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Abstract

The human brain represents a very complex network of synapses from about
85 billion neurons, which relay important functions of cognition besides other
cellular and molecular processes by a multitude of genes and mechanisms. The
epigenetic control occurring via changes in the modifications of the nucleosomal
components, with no alteration in the DNA sequences is broadly covered, with
respect to the alteration of cognitive traits. Normal aging processes occur with
the alteration in the activity of the prefrontal cortex and hippocampus and
with an increase in synaptic plasticity and neural circuitry. On the contrary,
accumulation of various mutations of the DNA by the reactive oxygen species
and other mitochondrial mutations accelerate the onset of brain aging with
the simultaneous eruption of neurodegenerative diseases and dementia. This
manuscript highlights modifications like DNA methylation, hydroxymethylation,
histone methylation, acetylation, regulation by BDNF and non-coding RNAs,

RNAs

with details about the epigenetic changes contributing to neurodegeneration.
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Introduction

There are about 86 billion neurons in the human brain, which
are from sets of large and small scale synaptic networks [1]. These
networks form structures that function as networks for learning and
cognition. There are a number of cellular and molecular mechanisms
that act as key players in learning and memory. The de novo
protein synthesis [2] is one such factor, which is under the control
of the expression of a multitude of genes. These genes are in turn
orchestrated by a wide array of mechanisms like the epigenetic ones
[3] exhibited via modifications of Histone components, nucleosomal
components, DNA and RNA molecules. Epigenetic processes are
defined as biochemical processes that regulate gene expression
without any alteration of the corresponding primary DNA sequence

[4].

This review deals with the molecular mediators of epigenomic
regulation, which mediate the phenotypic variability in complex
behaviors like cognition to be precise. It represents numerous findings
on the various histone modifiers particularly, DNA methylation and
other epigenetic components. It provides an overview of the status
of the field, with respect to both the practical and theory. Thus,
it highlights the celebrated the role of epigenetic mechanisms in
cognitive processes.

An overview of cognition

Cognition generally refers to the mental processes comprising
the gain of knowledge and the ability to comprehend the same. It is
a high-level function of the brain which encompasses the activities
of thinking, remembering, knowing, judging and problem-solving
using features like language, imagination, perception, and planning.
According to Neisser (1967), cognition mainly involves:

a)  Transforming sensory input

b) Reducing sensory information by means of selective
remembrances,

c) Elaborating the information to make it understandable,
and

d)  storing and recovering information upon requirement,
e) using the information in our actions

Normal age-related memory loss

A normal aged individual show some symptoms of cognitive
decline, which can be explained in two heads which are:

Altered activity of the prefrontal cortex and hippocampus:
In the normal aging human population, there is a tendency of the
reduction in the ability to recall verbal information [5]. Aging
normally reduces the working memory, short-term recall, also the
speed of information processing, as evident from a longitudinal
study performed on subjects aged between 20 to 60 years [6,7]. The
age-related memory loss across mammalian species also diminishes
spatial memory, as evident in aged humans [8] monkeys, dogs [9],
and mice [10]. However, normal aging does not affect the long-
term memory of life history, implicit memory, the tendency to
unconsciously respond to previously encountered information. Some
processes of cognition, like the emotions, improve with aging and
emotional stability is attained after the age of 60 due to changing the
physiology of the medial prefrontal cortex [11]. Since the activation
of the hippocampus is decreased in healthy aged adults, it diminishes
the ability to perform tasks which involve recalling of memories or
memorizing. Structurally, pathological memory loss is caused due
to a loss in the volume of the medial temporal lobes, especially, the
entorhinal cortex but in a normal age-related memory loss there is a
loss of volume of the pre-frontal cortex [12].
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Figure 1: Brain aging and damage to the DNA.

There is oxidative damage to the DNA due to the accumulation of the Reactive Oxygen Species (ROS) because of a mitochondrial dysfunction. In the young adult
brain, this DNA damage is efficiently repaired in the aged brain it keeps on accumulating. In the case of normal aging, this may be caused due to the silencing of
genes involved in synaptic plasticity, mitochondrial function, and protein trafficking. As a result, there is cognitive decline. However, this process may also induce
autophagy as recently reported in type 2 diabetic rats producing Extendin-4 that may provide neuro-protection against cognitive decline.

Loss of neural circuits and synaptic plasticity: There is
considerable loss of neurons of the neocortex and hippocampus
due to aging [13]. An aging hippocampus shows a considerable loss
of dendritic branching [14] in contrast to the dendritic branching
being variable in the prefrontal cortex [13]. The density of the white
matter of the prefrontal cortex and the anterior corpus callosum
is also considerably reduced as measured by the diffusion tensor
imaging [15]. It is supposed that with age, the frontal cortex create
compromised the integrated circuits of the prefrontal cortex,
hippocampus, and striatum [12]. Loss of the functional synapse can
be responsible for the decline in cognition with age, and density of
the synapse of the neurons of the frontal cortex show a significant
decline, as evident in humans [16], rats [17] and monkeys [18]. The
age-related synapse loss can be clearly seen in the dentate gyrus of
the hippocampus, which leads to a loss in the spatial memory [19].
In the rat hippocampus, an impairment of LTP maintenance and
induction show severe effects with them becoming susceptible to
long-term depression [20]. Synaptic plasticity essential depends upon
the regulation of neuronal calcium fluxes and calcium-mediated
signaling pathways. Alteration of the calcium homeostasis in brain,
therefore, might affect synaptic plasticity. The voltage-activated influx
of calcium is increased in the CAl neurons of the rat hippocampus
due to an increase in the L-type calcium channel [21]. The intra
neuronal calcium buffering capacity may get impaired due to an
altered calcium channel which may increase the free calcium levels
in the cytoplasm. The prefrontal cortex of the aging brain shows a
reduction in the expression of the mRNA of calbindin1 and signaling
proteins like calmodulin 1. These alterations in the expression of
the gene thus affect the calcium homeostasis and affect the synaptic
plasticity. Reduction in calbindin also makes the neurons more
vulnerable to toxic effects such as excitotoxicity, that may lead to
neurodegenerative disorders [22,23].

Accelerated Aging Syndromes
Accelerated aging due to faulty DNA repair

Normal age-related memory loss is differentiated from
pathological memory loss by the degree of impairment as well as
the rate of cognitive decline. Accelerated aging occurs with the

inheritance of mutations in DNA repair genes, leading to symptoms

called the segmental progeroid syndromes (Figure 1). They show an
accelerated onset of a group of human aging phenotypes that include
neurodegeneration [24].

When genes involved in single or double-strand DNA break
repair get mutated it result in cerebellar degenerative syndromes,
called ataxia, shown by disorders in movements. When a mutation in
the DNA helicases get inherited it results in Werner and Rothmund-
Thomson syndromes that accelerate aging without affecting the
function of the nervous system. RecQ-like helicases, upon mutation
cause syndromes like Xeroderma pigmentosum and Cockayne
syndrome with neurodegeneration, mental retardation, and delayed
psychomotor development [24]. A progeria-like syndrome is caused
due to a mutation in the XPF-ERCCI endonuclease repairs helix-
distorting DNA lesions. When mice were made deficient in ERCC1, it
recapitulates progeroid features and exhibits a gene expression profile
in the liver compared to that of normal aging mice, which suggest that
DNA damage may contribute to the aging process [25].

Mitochondrial dysfunction in aging

Numerous evidence suggests that progressive degeneration and
mitochondrial dysfunction accelerate the aging process. Particularly,
the aging of postmitotic tissues such as brain and muscle of the
cerebral cortex show degeneration in Alzheimer’s disease. The
neuronal cells are highly dependent on mitochondrial oxidative
phosphorylation to support energy-intensive ion fluxes and axonal
transport across long distances in the brain. There are two major
sites of mitochondrial damage during aging- the respiratory chain
enzymes and mitochondrial DNA [26].

Generation of reactive oxygen species: When the mitochondrial
respiratory complexes are inefficient in transporting electrons, it leads
to areduction in ATP synthesis and the superoxide radical generation.
Antioxidants like manganese superoxide dismutase, peroxiredoxins,
and redox reactions mediated by cytochrome C and cytochrome
oxidase are the scavengers for reactive oxygen species. With age,
this capacity of ROS scavenging becomes ineffective resulting in the
accumulation of local oxidative damage to mitochondrial proteins
and DNA. Additionally, hydrogen peroxide is generated by the action
of superoxide dismutase on superoxide radicals in mitochondria.
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Upon diffusing and interaction with transition metals, this hydrogen
peroxide is converted by the Fenton reaction to the hydroxyl radical.
Elevation in the levels of redox-active iron accumulating in the
mitochondria of the brain leads to aging of the brain and several
neurodegenerative diseases [27].

Mitochondrial DNA mutations: When the mutation of the
mitochondrial DNA gets inherited in the mitochondrial DNA, a
decreased mitochondrial base excision repair cause mutations to
accumulate in control regions to later impair the transcription and
replication of mitochondrial DNA [28] leading to the reduction of the
activity of respiratory chain enzymes [29].

The DNA damage gets partially reversed by vitamin E, which
suggests a role for ROS generation. Thus, impaired mitochondrial
function lead to nuclear DNA damage reduce the expression of
nuclear-encoded mitochondrial genes, finally setting up a deleterious
feedback loop in the aging brain.

Gene Expression and Animal Models of

Aging

The biological basis of cognitive decline with aging is not yet fully
understood because, in human subjects, aging is a cumulative effect
of numerous age-related disease conditions. Hence, for correctly
dissecting the entire biological basis, we need to rely on animal
models. As a result, there has been an emergence of useful findings
via microarray studies, made in all groups of model organisms like
Caenorhabditis elegans, Drosophila, mice, rats, chimpanzees, and
humans. To understand the effect of transcription on aging the
model of choice is Caenorhabditis elegans [30,31] and Drosophila
[32,33], while to study functions specific to the brain, mice [34,35],
rats [36], chimpanzees [37] and humans [37,38,39] are used.
These studies expose a few aspects about changes occurring due
to aging, wherein specific biological processes get altered due to
aging more predominately rather than dysregulation of genome-
wide transcription. Also, there is an incidence of age-related stress
response genes and subsequent dysfunction of the mitochondrial
genes contributing to increased stress. Point mutations in genes like
gene mutations superoxide dismutase and p66shc in Drosophila are
found to enhance the lifespan, providing resistance to oxidative stress
[29,40,41,42]. In mice, restriction of calories causes an increase in
lifespan with increased resistance to oxidative stress in the brain [43].

This means that oxidative stress is a pivotal cause for brain aging.

Only 4% of the frontal cortex genes in the aging brain of human
subjects (from 26 to 106 years) have been found to express via
transcriptional profiling [38].

Furthermore, expression of age-related genes undergoes alteration
apparently only in the middle age only after surpassing the 70 years of
age. The genes controlling synaptic functions like mediating memory
and learning undergo down-regulation. The glutamate receptor
subunits, synaptic vesicle proteins and member carrying out the
signal transduction leading to Long Term Potentiation, are some of
such members who are the worst affected.

Apparently, the synaptic calcium signaling system gets affected
with a reduced expression of calmodulin 1 and 3, CAM kinase Ila’
and IV, calcineurin Ba’, and multiple protein kinase C isoforms.

Other age-downregulated genes comprise the ones participating in
vesicle-mediated protein transport and mitochondrial function.

The largest categories of genes that undergo up-regulation with
age are the stress response genes, including the ones responsible for
DNA repair, antioxidant defense, and immune function. Studies
in the cortical areas of the brain, particularly the cerebellum and
caudate showed that changes with aging mainly comprised a
reduction in synaptic function as found in the rat hippocampus,
which leads to cognitive impairment [36,37]. Thus, to sum up, it
signifies that with aging, the higher order cognitive functions of the
mammalian brain get considerably compromised. Studies pertaining
to the Alzheimer’s Disease (AD) using microarray studies correlate
the expression of the genes to a number of pathological markers
like the upregulation of signaling and tumor suppressor genes and
downregulation of protein folding, metabolism, and energy-related
genes [36]. The results obtained after profiling several affected brain
regions showed that VPS35, the retromer trafficking gene correlated
with the spatiotemporal pattern as seen in AD [44]. Targeting small
interfering RNAs against VPS35 in cell culture studies show that
VPS35 probably cause the regulation of the A peptide. A transgenic
mouse model expressing AD-linked Amyloid Precursor Protein
(APP) and presenilin-1 variants has proven to show specific changes
like a reduced cortical AP levels and amyloid deposits, when the
mice is kept in an environment with upregulated genes for synaptic
plasticity, neurogenesis, neuronal survival, and AP degradation [45].
Histone deacetylases silence the genes responsible for memory and
synapse formation. In the p25/cdk5 mouse model, Inhibitors of
Histone deacetylases are found to correct activate the silenced genes,
therefore, correcting neurodegeneration [46]. This suggests that there
must be genes linking cognition with neuro-degeneration.

Role of Epigenetic Markers in Age-Related
Cognition Loss

The methods that have unraveled

epigenetics

the wunderlying

Epigenomics involve the identification of features of the DNA
sequence that produce epigenomic processes. Such identification is
complex, involving multiple steps, with molecular experiments as
well as bioinformatics analyses to create large-scale databases.

The International Human Epigenome Consortium is engaged
in identifying the cytosine methylation component between various
cell types, amongst various cells and tissues. It provides a detailed
glimpse of CpG methylation in about 30,000 human genes using 200
cell types [47]. The Human Roadmap Epigenomics project compiles
and analyzes a total of 127 reference human epigenomes [48] and raw
data, comprising basic DNA sequences, DNA methylation sites, and
mRNA levels, after examination in peripheral blood and brain, besides
other tissues. A database called Braincloud comprises genomic,
epigenomic and transcriptomic data collected from different stages of
development, with data for the prefrontal cortex presently annotated.

Studies of epigenetic mechanisms rest on the proper selection of
cell types and tissues since epigenetic marks vary between cell types
and tissues. Keeping this in mind, to unravel the role of cognitive
processes in the brain we need to focus only on the brain tissues.
With a complete dearth of human subjects (except for the samples
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Figure 2: Methylation of the DNA.
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(A) The DNA is present in the nucleus in a tightly wrapped form around an octamer of highly basic histone proteins to give rise to chromatin. Various epigenetic
modifications take place at histone tails or directly at DNA. (B) DNA methylation occurs at cytosine bases when a methyl group gets added at the 5’ position on the
pyrimidine ring by a DNMT. (c) DNMTs may initiate a de novo DNMTs methylation of the non-methylated cytosines, or maintenance DNMTs may methylate the
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from the post-mortem or surgical tissues), studies such as these are
becoming even more difficult. Studies using saliva samples state that
DNA methylation correlates to 0. 90 for blood-brain [49,50]. Even if
there are various regions of methylome, in various tissues, the largest
methylation differences are found within or near genes related to
tissue differentiation, particularly neurogenesis and hematopoiesis
[51]. Use of such tissues and cells are therefore more replete for
studying the epigenetic regulation of cognitive traits. For the first
time, a significant study in methylation patterns was observed for
the CG-rich promoters across genes [51]. Later studies have made a
comparative analysis of methylation pattern between blood and saliva
[53] to find out that methylation of DNA showed more resemblance
to brain tissues in case of saliva rather than blood [54].

Genome methylation has been earlier postulated as an epigenetic
regulator [54,55]. As a result, there have been several methods for
studying DNA methylation and histone modification throughout the
genome [56].

Restriction Landmark Genomic Scanning (RLGS) is a premier
technique for analyzing genome-wide epigenetic patterning [57]
using a combination of restriction enzymes, specific to DNA
modifications. RLGS cuts the DNA, labeling it with a radioactive
isotope for the detection of methylation differences at restriction sites,
via two-dimensional gel electrophoresis. The radiation produced by
the radioactive labeling exposes the film, in regions where fragments
have migrated during electrophoresis. The autoradiographs from
the methylated and unmethylated DNA are compared to reveal
any changes in the film. Thus, deviations from normal expression
are easily detected. It has been found to be exceptionally useful in
deciphering hypomethylations and hypermethylation in tumors
and also in understanding changes in the methylome during the
development of the organism. This technique is tedious but sensitive
and has resulted in identifying several imprinted genes [57,58].

Subsequent to this technique, several techniques have been

devised, which relies on the enrichment of the genome fraction and
polymerase chain reaction for amplification. The inter-methylated
sites [59] are amplified using the methylation-sensitive Sma I
(Serratia marcescens) restriction enzyme, while the amplification
of a methylation target array by cutting with an enzyme sparing the
CpG-rich sequences followed by the use of a methylation-sensitive
enzyme such as BstU I or Hpa II. Recent technologies overcome
all the limitations by using a combination of cell types as the DNA
source, to identify the CpGs undergoing methylation from a mixture
of methylated/unmethylated patterns [60]. Other technologies utilize
the deamination of unmethylated cytosines with sodium bisulfite
and the enrichment with targeting antibodies [61,62]. The high-
throughput methods to characterize DNA methylation in the central
nervous system include the whole-genome bisulfite sequencing, ten—
eleven translocation (TET)-assisted bisulfite sequencing, reduced
representation bisulfite sequencing, and affinity enrichment based
(e.g., MeDIP-Seq).

To analyze the chromatin composition, in terms of Histone
composition, chromatin immunoprecipitation (ChIP) is used. It
has been found very useful in whole-chromosome oligonucleotide
microarray, particularly in identifying transcription factor binding
sites [63,64] like the CpG islands [65,66,67] and genomic promoters.
Currently, the study of chromatin marks across the entire genome
is done by ChIP-Seq, which can sequence the methylome across all
the development stages [53]. To study the non-coding RNA, isolation
and genotyping or sequencing of small ncRNAs (e.g., microRNAs) as
well as long ncRNA is done to understand its role in gene activation,
silencing and post-transcriptional gene regulation. The very fact
that change in histone modifications and DNA methylation in
CNS constitute the formation of memory and manipulating such
modifications in experimental animals lead to alteration in memory
strongly support the proposition that epigenetic code is deeply
rooted in the processes of learning and memory. Memory associated
genes like the band, reelin, zif268, PPI, arc, and calcineurin, get
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epigenetically modified on exposure to an array of responses
pertaining to memory and learning. The ultimate challenge that lies
ahead for future studies is to determine the comprehensive fashion
in which DNA methylation and chromatin remodeling at the level
of an individual cell gets regulated and translated with subsequent
alteration in the function of the neural circuit during learning and
acquiring memory.

Epigenetic markers for cognition

DNA methylation: DNA methylation has been proven to be
involved in the execution of multiple processes, such as chromosomal
inactivation [68], genomic imprinting [69], silencing of the
transposable element and embryonic stem development [70]. DNA
methylation occurs when DNA undergoes a covalent alteration via the
family, DNA methyltransferases that are involve in the catalysis of the
methyl group transfer from S-adenosyl methionine to DNA. Mammals
possess five DNMTs - DNMT1, DNMT2, DNMT3a, DNMT3b, and
DNMTS3L, out of which only three possess the methyltransferase
activity namely, the DNMT1, DNMT3a, and DNMT3b. The DNMT1
helps in the sustenance of the methylation after the process of DNA
replication [71], such that this epigenetic mark gets inherited in the
next generation of the cells. DNA methylation at the fifth position
carbon within the cytosine pyrimidine ring is supposing the most
well-known epigenetic modifications. The mammalian DNA gets
methylated at the promoter regions at the CpG dinucleotides within
the genes [72] (Figure 2). In the recent studies, a relatively high
amount of non-CpG methylation has been found to occur [73]. A
genome-wide study implicated that DNA methylation occurs at
different developmental stages in the neurons and glial cells of mice
and humans [74]. On the other hand, no-CpG, CH methylation is
dominant in the neurons through early childhood and adolescence,
gaining more prevalence in the mature neurons. The on-CpG
methylation has been proven to be critical in the differentiation of the
neurons hence they can effectively predict the subtype-specific gene
expression of the neurons compared to their GABAergic interneurons
and glutamatergic projection counterparts [75]. Studies that
implicated the role of DNA methylation in cognition occurred only
in the later years after 2000 [76], where Miller and Sweatt had shown
that rats exposed to learning through the Pavlovian fear conditioning
paradigm showed an up-regulated expression of de novo mRNA of
DNMT3a and DNMT3b in hippocampus. This correlated with the
increased DNA methylation of the protein, phosphatase 1 and the
genes, reelin - within an hour of the training. The DNA methylation
is dynamic in nature and is restored to the normalcy after 24 hrs of
the training [76]. DNA methylation has also been found to be related
to the expression of the gene, Bdnf, occurring within 2 hr after the
training, however, this difference in DNA methylation did not exist
after 24 hr [77]. DNMT inhibitors like 5-aza-20-deoxycytidine
or zebularine can be used to inhibit DNA-methylation [76] via
injection into the hippocampus [77]. It gives an indication that DNA
methylation in the adult brain is intricately related with actions
constituting new memory via learning and is quite dynamic in nature
[46]. The importance of DNA methylation in memory formation
also emerges recent studies made on amygdale where it has been
demonstrated that the proximal promoter methylation of the human
serotonin transporter gene causes a variability of 6.7%-10.4% in the
activity of the amygdala in response to threat [78]. Interestingly, the

DNA methylation in blood and saliva seemed to be constant and the
difference was observed in adolescence and adulthood. This clearly
implied that a cross talk existed in the cell culture system and in vivo
model where the maternal behavior of the rat induced the epigenetic
programming in the offspring’s glucocorticoid gene promoter in the
hippocampus [79].

DNA hydroxymethylation: Hydroxymethylation of DNA occurs
when there is an attachment of a hydroxymethyl group to 5-cytosine.
Initially described in the 1970s [80] it was taken into consideration
much later [81] when 5hmC’s presence was reported in the cerebellar
neurons. The TET proteins were discovered in mammals and their
capacity to convert 5mC to 5hmC was then acknowledged [82]. It was
proposed that the DNA undergoes methylation by the TET proteins
(TET 1-3) via the conversion of 5mC to 5hmC. It would then mediate
DNA demethylation by getting converted to 5-formylcytosine and
5-carboxylcytosine [83] Current studies implied that TET1 has a
role in regulating neuronal activity [84]. The methyl-CpG binding
protein 2 (MeCP2) proteins [85] is one of the protein readers of
5mhC, which is involved in chromatin and transcriptional regulation
through binding to 5mC. Hydroxymethylation is pronounced in
25%-40% of modified CG dinucleotides in the frontal cortex and
cerebellum [86]. TET proteins are usually expressed in the adult
brain [87,88]. Analyzing the whole-genome for the dynamics of
5hmC during the development of the mammalian brain has shown
that there are active genomic regions in the adult and fetal mouse
brain [74]. The absolute levels of hmC in the fetal brain is much low
but in adult patterns, they form the neurons and astrocytes which
highlight that hydroxymethylation has a developmental role to play
[81]. TET1 has been proved to increase transcriptional flexibility via
hydroxymethylation, which transcriptionally regulates cognition
[81]. The mRNA levels of TET1 and TET3 apparently change when
neuronal activity occurs [84]. Hydroxymethylation studies have been
performed in very few model organisms but strongly prove that
5-hydroxymethylcytosine is indeed a result of the DNA demethylation
[84,89]. The events of hydroxymethylation help in transcriptional
regulation as well as for bringing about long-term changes in the
status of the cell and allow heredity of those traits [90,91].

Histone methylation: Methylation of Histone is brought
about by the counteracting activity of the players Histone Methyl
Transferases and Histone Demethylases. It varies from Acetylation
such that in the former, the lysine residues of histones undergo
mono-, di-, or trimethylations and that effect of such changes on the
transcription can vary based on the position of the lysine residue of
the Histone tail that gets altered [92]. Immense numbers of studies
show Histone methylation to be involved in neuronal plasticity and
cognitive functions. The most predominate ones are involved with
H3K4 trimethylation that activates gene promoters.

More than 10 different enzymes are found to catalyze this activity
[93]. Fear conditioning activity in rodents has the maximal increase
in H3M4me3, where their levels along with the levels of me2 show
a correlation with the expression of the glutamate receptors in the
human brain [94]. Mutant animals with impaired H3K4 HMTs
show a loss of memory [95,96] which may be due to the deregulation
of genes related to learning and H3K9 acetylation [96] Histone
methylation has a critical role but the direction in which it executes
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Figure 3: Epigenetic regulation of Bdnf gene for cognition in rodents.

BDNF performs epigenetic regulation of cognition in rodents. MeCP2 acts as the transcriptional repressor of the Bdnf gene. The BDNF gene promoter IV bears
specific sites for CREB binding that remodels the chromatin. The phosphorylation of the fourth promoter leads to the dissociation of the MeCP2 and increase the
transcription of the Bdnf gene. Additionally, HDACS is also involved in the regulation of the Bdnf gene.

Bdnf
transcription

them is very heterogeneous as evident from experiments with HMTs.
The very scarce data for demethylases, however, suggest that they
have a close relation to cognition [97]. Although much needs to be
studied further in this regard.

Histone acetylation: Histone acetylation occurs due to the
addition of a negatively charged acetyl group to lysine residues on
a histone protein. It reduces the affinity between the positively
charged residue and negatively charged DNA [98] and also causes
the chromatin to open for translational activities. The acetylation of
H2BKS5, H3K14, H4K5, and H4K12 has been found to be effective
in cognition [99,100]. Histone acetylation is executed by Histone
Acetyltransferases (HATSs) that catalytically adds acetyl group,
while HDACs counteracts the activity by removing the acetyl group.
The HATs and HDACs have subfamilies like the Gen5-related
N-Acetyltransferases (GNATs), the MYST (includes the MOZ,
Ybf2, Sas2, and Tip60), the p300/CREB-binding protein histones
(p300/CBP), the zinc-dependent Classes L, II, and IV, and the NAD-
dependent Class IIT [101].

In the 1970s, studies showed that histone acetylation gets
altered during memory consolidation in rats. Histone acetylation
gets intensified after a neuronal activity, which promotes changes
in the expression of the genes causing long-term synaptic plasticity
and memory [102]. Initially, histone acetylation has been found
to get initiated as a result of a number neuronal activity, like the
neurotransmitter pathway stimulation by agonists specific to the
receptor [103], neuronal depolarization mediated by potassium
chloride [104], and, the mitogen-activated protein kinase pathway
activation, via direct [105] or indirect cross-talk with other types of
histone modification [106]. Histone acetylation causes the promotion
of along-term synaptic plasticity. Histone Acetylation has been found
to be related to long-term facilitation which increases the histone
acetylation in the genes related to LTF and in genes responsible for
long-term depression, histone acetylation is reduced. When H3 and
H4 acetylation gets intensified at the promoter regions of the rodent
gene, Bdnf, [105] it induces long-term potentiation [107].

Histone acetylation apparently is also associated with the
formation of memory, as is seen in the case of Bdnf whose expression
increases with Acetylation [108]. Histone acetylation excites positive
reciprocal processes, causing the modulation of gene expression, and
subsequent modification of the histones [102].

About 11 of the mammalian HDACs called zinc-dependent
HDACs, need Zn2p ion as a cofactor [109,110]. All HDAC genes are
usually expressed in an adult brain [111] and a related to cognition.
But very less is known about the role of NAD-dependent Class IIT
HDAC:s, known as sirtuins in cognition. The zinc-dependent HDACs
include Class I (HDACI1-HDAC3 and HDACS), Class Ila (HDAC4,
HDACS5, HDAC7, and HDACY), Class IIb (HDAC6 and HDACI0),
and Class IV (HDACI1). For example, Class I HDACs 1-3 are
negatively associated with learning and memory [108,112,113].
HDACI has been found to be involved in memory extinction [114]
and HDAC2 and HDAC3 in memory constraints [115]. HDAC2
has an evident decrease in expression of Histone Acetylation, which
is seen in Alzheimer disease and aging [116]. Limited evidences
suggest that Class Ila HDACs 4, 5, 7, and 9 are involved in cognition
[102], with HDAC4 and HDACS5 [49,115,117] being more prevalent
than HDAC7 and HDAC9. A downregulation of HDAC4 in adult
mice brains is associated with memory formation and plasticity
impairment [118].

The Haploin sufficiency of HDAC4 is also responsible for a
disabled intellect. On the contrary, there are about 18 mammalian
HATSs grouped in families of the GNAT, the MYST, and the p300/
CBP; and many other HATs that cannot be grouped. There are
various nonspecific histone deacetylase inhibitors, like trichostatin A,
suberoylanilide hydroxamic acid, sodium butyrate, phenylbutyrate,
and valproic acid that have been studied on understanding more
about learning and memory in mice and rats. They have given
conclusions that if treatments are given using these inhibitors; they
can help to cure the different cognitive deficits like traumatic brain
injury, neurodegeneration and targeted mutations [81]. All such
evidence clearly cites that they are very much essential players in the
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modulation of learning and memory.

BDNF gene regulation: BDNF is a small secreted protein that
belongs to the neurotrophin family of growth factors which helps in
establishing LTP, helping in sustaining neuroplasticity [119,120,121].
BNDF is well-known for its role in general neural development.
There is an in-vitro connection between neuronal depolarization
and hypomethylation within the transcriptional regulatory region
of the BDNF gene with subsequently increases the BDNF mRNA
expression [122]. This acted as a foundation stone for dissecting the
role of DNA methylation as a potential mediator of transcriptional
regulation mediated by the neuronal activity within the CNS. Thus,
was established the hypothesis of epigenetic dynamic regulation
which also stated that transcriptional control by BDNF was essential
for synaptic plasticity.

The evidence for the epigenetic regulation of BDNF was
exposed via studies made on the rodent subjects [123], where it was
demonstrated that MeCP2 represses the transcription of Bdnf gene
[124,125]. In rodents and humans, the BDNF gene bears multiple
promoters that orchestrate transcription orchestrating transcription.
The fourth promoter of Bdnf, responsible for cognitive processes [92],
bears specific sites of binding for CREB, which also play a part in the
remodelling of chromatin [65]. The phosphorylation of the fourth
promoter increases the transcription of the Bdnf gene and dissociates
the MeCP2 (Figure 3). The HDACIljoins with Sin3a, causing the
Bdnf gene to remain in a repressed state of transcriptional activity
[122]. The DNA demethylation of Bdnf promoter IX due to neuronal
activity is reported to increase the neurogenesis in the hippocampus
[126]. BDNF is a well-known neuroplasticity mediating agent which
has been proven to cause the stimulation of neurons bearing them.
This, in turn, leads to the nitrosylation of HDAC2 on cysteine (C) 262
and C 274, histone hyperacetylation, and a consecutively an increase
in neurotrophin-dependent gene expression [127]. The BDNF gene
expression gets intensified when neuronal activity drives the calcium-
dependent derepression by MeCP2. BDNF gets negatively regulated
by HDAC2 which proves that a positive-feedback loop is formed
between HDAC2 and BDNF due a sudden increase in the neuronal
activity. Such activities lead to the expression of the genes due to
histone acetylation. This can, therefore, also lead to a change in the
synaptic strength and thus affect learning.

Non-coding RNAs: Non-coding RNAs represent two classes of
RNAs, one below the length of 200 nucleotides referred to as small
and above 200 bases, referred to as long. The brain houses an array of
numerous ncRNAs varying in diversity and prominence [128].

The miRNAs are most extensively studied group of ncRNAs,
which are 12-22 at long that catalyze gene silencing by binding to
a target messenger RNA. This RNA, in turn, stimulates either its
degradation or the inhibition of protein translation and thus, the
protein homeostasis is regulated [129]. There is a doubt whether
ncRNAs should be viewed as one of the epigenetic players, but
there are many pieces of evidence to support this proposition
[130]. In certain neurons, specific miRNAs regulate a number of
target genes via controlling their protein secretion, like in the case
of miR-134 which has been found to negatively regulate the size of
dendritic spines. The miR-134 inhibits the mRNA of Limkl, a protein
kinase that controls spine development via processes like mRNA

trafficking. miR-134 is also believed to regulate neuronal plasticity.
miR-134, when over expressed in the hippocampus C1 area, leads to a
significant long-term memory impairment using the contextual fear
conditioning model. On the other hand, a reduction in miR-134 in-
vivo leads to an increased memory function.

miRNAs are proven to be important regulators of synaptic
plasticity [131,132,133] and memory consolidation, as seen in
regulation of the cyclic- AMP-responsive element-binding protein
(CREB) in serotonin-induced synaptic plasticity [134,135]. The
maturation of miRNA requires Dicer, so miRNA may act as a
molecular brake to the formation of memory and may be essential for
maintaining neuronal homeostasis.

Long noncoding RNAs (IncRNAs) have an important role
in neural development and functioning. They have been found
capable of inducing hypomethylation in gene promoters, to regulate
the expression of the gene [136]. Recent studies have shown that
BC048612, a long ncRNA, which is co-regulated with miR-203
control the expression of neuronal growth regulator 1 (NEGR1)
cell adhesion protein in neurons [137]. The expression of IncRNA
increases NEGR1 during early maturation of the neurons, exerting the
regulatory control being “passed to” the miRNA during later stages
to fine-tune the expression of NEGR1. Therefore, ncRNAs present a
very promising molecule for dissecting the brain organization of gene
expression pertaining to cognition.

Epigenetic players in neuro-degeneration: The clinical studies
pertaining to neurodegeneration provide ample evidence about
dissecting the role of epigenetic mechanisms in cognition and
learning. Developmental disorders include the Rubinstein-Taybi
Syndrome (RTS), Rett Syndrome (RT), and Kabuki Syndrome (KS)
and neurodegenerative disorders, include the Huntington disease
(HD) and Alzheimer’s disease AD [138].

RTS, an autosomal dominant condition [139] caused by
mutations in the histone acetyltransferase, CBP/KAT3A or EP300
[140]. It affects 1 in 125,000 to 1 in 720,000 births. It is characterized
by anatomical abnormalities and the subjects have severe intellectual
disability.

RTT is an X-linked dominant developmental disorder caused
by mutations in MeCP2 [141,142,143]. It shows a symptom of
developmental regression, such that development progresses normally
until 6-18 months, but suffers severe developmental stagnation with
microcephaly, hypotonia, weight loss, and severe mental retardation
[144,145,146).

KS is a developmental disorder occurring in almost 1 in 32,000
newborns [147] due to mutations in the gene, lysine-specific
methyltransferase 2D, MLL2or KMT2D on the chromosome 12q13.
It is characterized by the presence of pale, chalky facial skin, bodily
dysmorphology, developmental delay, intellectual disability, and
microcephaly, hypotonia, and nystagmus or strabismus.

HD is an autosomal dominant, progressive, neurodegenerative
disorder. The affected individuals have phenotypes like chorea, lack of
coordination, cognitive decline, dystonia and behavioral difficulties.
There is a progressive, selective neural cell loss and atrophy in the
caudate and putamen [148].

Submit your Manuseript | www.austinpublishinggroup.com

Gerontol Geriatr Res 3(1): id1030 (2017) - Page - 07



Bhadra U

Austin Publishing Group

Alzheimer’s disease, a neurodegenerative disorder, represents
progressive dementia in the elderly individuals. It is a characterized
by the formation of amyloid-beta plaques, neurofibrillary tangles,
and severe neuronal loss in the brain, leading to dementia [138]. It
may have a familial onset of about 5%, which occur early or may have
late onset form comprising about 95%, occurring due to a genetic
and environmental risk factors [149]. Recent studies have shown
that multiple epigenetic mechanisms like histone acetylation, DNA
methylation, and ncRNAs have [150] biological relevance to the
manifestation of the latter forms of AD and can help in designing
novel therapeutic for AD.

Epigenetic control of cognition by autophagy: Autophagy
involves the self-digestion strategy for maintaining the cellular
homeostasis and viability when subjected to nutrient and energy-
related stresses [151,150,152,153]. A dysregulation of autophagy
is often the root of ailments such as cancer and neurodegenerative
diseases [154]. Previous works have suggested that autophagy is but
a cytoplasmic event but recent studies unfolded that the process of
autophagy is under the stringent epigenetic and transcriptional
control occurring in the nucleus of the cell [155]. Studies point out
that histone modifications by CARM1 H3R17 methyltransferase [156]
G9a H3K9 methyltransferase [157], EZH2 H3K27 methyltransferase
[158], SIRT1 H4K16 deacetylase and hMOF H4K16 acetyltransferase
[159] are critical regulators of autophagy.

Any damage to the intracellular machinery requires degradation
by the ubiquitin-proteasome system or the lysosomal/autophagic
pathway [152] to prevent its accumulation. The conventional
method of autophagy is a highly non-selective intracellular
pathway to respond to stress. The deregulated autophagy in the
case of Type 2 Diabetes or Alzheimer’s Disease is the result of the
accumulation of neuropathological markers like the neurofibrillary
tangles (NFTs) and amyloid plaques in Alzheimer’s disease
[160,161,162]. The accumulation may also be a result of aberrant
clearing of dysfunctional mitochondria, endoplasmic reticulum,
protein aggregates and lysosomal defects affecting the chaperone-
mediated autophagy [162]. The induction of autophagy requires a
number of conserved metabolites such as mTOR and 5" adenosine
Monophosphate-Activated Protein Kinase (AMPK), that are also
active links to the insulin/IGF-1 intracellular signaling [163].
Autophagy is found to be repressed in situations of a decreased
AMPK to normal aging, Type 2 diabetes, and Alzheimer’s disease.
As the result the protein clearance pathway gets blocked causing
accumulation of misfolded or aggregated proteins in pancreatic {3
cells in case of Type 2 diabetes or in neurons in case of Alzheimer’s
disease [164,165,166] cause the progression of the respective
diseases. This makes Type 2 diabetes central to neurodegenerative
disorders due to increased insulin resistance in the brain, glucose
dysmetabolism, autophagic alterations, neuronal death and cognitive
impairments [167,168,169]. Experiments have shown that if brain
cortical GLP-1 level and insulin level in middle-aged Type-2 diabetic
rats are maintained via subcutaneous doses of Exendin-4 to activate
the PKA and PI3K/AKkt signalling, it results in autophagy, which will
help in the clearance of misfolded/ unfolded proteins and damaged
organelles to give protection against cortical injury to the brain due
to Type-2 diabetes. It can cure long-term complications pertaining
to cognitive impairment and neurodegeneration due to Alzheimer’s

disease. Thus, it clarifies that autophagy acts a housekeeper to clear
off the accumulated dysfunctional proteins, organelles and therefore
protects the brain cortical tissues and neurons from damage and
delays the onset of aging.

Conclusion

In spite of the enormous diversity of the data and findings
achieved so far, the crucial evidence related to the importance of the
development of epigenetic mechanisms, its manifestation in subjects
and degeneration of cognitive functions is still unclear. Epigenetic
regulations of cognition, at the macroscopic level, are significant.
There is all evidence obtained mainly from studies performed
on animal models with very less data on human subjects. All the
animal model studies utilize the tissues of the brain as a substance of
cognition to understand the mechanism of regulation which is not
possible with humans. Certain mechanisms are performed on the
post-mortem tissues, however, to understand mechanisms having
a time scale; it remains uncaptured in such tissues. It also becomes
impossible to establish the developmental patterns in the functioning
of the epigenome, in mapping the alterations in the neural circuits to
support behaviors related to cognitive development and processing.
The scientific community must become aware of the methodological,
statistical, and interpretational issues that are associated with
epigenome- wide association studies approaches. But still much is left
to get revealed in this field.
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