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Abstract

Learning and memory are two of the fundamental cognitive functions that confer us the ability to
accumulate knowledge from our experiences. Although we use these two mental skills continuously,
understanding the molecular basis of learning and memory is very challenging. Methylation
modification of DNA is an epigenetic mechanism that plays important roles in regulating gene
expression, which is one of the key processes underlying the functions of cells including neurons.
Interestingly, a genome-wide decline in DNA methylation occurs in the brain during normal aging,
which coincides with a functional decline in learning and memory with age. It has been speculated
that DNA methylation in neurons might be involved in memory coding. However, direct evidence
supporting the role of DNA methylation in memory formation is still under investigation. This
particular function of DNA methylation has not drawn wide attention despite several important
studies that have provided supportive evidence for the epigenetic control of memory formation. To
facilitate further exploration of the epigenetic basis of memory function, we will review existing
studies on DNA methylation that are related to the development and function of the nervous system.
We will focus on studies illustrating how DNA methylation regulates neural activities and memory
formation via the control of gene expression in neurons, and relate these studies to various age-related
neurological disorders that affect cognitive functions.
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1. Introduction

Learning and memory are two cognitive functions through which we acquire new knowledge
and store the learned information over time. There are both gains and losses in cognitive
functions with increased age. Cognitive gains mainly refer to the accumulation of knowledge
and information, whereas cognitive losses are usually exemplified by the reduced efficiency
or impairment of cognitive activities in the elderly. Considering the prevalence and
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socioeconomic burden of several major age-related neurological disorders such as Alzheimer’s
disease, the age-dependent loss in cognitive functions has received an increasing amount of
attention for investigations into the underlying causes. Among the fundamental questions to
be addressed, understanding the molecular basis of learning and memory formation remains
to be a challenging area of study, although such knowledge will be imperative for the ultimate
understanding of how the aging process influences cognitive functions.

Long-term potentiation (LTP) was first described as a form of synaptic transmission in the
hippocampus (Bliss and Lomo, 1973). It is now widely accepted that LTP is an enduring form
of synaptic plasticity underlying learning and memory. The N-methyl-o-aspartate (NMDA)
receptor-activated LTP is one of the best-understood forms of LTP. An antagonist of the
NMDA receptor, (6)-2-amino-5-phosphonovaleric acid, can block amygdaloid LTP induction
and thus impair the expression of conditional fear (Kim et al., 1993; Lee and Kim, 1998), which
further supports the view that LTP mediates learning and memory. LTP can be divided into
two phases: an early, protein synthesis-independent phase (E-LTP) that lasts for a few hours;
and a late, protein synthesis-dependent phase (L-LTP) that lasts from days to months (Huang
et al., 2004; Nguyen and Kandel, 1997). L-LTP is believed to result from pronounced
strengthening of the postsynaptic response largely through the synthesis of new proteins. These
proteins include glutamate receptors, transcription factors, and structural proteins that enhance
existing synapses and form new connections. However, more experimental evidence is needed
to support this view. Based on the length of retention in the brain, memory can be categorized
into short-term memory (STM) and long-term memory (LTM). STM is a limited-capacity
memory system that holds information in awareness for a brief period of time. STM is often
conceptualized as ‘working memory’ that processes information for transfer to LTM.
Formation of LTM often requires a repetitive or intensified process of neural activity that is
referred to as the ‘consolidation’ process. Existing evidence suggests that STM formation does
not require protein synthesis but the modifications of existing proteins, whereas LTM
formation depends on new RNA or protein synthesis (Huang et al., 1994; Nguyen et al.,
1994). The medial temporal lobes of the brain are consistently identified to be involved in the
creation of LTM (Yonelinas et al., 2002).

The function and behavior of neurons, like any other types of cells, are ultimately determined
by the genes expressed in them. Synaptic connectivity among neurons serves as the physical
basis for memory formation, which often entails gene products (mRNA or protein) from a vast
number of neural activity-related genes. The molecular basis of synapse-dependent LTM
formation can thus be understood by studying the regulatory mechanisms of gene expression
in the neural network. Indeed, both transcription and translation have been implicated as
important mechanisms underlying the formation of LTM that involves many signaling path-
ways and the regulation of numerous genes (Roberson and Sweatt, 1999; Squire et al., 1975).
A recent bioinformatics study shows that consolidation of long-term contextual memory in the
hippocampus triggers altered expression of numerous genes encompassing many aspects of
neuronal function (Levenson et al., 2004a). Classical studies of gene regulation focus on
identifying regulatory DNA elements and their interacting transcription factors. In the past two
decades, epigenetic modifications of genes and their chromatin environment due to DNA
methylation have been recognized as a major player in regulating gene activities. This also
highlights the importance of the epigenetic hypothesis that proposes the pattern of DNA
methylation in neurons being an integral part in memory coding (Holliday, 1999, 2004).

Epigenetic mechanisms play important roles in normal development. DNA methylation and
histone modifications are two of the most extensively studied epigenetic mechanisms. They
regulate gene expression via reversible and dynamic chromatin remodeling processes. The
importance of epigenetics, however, was not recognized until the recent two decades following
the observation that abnormal DNA methylation events are associated with cancer (Feinberg
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and Vogelstein, 1983). Since then, cancer epigenetics has drawn extensive attention with a
focus on DNA methylation studies (Jones and Laird, 1999), which subsequently leads to the
study of another major epigenetic regulatory mechanism via posttranslational modifications
of histone proteins (Landsberger and Wolffe, 1997). Initial studies of chromatin remodeling
were focused on histone acetylation (Brehm et al., 1998; Magnaghi-Jaulin et al., 1998), a
reversible biochemical process that confers either open or condensed chromatin conformations
to alter gene expressions. Several studies have shown that DNA methylation and histone
acetylation can regulate gene expression synergistically through protein mediators such as the
methyl-CpG binding protein MeCP2 (Jones et al., 1998; Nan et al., 1997). Recent advances in
the field of epigenetics have uncovered other histone-based epigenetic codes such as
methylation, sumoylation, ubiquitination, ADP-ribosylation, and biotinylation (Hassan and
Zempleni, 2006; Nicholson et al., 2004; Peterson and Laniel, 2004). Although DNA
methylation modification of the genome occurs primarily on cytosines located in CpG
dinucleotides, posttranslational modifications of histone proteins are much more complex and
affect multiple residues (Arg, Lys, Pro, Ser) at over 30 sites within the N-terminal tails of
histones (lizuka and Smith, 2003; Jenuwein and Allis, 2001). Histone methylation alone can
appear in the form of mono-, di-, and tri-methylation (Cheung and Lau, 2005). Even more
complex, these different forms of methylation can occur on different amino acid residues that
are located at different positions (e.g., H3 Lys 4, 9, 27, 36, 79; H3 Arg 2, 17, 16) (Nicholson
et al., 2004).

Epigenetic regulation of memory function through histone acetylation is well-supported by
studies on Rubinstein-Taybi syndrome (RTS) patients who suffer from mental retardation and
defects in learning and memory. RTS patients are associated with heterozygous mutations in
the gene encoding the cAMP-responsive element binding protein [CRBP]-binding protein
(CBP). CBP is a transcriptional co-activator containing an endogenous histone
acetyltransferase activity that catalyses histone acetylation (Chan and La Thangue, 2001).
CBP-mutant mice display defects in long-term memory formation, which indicates that
decreased levels of histone acetylation can impair memory function (Alarcon et al., 2004).
Consistent with these observations, elevated levels of histone acetylation have been shown to
enhance long-term potentiation in the hippocampus in vitro and improve LTM formation in
rats as measured by contextual fear conditioning studies (Levenson et al., 2004b). Other studies
on the control of LTM formation via histone modification have been discussed in detail in a
previous review (Levenson and Sweatt, 2005). Although such complex modes of histone
modifications confer enormous functional potentials to the genome, they also present a huge
challenge to crack the so-called “histone codes” underlying memory function. Given the
relative simplicity of the DNA methylation system, we will review existing evidence that
supports the function of DNA methylation in LTM formation and explore what other studies
can be done to further advance this area of research.

2. DNA methylation in aging and CNS development

DNA methylation is catalyzed by DNA methyltransferases (Dnmts), which add a methyl
moiety to the cytosine located within CpG dinucleotides. The establishment of normal DNA
methylation is essential for development, and DNA methylation abnormalities are frequently
associated with tumorigenesis and cell aging (Jones and Laird, 1999; Liu et al., 2003). Several
Dnmts have been identified in vertebrates, including Dnmt1, 3a and 3b, which are encoded by
independent genes (Hendrich and Bird, 2000). Dnmt1 is the most abundant enzyme that
preferentially methylates hemimethylated DNA and is responsible for stabilizing methylation
patterns established early in development. Homozygous mutation of Dnmt1 in mice is
embryonic lethal, which strongly supports that DNA methylation is crucial to normal
development (Li et al., 1992). Dnmt3a and 3b appear to be the main players for creating
methylation patterns de novo during development. Although Dnmt3b seems to be expressed
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in a limited time window during early CNS development, Dnmt3a expression is detected both
in neuronal precursor cells during embryogenesis and in postmitotic neurons during postnatal
development (Feng et al., 2005). It has been proposed that memory function may be tightly
linked with the methylation of DNA in neurons (Holliday, 1999, 2004). However, the exact
function of DNA methylation in learning and memory remains elusive despite that multiple
studies on neurological disorders such as Rett syndrome suggest that abnormal methylation
events are linked with neurological disorders and defective memory function.

As in all other parts of the body, the DNA in brain cells is subject to dynamic methylation
modifications. Maintenance of genetic and epigenetic integrity is expected to be critically
important for cells like neurons that have to function for the lifetime. DNA methylation levels
in the brain undergo dynamic changes perinatally (Tawa et al., 1990). The level of DNA
methylation is higher in adult brain than in other tissues (Tawa et al., 1990; Wilson et al.,
1987). CNS neurons appear to express an extremely high level of Dnmt1, which may be
necessary to keep their DNA precisely methylated to fulfill the many specific and precise
functions of the brain (Brooks et al., 1996; Inano et al., 2000; Veldic et al., 2004). Our
preliminary studies indicate that Dnmt1 levels vary significantly among different regions of
the brain (Liu et al., unpublished observations). Because the maintenance methylation activity
of Dnmtl is usually associated with DNA replications in dividing cells, the biological function
of a high level of Dnmt1 activity in postmitotic neurons remains unclear. Dnmtl is proposed
to function to remethylate cytosine residues that have undergone DNA mismatch repair in
neurons following spontaneous deamination of methyl cytosine to thymine residues (Brooks
et al., 1996). However, experimental support to this interesting idea still lacks. Conditional
deletion of Dnmt1 in neuronal precursors leads to highly demethylated neurons and glial cells
that are rapidly eliminated postnatally, but this deletion does not affect the survival of
postmitotic neurons (Fan et al., 2001), suggesting that DNA methylation is crucial in regulating
neurogenesis. A recent study has linked the underlying mechanisms with the epigenetic control
of the JAK-STAT signaling pathway during brain development (Fan et al., 2005).

A long-standing dogma pertaining to mammalian adult neurogenesis has now been resolved
with conclusive experimental support showing that adult neurogenesis exists in both rodents
and humans (Cameron and McKay, 1999; Eriksson et al., 1998). Although lower vertebrates
such as lizards can regenerate the entire brain, mammalian adult neurogenesis seems to be
restricted mainly in two brain regions: the sub-granular layer of the dentate gyrus of the
hippocampus and the subventricular zone (SVZ) of the lateral ventricles (Gage, 2000; Lois and
Alvarez-Buylla, 1994; Luskin, 1993). It is estimated that up to 50 percent of neurons die after
they form synaptic connections with their target cells due to the failure to obtain adequate
amounts of neurotrophic factors that are required for the neurons to survive (Raff et al.,
1993). Adult neurogenesis may thus function to produce new neurons to compensate for this
constant neuronal death in the brain. It is intriguing that neurogenesis occurs in the
hippocampus, a primary area involved in learning and memory formation. Does this imply that
a continuous learning process would entail an activity-dependent neurogenesis in the adult
brain? Since adult neurogenic activity declines with age (Kuhn et al., 1996) and coincides with
the frequently observed age-related global DNA hypomethylation (Wilson et al., 1987), loss
of DNA methylation in the aging brain may reduce adult neurogenesis and lead to age-related
declines in learning and memory performance.

Neural stem cells (NSCs) possess the ability to self-renew and maintain the ability to generate
other CNS cell types including neurons, astrocytes and oligodendrocytes. NSCs were first
isolated from the SVZ in the adult brain, which displays a high neurogenic activity (Reynolds
and Weiss, 1992). NSCs are proposed to go through limited cycles of expansion through
symmetric divisions before undergoing asymmetric divisions to initiate neurogenesis (Gage,
2000). Nestin is a stem cell marker originally described as an intermediate filament protein
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expressed in neuroepithelial stem cells. It is sharply down-regulated at the transition from
proliferating stem cells to postmitotic neurons. The nestin gene contains two tissue-specific
transcription elements: a cis-element in the first intron drives nestin expression in somatic
muscle precursors, while an enhancer in the second intron directs expression to CNS precursor
cells (Zimmerman et al., 1994). Sequence analysis of the nestin gene locus reveals a high CpG
content in its promoter and around the first two introns and exons. The presence of such a CpG
island indicates that its gene expression may well be subjected to DNA methylation control,
although no studies have explored this possibility. The progressive decline of precursor cell
proliferation during aging leads to decreased neurogenic activity. Future studies need to
determine whether an age-related decrease in neurogenesis is the primary cause of age-related
memory impairment.

3. DNA methylation control of neuronal gene expression

As aforementioned, Dnmtl is highly expressed in neurons. Given the postmitotic status of
neurons, it has been debated whether DNA methylation acts as a dynamic process in regulating
gene activities in neurons. However, several recent studies on gene-specific methylation studies
have demonstrated that neural gene promoters indeed undergo dynamic methylation changes
in postmitotic neurons. This observation is best illustrated by studies on the gene encoding the
brain-derived neurotrophic factor (BDNF), which is involved in neural plasticity including
learning and memory (West et al., 2001). In addition to its role in neuronal survival, BDNF
also modulates synaptic activity and is one of the best-studied activity-induced genes in
response to neuronal activity (Poo, 2001). BDNF is categorized as an immediate-early gene,
meaning that stimulus-induced transcriptional initiation of new BDNF mRNA occurs rapidly
without the need for new protein synthesis (Lauterborn et al., 1996). BDNF is thought to be
essential for converting transient stimuli into long-term changes in brain activity (Jones et al.,
1994; Schwartz et al., 1997). The BDNF gene contains four well-characterized promoters that
give rise to at least eight different mRNAs. The methylation status of BDNF promoters in
neurons is shown to undergo dynamic changes in response to activity changes. A lower level
of methylation generally correlates with a higher level of BDNF gene transcription, but this
correlation also depends on the binding of the transcription repressor MeCP2 protein. MeCP2
binding to the methylated rat BDNF promoter 11 can repress its expression in resting neurons
(Chen et al., 2003). Upon exposure to potassium chloride, which causes membrane
depolarization and calcium influx, BDNF expression increases (Chen et al., 2003). This neural
activity-dependent calcium influx is suggested to increase the phosphorylation of MeCP2 and
thus prevent it from binding to the methylated BDNF promoter. In addition to MeCP2
phosphorylation, membrane depolarization can also cause BDNF promoter demethylation
(Martinowich et al., 2003), which disassociates the MeCP2 transcription repressor complex
from the BDNF promoter to allow its expression. Consistent with this observation, the amount
of BDNF mRNA in Dnmt1 mutant mouse brain appears to be much higher than that in littermate
controls (Martinowich et al., 2003). Together, these studies suggest that methylation plays a
dynamic role in neurons by reversibly modulating key gene activities in response to external
stimulus (Fig. 1).

Reelin is an extracellular matrix protein that plays an important role in brain development. It
is secreted by specific GABAergic interneurons from the telencephalon and hippocampus
(Costa et al., 2002). Several studies have implicated that DNA methylation plays an important
role in regulating reelin expression (Abdolmaleky et al., 2005; Dong et al., 2005; Grayson et
al., 2005; Numachi et al., 2004). Reelin and glutamic acid decarboxylase (GADg7) are
coexpressed in GABAergic neurons. Down-regulation of reelin and GADgy is often detected
in various cortical structures of postmortem brain from Schizophrenia patients (Costa et al.,
2002; Impagnatiello et al., 1998). Comparative analysis of the reelin promoter methylation
between postmortem brain DNA samples from male schizophrenic patients and that from
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normal controls reveals an inverse relationship between the level of DNA methylation and
reelin gene expression (Abdolmaleky et al., 2005). Furthermore, reelin and GADg; MRNASs
are lower in GABAergic neurons with a high level of Dnmt1 activity (Veldic et al., 2004).
Methionine treatment can reduce reelin and GADg7 expressions in both mouse brain and in
vitro cultured neurons (Noh et al., 2005; Tremolizzo et al., 2002). Knockdown of Dnmtl
expression by antisense oligonucleotides, however, can diminish the methionine-induced
down-regulation of reelin and GADg7 (Noh et al., 2005), implying that methylation is a key
factor in regulating the expressions of reelin and GADg7. These findings collectively suggest
that DNA methylation is actively involved in reversible gene expression control in postmitotic
neurons.

Nicotinic acetylcholine receptors (NAChR) are important for memory performance and are
implicated in a variety of disorders of the human central nervous system including Alzheimer’s
disease, anxiety, autism, depression, epilepsy, Parkinson’s disease (Picciotto et al., 2000;
Rusted et al., 2000; Woodruff-Pak, 2003). Neuronal nAChR subunit genes encompass a family
of genes (Lukas, 1995). The major isoform of nAChR in the brain is made up of the o4 and
2 subunits and possesses a high affinity for nicotine. The sequence around the transcription
initiation site and first exon of the a4 gene is very GC-rich, which predisposes this gene to
DNA methylation modification. It has been shown that the GC-rich sequence of the a4 gene
is methylated in a tissue-specific manner (Watanabe et al., 1998). More methylation is observed
in non-neuronal tissues than in the brain, which may explain its neuronal-specific expression.
Expression comparison between aged and young mice reveals that the expression of nAChR
a4 and B2 decrease in key cholinergic regions during normal aging (Rogers et al., 1998; Tohgi
etal., 1998), but it is unknown whether this is due to an age-dependent increase in a4 promoter
methylation that causes its decreased expression. In addition to these NAChR subunit genes,
the promoter of human mu-opioid receptor (MOR) gene is also under reversible methylation
modification that alters MOR expression status in neurons (Andria and Simon, 1999). Many
other neuron-specific genes appear to contain GC-rich sequences around their transcription
initiation sites as well (Table 1). The methylation status of these GC-rich sequences has not
been investigated in most cases. Whether promoter methylation of these neuronal-specific
genes is a common mechanism underlying their neuron-specific expressions remains to be
determined. Future methylation analysis of the promoters of these neuronal genes will shed
light on gene regulatory mechanisms related to learning and memory that will help better
understand the age-dependent decline in memory function in the elderly population.

Multiple studies have also examined gene regulation by DNA methylation during gliogenesis.
The glial fibrillary acidic protein (GFAP) is an intermediate filament protein specific to the
cytoskeleton of astrocytes in the CNS. The GFAP promoter contains a conserved cluster of
CpG sites that are differently methylated among different tissues and cell types (Barresi et al.,
1999; Condorelli et al., 1994; Teter et al., 1994). Teter et al. (1996) have shown that the GFAP
promoter undergoes a dynamic demethyaltion/remethylation cycle during perinatal
development. During early embryonic development, the GFAP promoter becomes
demethylated to allow GFAP transcription. Increased promoter methylation follows at the
GFAP promoter during postnatal development. Reporter gene analysis has confirmed that
promoter methylation is inversely correlated with its activity (Teter et al., 1996), although a
more comprehensive analysis revealed more complex functional relationship between
promoter methylation and GFAP expression (Condorelli et al., 1994). Studies by Takizawa et
al. (2001) suggest that the methylation status of a key CpG site in the GFAP promoter appears
to interfere with the binding of the transcription activator STAT3. This provides a candidate
mechanism underlying the regulation of lineage specification by DNA methylation in the CNS.
Furthermore, a recent study by Fan et al. (2005) demonstrated that progeny cells of Dnmt17-
neural precursors in culture were highly demethylated with increased demethylation of glial
differentiation-related genes including Gfap, Statl and S1004. This demethylation process is
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proposed to play an important role for the switch from neurogenesis to gliogenesis during CNS
development (Fan et al., 2005).

4. DNA methylation aberrancies in neurological disorders

Many types of human neurological disorders, including mental retardation (MR) syndromes
and neurodegenerative diseases, display cognitive defects as reflected by impaired learning
and memory abilities. Genetic studies in the past have uncovered many genetic mutations,
deletions and translocations that can lead to mental retardation and learning disorders. Well-
established genetic causes of neurological disorders include chromosomal anomalies and
monogenic MR diseases. Like many other diseases with complex profiles, the underlying
causes of most neural diseases are often heterogeneous and involve the interplays among
different genes and environmental factors. Although genetic components underlying
neurodegenerative diseases are supported by overwhelming evidence, epigenetic mechanisms
are gaining new perspectives and are being explored in different forms of neurological diseases
and psychiatric disorders (Tsankova et al., 2007). Cocaine addiction, for example, is related to
the fact that cocaine exposure can alter chromatin conformations at specific neural gene
promoters and lead to the binding of FosB, a transcription factor that facilitates the transition
to addiction (Kelz et al., 1999; Kumar et al., 2005). Increased global DNA methylation is
observed in alcoholic patients (Bonsch et al., 2004), which is consistent with the observation
of promoter-specific hypermethylation of the a-synuclein gene, an important regulator of
dopamine function and craving for alcohol (Bonsch et al., 2005). In a rat stress model study,
it has been demonstrated that the level of maternal nurturing behavior in early life can affect
promoter methylation and subsequent expression of the glucocorticoid receptor (GR) gene in
a lasting but reversible manner (Weaver et al., 2005). Pups from a less nurturing mother display
a low level of GR expression due to increased CpG methylation of the GR promoter in the
hippocampus (Weaver et al., 2005). In addition, there is mounting evidence that aberrant DNA
methylation events are associated with the pathogenesis of schizophrenia as discussed above.
Taken together, these recent studies have demonstrated the functional significance of DNA
methylation in neurological and psychiatric disorders. Below we will focus on Rett Syndrome
and Alzheimer’s disease (AD) to exemplify how disrupted DNA methylation processes
contribute to neurological disorders in detail. Rett Syndrome represents an excellent example
of combined genetic and epigenetic neural disorder (Bienvenu and Chelly, 2006), whereas AD
represents a polygenic disease with a complex profile that is often linked with various
environmental factors (Zawia and Basha, 2005).

Rett syndrome is largely a genetic disorder that results from a faulty MeCP2 gene that is located
on the X-chromosome. Approximately 70-90% of Rett patients are associated with mutations
in MeCP2 (Amir et al., 1999; Shahbazian et al., 2002), a methyl CpG binding protein that
mediates the gene-silencing effect by DNA methylation via recruiting transcription co-
repressors to methylated gene regulatory elements (Bienvenu and Chelly, 2006). However,
most Rett cases are sporadic and seldom inherited or passed from one generation to the next.
Similar to Dnmt1, MeCP2 is widely expressed but is especially abundant in the brain (Nan et
al., 1997). Its levels increase in cortical neurons throughout development (Shahbazian et al.,
2002). During postnatal development, rat brain regions having more mature neurons exhibit
the strongest MeCP2 expression; whereas late developing structures such as the cortex exhibit
the most significant increases in MeCP2 expression (Mullaney et al., 2004). The degree of
MeCP2 expression in the cortex and hippocampus appears to correlate with the synaptogenesis
in both regions (Mullaney et al., 2004). Comparative analyses of the elementary properties of
synaptic transmission between cultured hippocampal neurons from MeCP2 knockout and wild-
type control mice confirm that the loss of MeCP2 decreases the frequency of spontaneous
excitatory synaptic transmission in hippocampal neurons (Nelson et al., 2006). These studies
suggest that MeCP2 is important in the maintenance or modulation of synaptic maturity and
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plasticity, which is likely mediated by its epigenetic control of target gene activity.
Furthermore, conditional knockout of the MeCP2 gene in postnatal mouse forebrain is shown
to be sufficient to produce behavioral abnormalities similar to RTT phenotypes (Gemelli et al.,
2006). Conversely, transgene-based overexpression of MeCP2 appears to have neurotoxic
effects including profound motor dysfunction, the development of seizures and hypoactivity
that leads to early deaths (Collins et al., 2004; Luikenhuis et al., 2004). To explore the
therapeutic potential of MeCP2 in curing Rett, a recent study employed an elegant transgenic
approach that allows conditional reactivation of the silenced endogenous MeCP2 gene (Guy
et al., 2007). The results suggest that a gradual MeCP2 reactivation can progressively reverse
the Rett-related symptoms without causing significant neurotoxicity-related deaths. This study
confirms that the functional impact due to the absence of MeCP2 in early CNS development
can be largely recovered by restoring MeCP2 function later, opening new possibilities for future
treatment of Rett-related neurological disorders.

Alzheimer’s disease (AD) is a progressive age-related neurodegenerative disorder,
characterized by memory loss and confusion at the clinical level. Genetic causes of AD include
genetic mutations of the presenilin and amyloid precursor protein (APP) genes (Lippa, 1999),
which are thought to contribute largely to the familial form of the AD disease (FAD) that
usually manifests around the 40 s in age. However, FAD accounts for only a small proportion
of AD, and the majority of the AD cases are known to occur sporadically. The sporadic nature
of most AD cases strongly argues for an environmental origin that drives AD pathogenesis.
APP is a transmembrane protein. Its proteolytic processing generates a 39-42 residue peptide
referred to as B-amyloid (AB). Ap peptides are the primary constituents of amyloid deposits
found in the aging brain, and the aggregation of A into extraneuronal amyloid plaques is one
of the pathological hallmarks of AD. Overexpression of the APP gene is found in brain regions
from Down’s Syndrome and AD patients. APP over-expression in transgenic mice leads to
amyloid deposition and cognition impairment at a late age (Hsiao et al., 1996; Rumble et al.,
1989; West et al., 1995). Two GC-rich elements in the APP promoter are shown to regulate its
transcriptional activity (Pollwein et al., 1992). Tissue-specific patterns of methylation have
been observed in the upstream sequences of the APP promoter that is consistent with its variable
levels of expression in different human tissues including the brain (Rogaev et al., 1994).
Hypomethylation of the APP promoter occurs with age in the cerebral cortex of human brain
(Tohgi et al., 1999), and is also observed in brain tissues from AD patients (West et al.,
1995). APP mRNA expression is lower in female mouse brain than in male mouse brain, which
is inversely correlated with the level of APP promoter methylation (Mani and Thakur, 2006).
In addition to the regulation of APP expression by DNA methylation, the activity of other genes
such as BACE (B-secretase) and Presenilinl (PS1, y-secretase) have also been implicated to
be modulated by DNA methylation (Fuso et al., 2005). Since BACE and PS1 are involved in
the production of Ap from APP, methylation control of these gene activities adds additional
complexity to the polygenic features of AD pathogenesis.

5. Nutritional impact on memory function via DNA methylation

The relation between nutrition and cognition is widely recognized (Gordon, 1997; Kretchmer
etal., 1996; Lieberman, 2003; Scott et al., 2006). Dietary components that are known to affect
brain development and cognition include alcohol consumption (Espeland et al., 2006), vitamins
A (Misner et al., 2001), B6 and B12 (Haan et al., 2007; Miller, 2006), iron (Jorgenson et al.,
2005), fatty acids (Laurin et al., 2003), folate (Craciunescu et al., 2004; Ramos et al., 2005)
and choline (Mellottetal., 2007; Niculescu et al., 2006; Teather and Wurtman, 2005). Although
the underlying molecular mechanisms remain to be determined, most of these nutrients are
implicated to interact with biological DNA methylation (Fuso et al., 2005; Liu et al., 2003;
Niculescu et al., 2006). We will mainly focus on dietary folate and choline because they are

Neurobiol Aging. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 9

two of the most extensively investigated substrates that are linked with biological DNA
methylation and the pathogenesis of various diseases.

Folate is an important substrate in one-carbon metabolism (Fig. 2). Folate provides the dietary
source of methyl group for biological methylation. It is required for the conversion of
homocysteine to methionine and the formation of S-adenosylmethionine (SAM). SAM
participates in biological methylation reactions, which generates S-adenosylhomocysteine
(SAH) that subsequently forms homocysteine. Folate-depletion can cause genomic DNA
hypomethylation, which can be reversed upon dietary folate restoration (Davis and Uthus,
2003;Sibani et al., 2002). Folate depletion can also lead to cellular accumulation of SAH and
dramatically increase blood homocysteine levels. SAH is a potent inhibitor of Dnmt activity
through the product inhibition pathway and can lead to genome hypomethylation (Lee and
Zhu, 2006). The disruption of homocysteine/folate metabolism can adversely affect both the
developing and the adult brain. Serum folate concentrations are shown to be significantly lower
in subjects with brain infarcts than in subjects without infarcts (Snowdon et al., 2000). In
vitro, the disruption of one-carbon metabolism can repress the proliferation of cultured
multipotent neuroepithelial progenitor cells and alter cell cycle distribution (Kruman et al.,
2005). In vivo studies show that folic acid deficiency dramatically reduces the number of
proliferating cells in the dentate gyrus of the hippocampus in adult mice (Kruman et al.,
2005). Since neurogenesis in the adult hippocampus is possibly pivotal in learning and memory
and in recovery from injury, these results suggest that dietary folate deficiency can affect
neurogenesis via inhibiting the proliferation of neuronal progenitor cells in the adult brain.

Choline and folate are interrelated metabolically. Choline is a substrate in methyl group
metabolism that methylates homocysteine via its metabolite betaine to form methionine, a
methyl group donor for most biological methylation reactions including DNA methylation
(Zeisel, 2006; Zeisel and Blusztajn, 1994) (Fig. 2). Multiple studies in rodent models suggest
that choline is critical for normal cognition development. Maternal dietary choline intake
during late pregnancy can modulate mitosis and apoptosis in progenitor cells of the fetal
hippocampus and septum (Albright et al., 1999; Craciunescu et al., 2003). Choline deficiency
during the second half of pregnancy in rats leads to offspring with diminished memory function
in adulthood (Meck and Williams, 1997), whereas long-term dietary choline supplementation
can ameliorate hippocampal-dependent memory impairment caused by impoverished
environmental conditions (Teather and Wurtman, 2005). A recent study reported that prenatal
choline-deficiency decreases global DNA methylation in neuroepithelium of the fetal brain
(Niculescu et al., 2006), which provides the first important evidence to support the epigenetic
causes underlying these choline-dependent effects on cognitive functions. The same study
further demonstrated that gene-specific promoter demethylation of the cell-cycle regulator
gene Cdkn3 correlates with an increased Cdkn3 expression (Niculescu et al., 2006). The
Pemt gene encodes the enzyme for de novo synthesis of choline in vivo. Deletion of the
Pemt gene can paradoxically increase stem cell proliferation and DNA methylation in mouse
embryonic hippocampus (Zhu et al., 2004). This may be attributed to an elevated level of SAM
as observed in the Pemt”- mice, which might compensate for choline deficiency in biological
DNA methylation in the developing brain. These data suggest that dietary choline plays an
important role in brain development and memory function by modulating biological
methylation process.

For more than a decade, elevated plasma concentration of homocysteine
(hyperhomocysteinemia) has been recognized as an independent risk factor for various vascular
diseases and cognitive diseases (Lehmann et al., 1999; McCaddon et al., 1998; Refsum et al.,
1998; Ulrey et al., 2005). Homocysteine can be remethylated to methionine to reenter the one-
carbon metabolism cycle. Elevated plasma homocysteine is one of the primary consequences
of folate deficiency. In recognition of the biological significance, folic acid fortification in
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grain products has been implemented in the US since 1996 to reduce the risk of neural-tube
defects in newborns. This has proven to be successful in reducing both the prevalence of folate
deficiency in the general population and the incidence of neural tube birth defects in newborns
(Honein et al., 2001; Jacques et al., 1999). A recent study reports that low folate status is
associated with poor cognitive function and dementia in a Latino population despite folic acid
fortification (Ramos et al., 2005). A possible contributing factor of this discrepancy may be
due to the age factor of the examined population because the elderly population in general has
a high prevalence of vitamin B12 deficiency that renders folic acid fortification less effective.
Furthermore, aging in the adult population is often associated with poor dietary intake, reduced
nutrient absorption, and less efficient utilization of nutrients. These factors may also attenuate
the effect of folic acid fortification, which should be evaluated prior to reassessing the amount
of folic acid in the food supply.

6. Conclusions and future perspectives

Understanding the molecular basis underlying learning and memory remains one of the most
challenging research topics. Previous physiological and genetic studies have generated some
useful glimpses into how learning and memory function through different neural connections,
but the entire picture is still far from being clear, partly due to the inherent complexity of the
brain. The growing prevalence of memory dysfunction in the general population associated
with normal aging and various disease conditions calls for more effective approaches to prevent
or assist those affected individuals in living an improved quality of life. Epigenetic studies in
cancer have revolutionized our perceptions of the etiology and progression of such complex
diseases, and have led to the development of several epigenetic drugs to ameliorate the severity
of such devastating diseases. Despite some individual efforts focusing on epigenetic studies of
several forms of neurological disorders, there lacks a general appreciation of the role of DNA
methylation among neurobiologists studying cognitive functions. Recent advances in
epigenetic research have generated multiple high throughput technologies for global DNA
methylation analysis. Such technical platforms can be readily applied to cognitive research to
explore the epigenetic basis of learning and memory in the future. Dissection of the epigenetic
basis of neurological disorders will eventually facilitate the application of epigenetic drugs in
the treatment of patients with learning and memory dysfunction.
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(A) A hypothetical model depicts that methylation changes of neuronal DNA in response to
an external stimulus can alter the epigenotype of the neuron, which subsequently modulates
the expression of a subset of genes encoding key neuronal proteins such as neurotransmitters/
receptors. Such changes in neurotransmitter/receptor levels will in turn alter the neuron’s
synaptic strength with its associated neurons, leading to a modified response upon exposure
to the same stimulus later; (B and C) models illustrating methylation-dependent regulation of
the activities of neuronal genes such as BDNF in neurons. In addition to the methylation status
of the promoter per se, posttranslational modification of the MeCP2 protein alters how the
MeCP2-associated transcription repressor complex reads the methylation codes to determine
the expression status of key genes in response to external stimuli. C: Unmethylated cytosine;
mC: methylated cytosine.
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(A) A simplified map of one-carbon metabolism and biological DNA methylation. MET,
methionine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; HCY:
homocysteine. (B) Expected effects of folate/B12 or choline deficiency include: (1) impairing
the conversion of HCY into MET (and resulting in a low level of SAM); (2) increasing the
level of HCY; (3) reversing the reaction dynamics between HCY and SAH that favors SAH
synthesis. These effects will eventually lead to defective genomic methylation, whereas
sufficient folate/B12 or choline supplies can maintain effective genomic methylation.
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Table 1

Neural-specific genes that have CG-rich promoters with undetermined methylation status

Gene Protein function
Synapsin | Nerve terminal-specific phosphoproteins involved in the regulation of neurotransmitter release
AChE Acetyl cholinesterase

m4 muscarinic receptor
NMDAR2C
NMDAR1
Aldolase C
MAO

NGF receptor
Kvl1.4

GAD67

GRIK5

GluR2
PGP9.5/UCHL1

MOR
RYK
Nestin

NeuroD2

Membrane-bound acetylcholine receptors

N-Methyl-p-aspartate receptor subunit NR2C

N-Methyl-p-aspartate receptor R1

Fructose-1,6-bisphosphate aldolase (glycolytic isoenzyme)

Monoamine oxidase (metabolize catecholamines and xenobiotics)

Nerve growth factor receptor

Voltage gated potassium channels

Glutamate decarboxylase 67 (GABA synthesis enzyme)

Glutamate receptor ionotropic kainate-5 (kainate-preferring glutamate receptor subunit KA2)
AMPA receptor subunit

C-terminal ubiquitin hydrolase (disassembles polyubiquitin chains to increase the availability of free
monomeric ubiquitin)

Mu-opioid receptor (opiate binding)
Orphan receptor containing a catalytically inactive tyrosine-kinase-related domain
Intermediate filaments expressed in neural stem cells

Neurogenic differentiation factor and transcription factor
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