532838
http://www.ncbi.nlm.nih.gov/pubmed/21311629
http://dx.doi.org/10.1016/S1672-0229(08)60044-3
http://dx.doi.org/10.3892/or.2016.5236
http://www.ncbi.nlm.nih.gov/pubmed/27841002
http://dx.doi.org/10.1101/gad.1640708
http://dx.doi.org/10.1016/j.cell.2008.01.033
http://dx.doi.org/10.1126/science.135.3509.1127
http://dx.doi.org/10.1038/3305
http://dx.doi.org/10.1371/journal.pone.0008809
http://www.ncbi.nlm.nih.gov/pubmed/20126454
http://dx.doi.org/10.1038/73119
http://www.ncbi.nlm.nih.gov/pubmed/10700228
http://dx.doi.org/10.1016/j.neubiorev.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/18786562
http://dx.doi.org/10.1126/science.1166859
http://dx.doi.org/10.1523/JNEUROSCI.1604-11.2011
http://dx.doi.org/10.1002/dvdy.21626
http://dx.doi.org/10.1038/s41418-017-0012-4
http://dx.doi.org/10.1073/pnas.0902750106


Int. J. Mol. Sci. 2020, 21, 9514 20 of 26

65. Niklison-Chirou, M.V.; Agostini, M.; Amelio, I.; Melino, G. Regulation of Adult Neurogenesis in Mammalian
Brain. Int. J. Mol. Sci. 2020, 21, 4869. [CrossRef]

66. Lim, D.A.; Huang, Y.-C.; Swigut, T.; Mirick, A.L.; Garcia-Verdugo, J.M.; Wysocka, J.; Ernst, P.;
Alvarez-Buylla, A. Chromatin remodelling factor Mll1 is essential for neurogenesis from postnatal neural
stem cells. Nature 2009, 458, 529–533. [CrossRef]

67. Boyer, L.A.; Plath, K.; Zeitlinger, J.; Brambrink, T.; Medeiros, L.A.; Lee, T.I.; Levine, S.S.; Wernig, M.;
Tajonar, A.; Ray, M.K. Polycomb complexes repress developmental regulators in murine embryonic stem
cells. Nature 2006, 441, 349–353. [CrossRef] [PubMed]

68. Lim, D.A.; Alvarez-Buylla, A. The adult ventricular–subventricular zone (V-SVZ) and olfactory bulb (OB)
neurogenesis. Cold Spring Harb. Perspect. Biol. 2016, 8, a018820. [CrossRef] [PubMed]

69. Hsieh, J.; Eisch, A.J. Epigenetics, hippocampal neurogenesis, and neuropsychiatric disorders: Unraveling the
genome to understand the mind. Neurobiol. Dis. 2010, 39, 73–84. [CrossRef] [PubMed]

70. Jobe, E.M.; Zhao, X. DNA methylation and adult neurogenesis. Brain Plast. 2017, 3, 5–26. [CrossRef]
71. Noguchi, H.; Kimura, A.; Murao, N.; Matsuda, T.; Namihira, M.; Nakashima, K. Expression of DNMT1 in

neural stem/precursor cells is critical for survival of newly generated neurons in the adult hippocampus.
Neurosci. Res. 2015, 95, 1–11. [CrossRef]

72. Noguchi, H.; Murao, N.; Kimura, A.; Matsuda, T.; Namihira, M.; Nakashima, K. DNA methyltransferase
1 is indispensable for development of the hippocampal dentate gyrus. J. Neurosci. 2016, 36, 6050–6068.
[CrossRef]

73. Wu, H.; Coskun, V.; Tao, J.; Xie, W.; Ge, W.; Yoshikawa, K.; Li, E.; Zhang, Y.; Sun, Y.E. Dnmt3a-dependent
nonpromoter DNA methylation facilitates transcription of neurogenic genes. Science 2010, 329, 444–448.
[CrossRef]

74. Mohan, K.N. Stem cell models to investigate the role of DNA methylation machinery in development of
neuropsychiatric disorders. Stem Cells Int. 2016, 2016, 4379425. [CrossRef]

75. Schouten, M.; Bielefeld, P.; Garcia-Corzo, L.; Passchier, E.; Gradari, S.; Jungenitz, T.; Pons-Espinal, M.;
Gebara, E.; Martín-Suárez, S.; Lucassen, P.J. Circadian glucocorticoid oscillations preserve a population of
adult hippocampal neural stem cells in the aging brain. Mol. Psychiatry 2020, 25, 1382–1405. [CrossRef]

76. Namihira, M.; Nakashima, K.; Taga, T. Developmental stage dependent regulation of DNA methylation
and chromatin modification in a immature astrocyte specific gene promoter. FEBS Lett. 2004, 572, 184–188.
[CrossRef]

77. Zhou, Z.; Hong, E.J.; Cohen, S.; Zhao, W.-n.; Ho, H.-y.H.; Schmidt, L.; Chen, W.G.; Lin, Y.; Savner, E.;
Griffith, E.C. Brain-specific phosphorylation of MeCP2 regulates activity-dependent Bdnf transcription,
dendritic growth, and spine maturation. Neuron 2006, 52, 255–269. [CrossRef] [PubMed]

78. Martinowich, K.; Hattori, D.; Wu, H.; Fouse, S.; He, F.; Hu, Y.; Fan, G.; Sun, Y.E. DNA methylation-related
chromatin remodeling in activity-dependent BDNF gene regulation. Science 2003, 302, 890–893. [CrossRef]
[PubMed]

79. Smrt, R.D.; Eaves-Egenes, J.; Barkho, B.Z.; Santistevan, N.J.; Zhao, C.; Aimone, J.B.; Gage, F.H.; Zhao, X.
Mecp2 deficiency leads to delayed maturation and altered gene expression in hippocampal neurons.
Neurobiol. Dis. 2007, 27, 77–89. [CrossRef] [PubMed]

80. Zhao, X.; Ueba, T.; Christie, B.R.; Barkho, B.; McConnell, M.J.; Nakashima, K.; Lein, E.S.; Eadie, B.D.;
Willhoite, A.R.; Muotri, A.R. Mice lacking methyl-CpG binding protein 1 have deficits in adult neurogenesis
and hippocampal function. Proc. Natl. Acad. Sci. USA 2003, 100, 6777–6782. [CrossRef] [PubMed]

81. Allan, A.M.; Liang, X.; Luo, Y.; Pak, C.; Li, X.; Szulwach, K.E.; Chen, D.; Jin, P.; Zhao, X. The loss of
methyl-CpG binding protein 1 leads to autism-like behavioral deficits. Hum. Mol. Genet. 2008, 17, 2047–2057.
[CrossRef] [PubMed]

82. Szulwach, K.E.; Li, X.; Smrt, R.D.; Li, Y.; Luo, Y.; Lin, L.; Santistevan, N.J.; Li, W.; Zhao, X.; Jin, P. Cross talk
between microRNA and epigenetic regulation in adult neurogenesis. J. Cell Biol. 2010, 189, 127–141.
[CrossRef]

83. Liu, C.; Teng, Z.-Q.; Santistevan, N.J.; Szulwach, K.E.; Guo, W.; Jin, P.; Zhao, X. Epigenetic regulation of
miR-184 by MBD1 governs neural stem cell proliferation and differentiation. Cell Stem Cell 2010, 6, 433–444.
[CrossRef]

http://dx.doi.org/10.3390/ijms21144869
http://dx.doi.org/10.1038/nature07726
http://dx.doi.org/10.1038/nature04733
http://www.ncbi.nlm.nih.gov/pubmed/16625203
http://dx.doi.org/10.1101/cshperspect.a018820
http://www.ncbi.nlm.nih.gov/pubmed/27048191
http://dx.doi.org/10.1016/j.nbd.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20114075
http://dx.doi.org/10.3233/BPL-160034
http://dx.doi.org/10.1016/j.neures.2015.01.014
http://dx.doi.org/10.1523/JNEUROSCI.0512-16.2016
http://dx.doi.org/10.1126/science.1190485
http://dx.doi.org/10.1155/2016/4379425
http://dx.doi.org/10.1038/s41380-019-0440-2
http://dx.doi.org/10.1016/j.febslet.2004.07.029
http://dx.doi.org/10.1016/j.neuron.2006.09.037
http://www.ncbi.nlm.nih.gov/pubmed/17046689
http://dx.doi.org/10.1126/science.1090842
http://www.ncbi.nlm.nih.gov/pubmed/14593184
http://dx.doi.org/10.1016/j.nbd.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/17532643
http://dx.doi.org/10.1073/pnas.1131928100
http://www.ncbi.nlm.nih.gov/pubmed/12748381
http://dx.doi.org/10.1093/hmg/ddn102
http://www.ncbi.nlm.nih.gov/pubmed/18385101
http://dx.doi.org/10.1083/jcb.200908151
http://dx.doi.org/10.1016/j.stem.2010.02.017


Int. J. Mol. Sci. 2020, 21, 9514 21 of 26

84. Khandelwal, N.; Dey, S.K.; Chakravarty, S.; Kumar, A. miR-30 family miRNAs mediate the effect of chronic
social defeat stress on hippocampal neurogenesis in mouse depression model. Front. Mol. Neurosci. 2019,
12, 188. [CrossRef]

85. Antonini, D.; Russo, M.T.; De Rosa, L.; Gorrese, M.; Del Vecchio, L.; Missero, C. Transcriptional repression of
miR-34 family contributes to p63-mediated cell cycle progression in epidermal cells. J. Investig. Dermatol.
2010, 130, 1249–1257. [CrossRef]

86. Smrt, R.D.; Szulwach, K.E.; Pfeiffer, R.L.; Li, X.; Guo, W.; Pathania, M.; Teng, Z.Q.; Luo, Y.; Peng, J.; Bordey, A.
MicroRNA miR-137 regulates neuronal maturation by targeting ubiquitin ligase mind bomb-1. Stem Cells
2010, 28, 1060–1070. [CrossRef]

87. Han, J.; Kim, H.J.; Schafer, S.T.; Paquola, A.; Clemenson, G.D.; Toda, T.; Oh, J.; Pankonin, A.R.; Lee, B.S.;
Johnston, S.T. Functional implications of miR-19 in the migration of newborn neurons in the adult brain.
J. Exp. Med. 2016, 213, 667–675. [CrossRef] [PubMed]

88. Deo, M.; Yu, J.Y.; Chung, K.H.; Tippens, M.; Turner, D.L. Detection of mammalian microRNA expression by
in situ hybridization with RNA oligonucleotides. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2006, 235, 2538–2548.
[CrossRef] [PubMed]

89. Choi, C.; Kim, T.; Chang, K.T.; Min, K.T. DSCR1-mediated TET1 splicing regulates miR-124 expression to
control adult hippocampal neurogenesis. EMBO J. 2019, 38, e101293. [CrossRef] [PubMed]

90. Zheng, Z.; Ambigapathy, G.; Keifer, J. MeCP2 regulates Tet1-catalyzed demethylation, CTCF binding,
and learning-dependent alternative splicing of the BDNF gene in Turtle. eLife 2017, 6, e25384. [CrossRef]

91. Pons-Espinal, M.; de Luca, E.; Marzi, M.J.; Beckervordersandforth, R.; Armirotti, A.; Nicassio, F.; Fabel, K.;
Kempermann, G.; Tonelli, D.D.P. Synergic functions of miRNAs determine neuronal fate of adult neural
stem cells. Stem Cell Rep. 2017, 8, 1046–1061. [CrossRef]

92. Bielefeld, P.; Mooney, C.; Henshall, D.C.; Fitzsimons, C.P. miRNA-mediated regulation of adult hippocampal
neurogenesis; implications for epilepsy. Brain Plast. 2017, 3, 43–59. [CrossRef]

93. Stappert, L.; Klaus, F.; Brüstle, O. MicroRNAs engage in complex circuits regulating adult neurogenesis.
Front. Neurosci. 2018, 12, 707. [CrossRef]

94. Nicoll, R.A. A brief history of long-term potentiation. Neuron 2017, 93, 281–290. [CrossRef]
95. Sun, C.; Yang, W.; Martin, J.; Tonegawa, S. Hippocampal neurons represent events as transferable units of

experience. Nat. Neurosci. 2020, 23, 651–663. [CrossRef]
96. Chen, Y.; Ozturk, N.C.; Zhou, F.C. DNA methylation program in developing hippocampus and its alteration

by alcohol. PLoS ONE 2013, 8, e60503. [CrossRef]
97. Karnay, A.; Karisetty, B.C.; Beaver, M.; Elefant, F. Hippocampal stimulation promotes intracellular Tip60

dynamics with concomitant genome reorganization and synaptic gene activation. Mol. Cell. Neurosci. 2019,
101, 103412. [CrossRef] [PubMed]

98. Miller, C.A.; Sweatt, J.D. Covalent modification of DNA regulates memory formation. Neuron 2007, 53, 857–869.
[CrossRef] [PubMed]

99. Marrocco, J.; Gray, J.D.; Kogan, J.F.; Einhorn, N.R.; O’Cinneide, E.M.; Rubin, T.G.; Carroll, T.S.; Schmidt, E.F.;
McEwen, B.S. Early life stress restricts translational reactivity in CA3 neurons associated with altered stress
responses in adulthood. Front. Behav. Neurosci. 2019, 13, 157. [CrossRef] [PubMed]

100. Kerimoglu, C.; Agis-Balboa, R.C.; Kranz, A.; Stilling, R.; Bahari-Javan, S.; Benito-Garagorri, E.; Halder, R.;
Burkhardt, S.; Stewart, A.F.; Fischer, A. Histone-methyltransferase MLL2 (KMT2B) is required for memory
formation in mice. J. Neurosci. 2013, 33, 3452–3464. [CrossRef]

101. Gupta, S.; Kim, S.Y.; Artis, S.; Molfese, D.L.; Schumacher, A.; Sweatt, J.D.; Paylor, R.E.; Lubin, F.D.
Histone methylation regulates memory formation. J. Neurosci. 2010, 30, 3589–3599. [CrossRef]

102. Jie, J.; Xu, X.; Xia, J.; Tu, Z.; Guo, Y.; Li, C.; Zhang, X.; Wang, H.; Song, W.; Xie, P. Memory impairment induced
by borna disease virus 1 infection is associated with reduced H3K9 acetylation. Cell. Physiol. Biochem. 2018,
49, 381–394. [CrossRef]

103. Jury, N.; Abarzua, S.; Diaz, I.; Guerra, M.V.; Ampuero, E.; Cubillos, P.; Martinez, P.; Herrera-Soto, A.;
Arredondo, C.; Rojas, F. Widespread loss of the silencing epigenetic mark H3K9me3 in astrocytes and neurons
along with hippocampal-dependent cognitive impairment in C9orf72 BAC transgenic mice. Clin. Epigenet.
2020, 12, 32. [CrossRef]

http://dx.doi.org/10.3389/fnmol.2019.00188
http://dx.doi.org/10.1038/jid.2009.438
http://dx.doi.org/10.1002/stem.431
http://dx.doi.org/10.1016/j.neuron.2016.05.034
http://www.ncbi.nlm.nih.gov/pubmed/27387650
http://dx.doi.org/10.1002/dvdy.20847
http://www.ncbi.nlm.nih.gov/pubmed/16736490
http://dx.doi.org/10.15252/embj.2018101293
http://www.ncbi.nlm.nih.gov/pubmed/31304631
http://dx.doi.org/10.7554/eLife.25384
http://dx.doi.org/10.1016/j.stemcr.2017.02.012
http://dx.doi.org/10.3233/BPL-160036
http://dx.doi.org/10.3389/fnins.2018.00707
http://dx.doi.org/10.1016/j.neuron.2016.12.015
http://dx.doi.org/10.1038/s41593-020-0614-x
http://dx.doi.org/10.1371/journal.pone.0060503
http://dx.doi.org/10.1016/j.mcn.2019.103412
http://www.ncbi.nlm.nih.gov/pubmed/31682915
http://dx.doi.org/10.1016/j.neuron.2007.02.022
http://www.ncbi.nlm.nih.gov/pubmed/17359920
http://dx.doi.org/10.3389/fnbeh.2019.00157
http://www.ncbi.nlm.nih.gov/pubmed/31354448
http://dx.doi.org/10.1523/JNEUROSCI.3356-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3732-09.2010
http://dx.doi.org/10.1159/000492890
http://dx.doi.org/10.1186/s13148-020-0816-9


Int. J. Mol. Sci. 2020, 21, 9514 22 of 26

104. Hu, E.; Du, H.; Zhu, X.; Wang, L.; Shang, S.; Wu, X.; Lu, H.; Lu, X. Beta-hydroxybutyrate promotes the
expression of BDNF in hippocampal neurons under adequate glucose supply. Neuroscience 2018, 386, 315–325.
[CrossRef]

105. Gonzalez, M.C.; Radiske, A.; Cammarota, M. On the involvement of BDNF signaling in memory
reconsolidation. Front. Cell. Neurosci. 2019, 13, 383. [CrossRef]

106. Gu, X.; Xu, Y.; Xue, W.-Z.; Wu, Y.; Ye, Z.; Xiao, G.; Wang, H.-L. Interplay of miR-137 and EZH2 contributes to the
genome-wide redistribution of H3K27me3 underlying the Pb-induced memory impairment. Cell Death Dis.
2019, 10, 671. [CrossRef]

107. Jarome, T.J.; Perez, G.A.; Hauser, R.M.; Hatch, K.M.; Lubin, F.D. EZH2 methyltransferase activity controls
Pten expression and mTOR signaling during fear memory reconsolidation. J. Neurosci. 2018, 38, 7635–7648.
[CrossRef] [PubMed]

108. Gafford, G.M.; Parsons, R.G.; Helmstetter, F.J. Consolidation and reconsolidation of contextual fear memory
requires mammalian target of rapamycin-dependent translation in the dorsal hippocampus. Neuroscience
2011, 182, 98–104. [CrossRef] [PubMed]

109. Zhang, C.R.; Ho, M.-F.; Vega, M.C.S.; Burne, T.H.; Chong, S. Prenatal ethanol exposure alters
adult hippocampal VGLUT2 expression with concomitant changes in promoter DNA methylation,
H3K4 trimethylation and miR-467b-5p levels. Epigenet. Chromatin 2015, 8, 40. [CrossRef] [PubMed]

110. Pelkey, K.A.; Chittajallu, R.; Craig, M.T.; Tricoire, L.; Wester, J.C.; McBain, C.J. Hippocampal GABAergic
inhibitory interneurons. Physiol. Rev. 2017, 97, 1619–1747. [CrossRef] [PubMed]

111. Booker, S.A.; Vida, I. Morphological diversity and connectivity of hippocampal interneurons. Cell Tissue Res.
2018, 373, 619–641. [CrossRef]

112. Ruzicka, W.B.; Subburaju, S.; Coyle, J.T.; Benes, F.M. Location matters: Distinct DNA methylation patterns
in GABAergic interneuronal populations from separate microcircuits within the human hippocampus.
Hum. Mol. Genet. 2018, 27, 254–265. [CrossRef]

113. Bond, A.M.; VanGompel, M.J.; Sametsky, E.A.; Clark, M.F.; Savage, J.C.; Disterhoft, J.F.; Kohtz, J.D.
Balanced gene regulation by an embryonic brain ncRNA is critical for adult hippocampal GABA circuitry.
Nat. Neurosci. 2009, 12, 1020. [CrossRef]

114. Magloire, V.; Mercier, M.S.; Kullmann, D.M.; Pavlov, I. GABAergic interneurons in seizures: Investigating causality
with optogenetics. Neuroscientist 2019, 25, 344–358. [CrossRef]

115. Matrisciano, F.; Tueting, P.; Dalal, I.; Kadriu, B.; Grayson, D.R.; Davis, J.M.; Nicoletti, F.; Guidotti, A.
Epigenetic modifications of GABAergic interneurons are associated with the schizophrenia-like phenotype
induced by prenatal stress in mice. Neuropharmacology 2013, 68, 184–194. [CrossRef]

116. Satta, R.; Maloku, E.; Zhubi, A.; Pibiri, F.; Hajos, M.; Costa, E.; Guidotti, A. Nicotine decreases DNA
methyltransferase 1 expression and glutamic acid decarboxylase 67 promoter methylation in GABAergic
interneurons. Proc. Natl. Acad. Sci. USA 2008, 105, 16356–16361. [CrossRef]

117. Von Bartheld, C.S.; Bahney, J.; Herculano-Houzel, S. The search for true numbers of neurons and glial cells in
the human brain: A review of 150 years of cell counting. J. Comp. Neurol. 2016, 524, 3865–3895. [CrossRef]
[PubMed]

118. Jäkel, S.; Dimou, L. Glial cells and their function in the adult brain: A journey through the history of their
ablation. Front. Cell. Neurosci. 2017, 11, 24. [CrossRef] [PubMed]

119. Hertz, L.; Chen, Y. all 3 types of glial cells are important for memory formation. Front. Integr. Neurosci. 2016,
10, 31. [CrossRef]

120. Saw, G.; Krishna, K.; Gupta, N.; Soong, T.W.; Mallilankaraman, K.; Sajikumar, S.; Dheen, S.T. Epigenetic regulation
of microglial phosphatidylinositol 3-kinase pathway involved in long-term potentiation and synaptic plasticity
in rats. Glia 2020, 68, 656–669. [CrossRef] [PubMed]

121. Pfeiffer, T.; Avignone, E.; Nägerl, U.V. Induction of hippocampal long-term potentiation increases the
morphological dynamics of microglial processes and prolongs their contacts with dendritic spines. Sci. Rep.
2016, 6, 32422. [CrossRef] [PubMed]

122. Keyser, D.O.; Pellmar, T.C. Synaptic transmission in the hippocampus: Critical role for glial cells. Glia 1994,
10, 237–243. [CrossRef]

123. Ota, Y.; Zanetti, A.T.; Hallock, R.M. The role of astrocytes in the regulation of synaptic plasticity and memory
formation. Neural Plast. 2013, 2013, 185463. [CrossRef]

http://dx.doi.org/10.1016/j.neuroscience.2018.06.036
http://dx.doi.org/10.3389/fncel.2019.00383
http://dx.doi.org/10.1038/s41419-019-1912-7
http://dx.doi.org/10.1523/JNEUROSCI.0538-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30030400
http://dx.doi.org/10.1016/j.neuroscience.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21439355
http://dx.doi.org/10.1186/s13072-015-0032-6
http://www.ncbi.nlm.nih.gov/pubmed/26421062
http://dx.doi.org/10.1152/physrev.00007.2017
http://www.ncbi.nlm.nih.gov/pubmed/28954853
http://dx.doi.org/10.1007/s00441-018-2882-2
http://dx.doi.org/10.1093/hmg/ddx395
http://dx.doi.org/10.1038/nn.2371
http://dx.doi.org/10.1177/1073858418805002
http://dx.doi.org/10.1016/j.neuropharm.2012.04.013
http://dx.doi.org/10.1073/pnas.0808699105
http://dx.doi.org/10.1002/cne.24040
http://www.ncbi.nlm.nih.gov/pubmed/27187682
http://dx.doi.org/10.3389/fncel.2017.00024
http://www.ncbi.nlm.nih.gov/pubmed/28243193
http://dx.doi.org/10.3389/fnint.2016.00031
http://dx.doi.org/10.1002/glia.23748
http://www.ncbi.nlm.nih.gov/pubmed/31702864
http://dx.doi.org/10.1038/srep32422
http://www.ncbi.nlm.nih.gov/pubmed/27604518
http://dx.doi.org/10.1002/glia.440100402
http://dx.doi.org/10.1155/2013/185463


Int. J. Mol. Sci. 2020, 21, 9514 23 of 26

124. Koeppen, J.; Nguyen, A.Q.; Nikolakopoulou, A.M.; Garcia, M.; Hanna, S.; Woodruff, S.; Figueroa, Z.;
Obenaus, A.; Ethell, I.M. Functional consequences of synapse remodeling following astrocyte-specific
regulation of Ephrin-B1 in the adult hippocampus. J. Neurosci. 2018, 38, 5710–5726. [CrossRef]

125. Zuchero, J.B.; Barres, B.A. Glia in mammalian development and disease. Development 2015, 142, 3805–3809.
[CrossRef]

126. Bellot-Saez, A.; Kekesi, O.; Morley, J.W.; Buskila, Y. Astrocytic modulation of neuronal excitability through
K+ spatial buffering. Neurosci. Biobehav. Rev. 2017, 77, 87–97. [CrossRef]

127. Matias, I.; Morgado, J.; Gomes, F.C.A. Astrocyte heterogeneity: Impact to brain aging and disease.
Front. Aging Neurosci. 2019, 11, 59. [CrossRef] [PubMed]

128. Moroni, R.F.; Inverardi, F.; Regondi, M.C.; Pennacchio, P.; Frassoni, C. Developmental expression of Kir4.1 in
astrocytes and oligodendrocytes of rat somatosensory cortex and hippocampus. Int. J. Dev. Neurosci. 2015,
47, 198–205. [CrossRef] [PubMed]

129. Nwaobi, S.E.; Olsen, M.L. Correlating gene-specific DNA methylation changes with expression and
transcriptional activity of astrocytic KCNJ10 (Kir4. 1). JoVE J. Vis. Exp. 2015, e52406. [CrossRef]

130. Myung, N.-H.; Zhu, X.; Kruman, I.I.; Castellani, R.J.; Petersen, R.B.; Siedlak, S.L.; Perry, G.; Smith, M.A.;
Lee, H.-g. Evidence of DNA damage in Alzheimer disease: Phosphorylation of histone H2AX in astrocytes.
Age 2008, 30, 209–215. [CrossRef] [PubMed]

131. Sun, C.; Zhu, L.; Ma, R.; Ren, J.; Wang, J.; Gao, S.; Yang, D.; Ning, K.; Ling, B.; Lu, B. Astrocytic miR-324-5p is
essential for synaptic formation by suppressing the secretion of CCL5 from astrocytes. Cell Death Dis. 2019,
10, 1–16. [CrossRef] [PubMed]

132. Zheng, P.; Bin, H.; Chen, W. Inhibition of microRNA-103a inhibits the activation of astrocytes in hippocampus
tissues and improves the pathological injury of neurons of epilepsy rats by regulating BDNF. Cancer Cell Int.
2019, 19, 109. [CrossRef] [PubMed]

133. Liu, L.; Liu, L.; Shi, J.; Tan, M.; Xiong, J.; Li, X.; Hu, Q.; Yi, Z. MicroRNA-34b mediates hippocampal astrocyte
apoptosis in a rat model of recurrent seizures. BMC Neurosci. 2016, 17, 56. [CrossRef]

134. Korotkov, A.; Broekaart, D.W.; Banchaewa, L.; Pustjens, B.; van Scheppingen, J.; Anink, J.J.; Baayen, J.C.;
Idema, S.; Gorter, J.A.; van Vliet, E.A. microRNA-132 is overexpressed in glia in temporal lobe epilepsy
and reduces the expression of pro-epileptogenic factors in human cultured astrocytes. Glia 2020, 68, 60–75.
[CrossRef]

135. Griffiths, B.B.; Ouyang, Y.-B.; Xu, L.; Sun, X.; Giffard, R.G.; Stary, C.M. Postinjury Inhibition of miR-181a
Promotes Restoration of Hippocampal CA1 Neurons after Transient Forebrain Ischemia in Rats. eNeuro 2019,
6. [CrossRef]

136. Norden, D.M.; Godbout, J.P. Microglia of the aged brain: Primed to be activated and resistant to regulation.
Neuropathol. Appl. Neurobiol. 2013, 39, 19–34. [CrossRef]

137. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain
parenchyma in vivo. Science 2005, 308, 1314–1318. [CrossRef] [PubMed]

138. Wake, H.; Moorhouse, A.J.; Jinno, S.; Kohsaka, S.; Nabekura, J. Resting microglia directly monitor the functional
state of synapses in vivo and determine the fate of ischemic terminals. J. Neurosci. 2009, 29, 3974–3980.
[CrossRef] [PubMed]

139. Diaz-Aparicio, I.; Paris, I.; Sierra-Torre, V.; Plaza-Zabala, A.; Rodríguez-Iglesias, N.; Márquez-Ropero, M.;
Beccari, S.; Huguet, P.; Abiega, O.; Alberdi, E. Microglia actively remodel adult hippocampal neurogenesis
through the phagocytosis secretome. J. Neurosci. 2020, 40, 1453–1482. [CrossRef] [PubMed]

140. Gemma, C.; Bachstetter, A.D. The role of microglia in adult hippocampal neurogenesis. Front. Cell. Neurosci.
2013, 7, 229. [CrossRef]

141. De Lucia, C.; Rinchon, A.; Olmos-Alonso, A.; Riecken, K.; Fehse, B.; Boche, D.; Perry, V.H.; Gomez-Nicola, D.
Microglia regulate hippocampal neurogenesis during chronic neurodegeneration. Brain Behav. Immun. 2016,
55, 179–190. [CrossRef]

142. Sierra, A.; Encinas, J.M.; Deudero, J.J.; Chancey, J.H.; Enikolopov, G.; Overstreet-Wadiche, L.S.;
Tsirka, S.E.; Maletic-Savatic, M. Microglia shape adult hippocampal neurogenesis through apoptosis-coupled
phagocytosis. Cell Stem Cell 2010, 7, 483–495. [CrossRef]

143. Butovsky, O.; Weiner, H.L. Microglial signatures and their role in health and disease. Nat. Rev. Neurosci.
2018, 19, 622–635. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.3618-17.2018
http://dx.doi.org/10.1242/dev.129304
http://dx.doi.org/10.1016/j.neubiorev.2017.03.002
http://dx.doi.org/10.3389/fnagi.2019.00059
http://www.ncbi.nlm.nih.gov/pubmed/30941031
http://dx.doi.org/10.1016/j.ijdevneu.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26427731
http://dx.doi.org/10.3791/52406
http://dx.doi.org/10.1007/s11357-008-9050-7
http://www.ncbi.nlm.nih.gov/pubmed/19424844
http://dx.doi.org/10.1038/s41419-019-1329-3
http://www.ncbi.nlm.nih.gov/pubmed/30760705
http://dx.doi.org/10.1186/s12935-019-0821-2
http://www.ncbi.nlm.nih.gov/pubmed/31049031
http://dx.doi.org/10.1186/s12868-016-0291-6
http://dx.doi.org/10.1002/glia.23700
http://dx.doi.org/10.1523/ENEURO.0002-19.2019
http://dx.doi.org/10.1111/j.1365-2990.2012.01306.x
http://dx.doi.org/10.1126/science.1110647
http://www.ncbi.nlm.nih.gov/pubmed/15831717
http://dx.doi.org/10.1523/JNEUROSCI.4363-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19339593
http://dx.doi.org/10.1523/JNEUROSCI.0993-19.2019
http://www.ncbi.nlm.nih.gov/pubmed/31896673
http://dx.doi.org/10.3389/fncel.2013.00229
http://dx.doi.org/10.1016/j.bbi.2015.11.001
http://dx.doi.org/10.1016/j.stem.2010.08.014
http://dx.doi.org/10.1038/s41583-018-0057-5


Int. J. Mol. Sci. 2020, 21, 9514 24 of 26

144. Man, H.-Y.; Wang, Q.; Lu, W.-Y.; Ju, W.; Ahmadian, G.; Liu, L.; D’Souza, S.; Wong, T.; Taghibiglou, C.;
Lu, J. Activation of PI3-kinase is required for AMPA receptor insertion during LTP of mEPSCs in cultured
hippocampal neurons. Neuron 2003, 38, 611–624. [CrossRef]

145. Parkhurst, C.N.; Yang, G.; Ninan, I.; Savas, J.N.; Yates III, J.R.; Lafaille, J.J.; Hempstead, B.L.; Littman, D.R.;
Gan, W.-B. Microglia promote learning-dependent synapse formation through brain-derived neurotrophic
factor. Cell 2013, 155, 1596–1609. [CrossRef]

146. Zhou, L.-J.; Peng, J.; Xu, Y.-N.; Zeng, W.-J.; Zhang, J.; Wei, X.; Mai, C.-L.; Lin, Z.-J.; Liu, Y.; Murugan, M.
Microglia are indispensable for synaptic plasticity in the spinal dorsal horn and chronic pain. Cell Rep. 2019,
27, 3844–3859.e6. [CrossRef]

147. Hu, Q.-P.; Mao, D.-A. Histone deacetylase inhibitor SAHA attenuates post-seizure hippocampal microglia
TLR4/MYD88 signaling and inhibits TLR4 gene expression via histone acetylation. BMC Neurosci. 2016,
17, 22. [CrossRef] [PubMed]

148. Datta, M.; Staszewski, O.; Raschi, E.; Frosch, M.; Hagemeyer, N.; Tay, T.L.; Blank, T.; Kreutzfeldt, M.;
Merkler, D.; Ziegler-Waldkirch, S. Histone deacetylases 1 and 2 regulate microglia function during
development, homeostasis, and neurodegeneration in a context-dependent manner. Immunity 2018,
48, 514–529.e6. [CrossRef] [PubMed]

149. Tang, C.-Z.; Zhang, D.-F.; Yang, J.-T.; Liu, Q.-H.; Wang, Y.-R.; Wang, W.-S. Overexpression of microRNA-301b
accelerates hippocampal microglia activation and cognitive impairment in mice with depressive-like behavior
through the NF-κB signaling pathway. Cell Death Dis. 2019, 10, 316. [CrossRef] [PubMed]

150. Woodbury, M.E.; Freilich, R.W.; Cheng, C.J.; Asai, H.; Ikezu, S.; Boucher, J.D.; Slack, F.; Ikezu, T. miR-155 is
essential for inflammation-induced hippocampal neurogenic dysfunction. J. Neurosci. 2015, 35, 9764–9781.
[CrossRef]

151. Chen, L.; Dong, R.; Lu, Y.; Zhou, Y.; Li, K.; Zhang, Z.; Peng, M. MicroRNA-146a protects against
cognitive decline induced by surgical trauma by suppressing hippocampal neuroinflammation in mice.
Brain Behav. Immun. 2019, 78, 188–201. [CrossRef]

152. Varol, D.; Mildner, A.; Blank, T.; Shemer, A.; Barashi, N.; Yona, S.; David, E.; Boura-Halfon, S.; Segal-Hayoun, Y.;
Chappell-Maor, L. Dicer deficiency differentially impacts microglia of the developing and adult brain.
Immunity 2017, 46, 1030–1044.e8. [CrossRef]

153. Guo, Y.; Hong, W.; Wang, X.; Zhang, P.; Körner, H.; Tu, J.; Wei, W. MicroRNAs in Microglia: How do
MicroRNAs Affect Activation, Inflammation, Polarization of Microglia and Mediate the Interaction Between
Microglia and Glioma? Front. Mol. Neurosci. 2019, 12, 125. [CrossRef]

154. Han, C.-L.; Ge, M.; Liu, Y.-P.; Zhao, X.-M.; Wang, K.-L.; Chen, N.; Meng, W.-J.; Hu, W.; Zhang, J.-G.; Li, L.
LncRNA H19 contributes to hippocampal glial cell activation via JAK/STAT signaling in a rat model of
temporal lobe epilepsy. J. Neuroinflamm. 2018, 15, 103. [CrossRef]

155. Phipps, A.J.; Vickers, J.C.; Taberlay, P.C.; Woodhouse, A. Neurofilament-labeled pyramidal neurons and
astrocytes are deficient in DNA methylation marks in Alzheimer’s disease. Neurobiol. Aging 2016, 45, 30–42.
[CrossRef]

156. Cheray, M.; Joseph, B. Epigenetics control microglia plasticity. Front. Cell. Neurosci. 2018, 12, 243. [CrossRef]
157. Bercury, K.K.; Macklin, W.B. Dynamics and mechanisms of CNS myelination. Dev. Cell 2015, 32, 447–458.

[CrossRef] [PubMed]
158. Bergles, D.E.; Richardson, W.D. Oligodendrocyte development and plasticity. Cold Spring Harb. Perspect. Biol.

2016, 8, a020453. [CrossRef] [PubMed]
159. Zhao, M.; Choi, Y.-S.; Obrietan, K.; Dudek, S.M. Synaptic plasticity (and the lack thereof) in hippocampal

CA2 neurons. J. Neurosci. 2007, 27, 12025–12032. [CrossRef] [PubMed]
160. Tzakis, N.; Holahan, M.R. Social memory and the role of the hippocampal CA2 region. Front. Behav. Neurosci.

2019, 13, 233. [CrossRef]
161. Yamazaki, Y. Oligodendrocyte Physiology Modulating Axonal Excitability and Nerve Conduction. In Myelin;

Springer: Singapore, 2019; pp. 123–144.
162. Li, Q.; Mathena, R.P.; Xu, J.; O’Rukevwe, N.E.; Wen, J.; Mintz, C.D. Early postnatal exposure to isoflurane

disrupts oligodendrocyte development and myelin formation in the mouse hippocampus. Anesthesiol. J. Am.
Soc. Anesthesiol. 2019, 131, 1077–1091. [CrossRef]

163. Chomyk, A.M.; Volsko, C.; Tripathi, A.; Deckard, S.A.; Trapp, B.D.; Fox, R.J.; Dutta, R. DNA methylation in
demyelinated multiple sclerosis hippocampus. Sci. Rep. 2017, 7, 8696. [CrossRef]

http://dx.doi.org/10.1016/S0896-6273(03)00228-9
http://dx.doi.org/10.1016/j.cell.2013.11.030
http://dx.doi.org/10.1016/j.celrep.2019.05.087
http://dx.doi.org/10.1186/s12868-016-0264-9
http://www.ncbi.nlm.nih.gov/pubmed/27193049
http://dx.doi.org/10.1016/j.immuni.2018.02.016
http://www.ncbi.nlm.nih.gov/pubmed/29548672
http://dx.doi.org/10.1038/s41419-019-1522-4
http://www.ncbi.nlm.nih.gov/pubmed/30962417
http://dx.doi.org/10.1523/JNEUROSCI.4790-14.2015
http://dx.doi.org/10.1016/j.bbi.2019.01.020
http://dx.doi.org/10.1016/j.immuni.2017.05.003
http://dx.doi.org/10.3389/fnmol.2019.00125
http://dx.doi.org/10.1186/s12974-018-1139-z
http://dx.doi.org/10.1016/j.neurobiolaging.2016.05.003
http://dx.doi.org/10.3389/fncel.2018.00243
http://dx.doi.org/10.1016/j.devcel.2015.01.016
http://www.ncbi.nlm.nih.gov/pubmed/25710531
http://dx.doi.org/10.1101/cshperspect.a020453
http://www.ncbi.nlm.nih.gov/pubmed/26492571
http://dx.doi.org/10.1523/JNEUROSCI.4094-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17978044
http://dx.doi.org/10.3389/fnbeh.2019.00233
http://dx.doi.org/10.1097/ALN.0000000000002904
http://dx.doi.org/10.1038/s41598-017-08623-5


Int. J. Mol. Sci. 2020, 21, 9514 25 of 26

164. Pedre, X.; Mastronardi, F.; Bruck, W.; López-Rodas, G.; Kuhlmann, T.; Casaccia, P. Changed histone
acetylation patterns in normal-appearing white matter and early multiple sclerosis lesions. J. Neurosci. 2011,
31, 3435–3445. [CrossRef]

165. Koreman, E.; Sun, X.; Lu, Q.R. Chromatin remodeling and epigenetic regulation of oligodendrocyte
myelination and myelin repair. Mol. Cell. Neurosci. 2018, 87, 18–26. [CrossRef]

166. Dai, J.; Bercury, K.K.; Jin, W.; Macklin, W.B. Olig1 acetylation and nuclear export mediate oligodendrocyte
development. J. Neurosci. 2015, 35, 15875–15893. [CrossRef]
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