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bstract

The epigenetic marking of chromatin provides a ubiquitous means for cells to shape and maintain their identity, and to react to environmental
timuli via specific remodeling. Such an epigenetic code of the core components of chromatin, DNA and histone proteins, can thus be stable
ut is also highly dynamic. In the nervous system, epigenetic codes are critical for basic cellular processes such as synaptic plasticity, and for
omplex behaviours such as learning and memory. At the same time, epigenetic marks can be stably transmitted through mitosis and meiosis,
nd thereby underlie non-genomic transgenerational inheritance of behavioural traits. In this review, we describe recent findings on the role and

echanisms of epigenetic codes in the brain, and discuss their implication in synaptic plasticity, cognitive functions and psychiatric disorders. We

rovide examples of transgenerational inheritance of epigenetic marks that affect simple morphological traits or complex processes such as disease
usceptibility, and point to the potential implication of epigenetic codes in medicine and evolution.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The importance of epigenetic modifications has long been
ecognized in the areas of stem cell research, cancer and devel-
pmental biology. But it is only recently that their relevance
as also been acknowledged in the field of neuroscience, for
oth developmental processes and higher-order brain functions
uch as cognition. Epigenetic modifications of the chromatin
re diverse and complex, and their study in neurobiology has
een inspired by work in disciplines such as developmental
nd evolutionary biology. The integration of findings in these
iverse fields has stirred new concepts and perspectives for the
nderstanding of the intimate mechanisms of basic and higher
rain functions, and for the processes that underlie the heri-
ability of behavioural traits across generations, which is key to
volution.

. History and terminology

The term epigenetics derives from the Greek prefix “epi” that
iterally means “above” or “in addition to” genetics. It refers to
rocesses that physically occur with or on genes, and involves the
hysical support of genetic processes, the chromatin. Originally,
ong before the notion of chromatin even existed, the develop-

ental biologist Conrad Hal Waddington (1905–1975) defined
pigenetics as “. . . the interactions of genes with their envi-
onment which bring the phenotype into being”, emphasizing
hat epigenetic mechanisms vary in response to a given envi-
onment [1]. Waddington later referred to an equally important
haracteristic of epigenetic modifications by stating that “. . .it is
ossible that an adaptive response can be fixed without waiting
or the occurrence of a mutation. . .”[2]. This notion of non-
enetic transmission of acquired morphological and behavioural
raits had already been proposed by Jean-Baptiste Lamarck
1744–1829), but met with fierce criticism, essentially due to
amarck’s inclination to place his observations in the perspec-

ive of adaptive evolution. The modern definition of epigenetics

ow integrates Waddington’s early assumptions, but excludes
ost of Lamarck’s views. Epigenetics is nowadays most com-
only defined as the ensemble of alterations in gene functions

hat are heritable through both mitosis and meiosis, but that can-

g
t
t
h

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

ot be explained by changes in the DNA sequence itself [3]
reviewed in [4,5]).

At the molecular level, epigenetic mechanisms are bio-
hemical modifications of the DNA and histone proteins, the
ajor constituents of chromatin (Fig. 1A). Recent findings have

evealed that additional mechanisms involving RNA interfer-
nce and prion proteins also contribute to epigenetic regulation
6], but these mechanisms will not be covered in this review.
hromatin modifications are multiple and complex, and com-
rise methylation of DNA at cytosine-guanine dinucleotides,
nd posttranslational modifications of histone proteins. His-
ones are basic proteins consisting of a core and an N-terminus
ail composed of a loosely-structured sequence of amino acids
7]. Posttranslational histone modifications occur primarily on
he N-terminus tail, and include acetylation, methylation, phos-
horylation, ubiquitination (reviewed in [6]) and sumoylation
Fig. 1B). Because of their chemical properties, these modi-
cations influence the condensation of chromatin, and thereby
odulate the accessibility of DNA to the transcriptional machin-

ry (Fig. 2A and B).
DNA methylation occurs throughout the genome but is

unctionally most relevant when present in sequences rich in
pG dinucleotides, called CpG islands, often found in pro-
oter regions. DNA methylation is commonly associated with

ranscriptional silencing because it can directly inhibit the bind-
ng of transcription factors or regulators, or indirectly recruit
ethyl-CpG binding proteins (MBPs), which have repressive

hromatin-remodeling functions [9,10]. However, DNA methy-
ation can also occur in actively transcribed genes, suggesting a
otential positive role in transcription regulation as well [11,12].
ecause of the covalent nature of the binding of methyl groups

o the C5 carbon in cytosine, DNA methylation is thought to be
he most stable epigenetic mark [9].

Posttranslational modifications of histone tails also play a
ritical role in the regulation of gene transcription. First, his-
one acetylation is associated with transcriptional activation. It
esults in the neutralization of the positive charge of the �-amino

roup of lysine (K) residues in the histone tail, which decreases
he affinity between the protein tail and the DNA, and relaxes
he chromatin structure [13]. In contrast, histone methylation
as a dual impact on transcriptional activity and is associated
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Fig. 1. Epigenetic marks on histone tails and DNA. (A, left) View of the nucleosome down the DNA superhelix axis showing one half of the nucleosome structure;
r our-nu
o modi
t [20–

w
H
t
p
M
b

o
p

eproduced with permission from [7]. (Right) Schematic representation of the f
f the N- and C-termini of the core histones and their residue-specific epigenetic
ail. The relationship between the different residues is based on recent literature

ith both actively transcribed and silenced genes [14,15].
istone methylation occurs in different forms, from mono-, di-
o tri-methylation of lysine residues, the combination of which
lays a complex role in the regulation of gene expression [16].
ethyl groups can also be added to arginine (R) residues in

oth mono- and dimethylated forms, but their impact on the

a
b
c
d

cleosome core histones, H2A, H2B, H3 and H4. (B) Schematic representation
fications. (C) Crosstalk between epigenetic modifications on the H3 N-terminus
23]. C, C-terminus; N, N’, N-terminal tails.

rganization of chromatin is poorly understood [16]. Histone
hosphorylation, similar to acetylation, is most commonly

ssociated with transcriptional activation [17], presumably
ecause it creates a repulsive force between the negative
harges of phospho-histones and DNA. This repulsive force
econdenses the chromatin and increases its accessibility to the
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Fig. 2. The transcriptional accessibility of chromatin is governed by specific enzymes. (A) Schematic representation of the differences in chromatin condensation
between a transcriptionally active and silent state. When histones are acetylated, phosphorylated, and methylated (depending on the methylated residue), there
is an increase in electrostatic repulsion between the histone proteins and the DNA, which results in a less condensed chromatin structure giving access to the
transcriptional machinery and co-activators. When DNA and histones are methylated (depending on the methylated residue, and in the simultaneous absence of
histone acetylation and phosphorylation), the electrostatic repulsion between the histone proteins and the DNA is decreased, leading to chromatin being less accessible
to the transcriptional machinery. In addition, transcriptional co-repressors bind to the methylated DNA. Together, these changes result in transcriptional silencing.
(B) Enzymes modulating the epigenetic marking of histones and DNA. Note that the existence of DMs is still hypothetical (but see [149]), and that the implication
o vo. A
h se; HM
k
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f PPs in the epigenetic tagging of histones has not yet been demonstrated in vi
istone acetyl transferase; HDAC, histone deacetylase; HDM, histone demethyla
inase; PP, protein phosphatase; TX, transcription.

ranscriptional machinery. Histone phosphorylation is perhaps
he most intriguing epigenetic histone modification in that it
rovides a functional link between chromatin remodeling and
ntracellular signaling pathways, both of which involve protein
inases and phosphatases [6]. Protein ubiquitination (also called
biquitylation) is most commonly associated with the marking
f proteins for degradation by the proteasome, but has also been
ound to occur on histone tails. The ubiquitination of histone tails
y attachment of the 76-amino acid ubiquitin peptide correlates
ith both transcriptional activation and nucleosome loosening,

nd has also been identified as a prerequisite for subsequent
istone methylation [16,18]. However, its precise functions
emain unclear. Finally, histone sumoylation is the least under-
tood posttranslational histone modification. In yeast, it occurs
n all four core histones and negatively regulates transcription,
ossibly by interfering with histone acetylation and ubiqui-
ination [8,19]. Its role in mammals has not been established

et.

An important feature of epigenetic marks that is essen-
ial for transcriptional regulation is their ability to crosstalk
20,21] (Fig. 1C). Posttranslational histone modifications often

t
e
m
i

, acetylation; DM, DNA demethylase; DNMT, DNA methyl transferase; HAT,
T, histone methyltransferase; M, methylation; P, phosphorylation; PK, protein

ct in concert, and multiple feed-forward and feed-back mech-
nisms involving the same nucleosome or histone, or distinct
ucleosomes and histones have been identified [21]. These
rosstalks can enhance chromatin condensation when tran-
criptional silence is required, or chromatin opening when
ranscriptional activity is needed [22,23]. The repertoire of DNA
nd histone modifications is controlled by specific enzymes
hat include DNA methyltransferases (DNMTs), histone acetyl-
ransferases (HATs), histone deacetylases (HDACs), histone
ethyltransferases (HMTs), histone demethylases (HDMs),

rotein kinases (PKs), protein phosphatases (PPs), ubiquitin-
nd SUMO-associated enzymes [6,16,19] (Fig. 2B). These
nzymes operate both independently and in synergy to establish
“histone code”, a highly dynamic and flexible chromatin mark-

ng that, in combination with chromatin-associated proteins,
etermines the pattern of gene expression in response to given
xternal stimuli [24,25]. That way, epigenetic modifications at

he level of the chromatin provide a focal point to bridge nuclear
vents to intracytoplasmic signaling cascades, and a potential
olecular means to retain marks of prior transcriptional activity

n the nuclear machinery.
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. Epigenetic regulation of synaptic plasticity

Epigenetic mechanisms play a fundamental role in the func-
ions of nerve cells and in the nervous system. They contribute
o developmental and differentiation processes, and influence
ommunication and signaling in neuronal networks (for a
eview see [26]). Recent studies have revealed their central
ole in the regulation of synaptic plasticity. Synaptic plastic-
ty is the ability of neuronal cells to strengthen or weaken
heir connections following neuronal activation. Believed to
e a cellular correlate of learning and memory in several
pecies, its mechanisms have not only been extensively stud-
ed in simple organisms such as the marine mollusk Aplysia
alifornica, but also in mammals. Long-term synaptic plasticity
nvolves changes in the expression of genes involved in synaptic
unctioning (for a review see [27]) and in recent years, evi-
ence has accumulated showing that epigenetic mechanisms
re central to such gene regulation in both invertebrates and
ertebrates.

.1. Non-mammalian synaptic plasticity

In Aplysia, two major forms of long-term synaptic plastic-
ty have been identified at sensory-motor synapses: long-term
acilitation (LTF) and long-term depression (LTD). LTF and
TD represent a persistent increase and a persistent decrease in
ynaptic transmission, respectively (for a review see [28]). Both
orms of plasticity are expressed at the same synapses, which
mplies that synaptic responses are modulated by a reversible
nd bidirectional molecular “switch”. In an elegant study using
ultured sensory-motor neurons in Aplysia, Guan et al. [29]
emonstrated that acetylated histones constitute such a switch.
TF was found to be accompanied by increased binding of the
AT CREB binding protein (CBP) to the promoter region of
/EBP (CCAAT/enhancer binding protein), a gene downstream
f CREB containing several CRE binding sites. Concurrently,
cetylation of lysine 14 on histone 3 (H3K14) and lysine 8 on
istone 4 (H4K8), and C/EBP transcription were also increased.
TD in contrast, led to an opposite effect mediated in part by the
ecruitment of HDAC5. Consistently, the administration of the
DAC inhibitor trichostatin A (TSA) resulted in a switch from

hort- to long-term facilitation after stimulation, suggesting that
global change in acetylation can modify synaptic plasticity in

nvertebrates.

.2. Mammalian synaptic plasticity

The most prominent forms of synaptic plasticity in mam-
als are long-term potentiation (LTP) and LTD. These forms

f plasticity reflect respectively, an increase and a decrease in
he efficiency of synaptic transmission, and have been exten-
ively studied in the hippocampus, a brain area required for
earning and memory (for a review see [30]). The mechanisms

f synaptic plasticity are complex and recruit different signaling
ascades depending on their localization and temporal phase.
hey engage pathways such as glutamatergic, dopaminergic
nd cholinergic signaling as well as nuclear events when long-

2
h
D
L

ain Research 192 (2008) 70–87

asting [31–33]. These different neurotransmitter pathways have
herefore been postulated to be involved in the posttranslational
egulation of histones. Accordingly, the systemic administration
f the dopamine receptor agonist SKF82958, the muscarinic
cetylcholine receptor agonist pilocarpine or the kainic gluta-
ate receptor agonist kainate, enhance the phosphorylation of

erine 10 on H3 (H3S10) and the acetylation of H3K14 [34]. This
nhancement was found to occur in the promoter region of the
mmediate early gene c-Fos in the hippocampus, and correlated
ith increased gene expression [34]. Interestingly, the pattern
f H3 phosphorylation was paralleled by a similar pattern of
hosphorylation of the extracellular regulated kinase (ERK), a
ember of the mitogen-activated protein kinase (MAPK) path-
ay implicated in memory and synaptic plasticity (reviewed

n [35]). Activation of the MAPK cascade was also reported
o increase H3K14 acetylation during memory formation [36],
ointing to a role for the MAPK cascade in the epigenetic
egulation of histones, in addition to its classical functions in
euronal signaling. This dual implication is also observed for
pigenetic regulators of developmental processes such as Poly-
omb (PcG) and trithorax (trxG), in that these proteins influence
ynaptic plasticity as well [37]. Mice heterozygous for eed and
or MII, members of the epigenetic repressor PcG and activator
rxG group respectively, have altered synaptic plasticity. LTP is
nhanced in eed+/− mice and decreased in MII+/− mice, which
orrelates with H4 hypoacetylation of several residues in MII+/−
ice [38].
Consistent with findings in Aplysia, such epigenetic modifi-

ations of histones are not only correlative but also functionally
mportant for synaptic plasticity. For instance, inactivation of
he HAT CBP in mice decreases the overall acetylation of H2B
nd impairs the induction of transcription-dependent late-phase
TP in hippocampal slices without altering transcription-
ndependent early-phase LTP [39]. Treatment of such slices with
he HDAC inhibitor suberoylanilide hydroxamic acid (SAHA)
meliorates late-phase LTP. Importantly, a similar effect is
bserved in wild-type rats, in which administration of the HDAC
nhibitors trichostatin A (TSA) or sodium butyrate enhances the
nduction of LTP in the hippocampus [36], suggesting a causal
ink between histone acetylation and LTP. Further, similar to the
ippocampus, systemic administration of TSA also increases
TP in the amygdala, a brain area implicated in emotional mem-
ry [40]. Surprisingly, however, such broad administration of an
DAC inhibitor does not alter the entire epigenome but is site-

pecific [41]. When TSA is applied to hippocampal slices in
nimals subjected to fear conditioning, only a subset of CRE-
ontaining genes is transcriptionally upregulated [41]. These
esults point to the existence of specific epigenetic mechanisms
f gene regulation that can be modulated by different environ-
ental stimuli, an observation reminiscent of the histone code.
DNA methylation is another epigenetic mechanism that con-

ributes to regulate synaptic plasticity [42]. Blockade of DNA
ethylation by DNMT inhibitors such as zebularine or 5-aza-
-deoxycytidine (5-aza) impairs the induction of LTP in the
ippocampus [42]. Further, a deficiency in MBD1, a methylated
NA-associated transcriptional repressor, reduces hippocampal
TP, presumably through an effect on gene expression [43].
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dditionally, activation of protein kinase C (PKC) by admin-
stration of phorbol ester also decreases DNA methylation,
pecifically at the promoter region of reelin, a gene implicated
n the induction of synaptic plasticity. PKC activation is further
ccompanied by increased transcriptional activation of c-Fos, an
mmediate early gene involved in synaptic transmission, and of
he DNA methyl transferase DNMT3a, suggesting the involve-

ent of DNA methylation in synaptic signalling cascades.
nterestingly, PKC activation also increases the acetylation of
3K14, but not H4, an effect that is blocked by zebularine

42]. These findings therefore suggest that DNMT activity is
ssociated with the control of histone acetylation upon PKC
timulation, providing a link between DNA methylation and
istone acetylation in synaptic plasticity that is specific for cer-
ain histones and certain residues. Although more experiments
re needed to clarify this link, these findings are nonethe-

ess important because they show for the first time, that DNA
ethylation, a process initially thought to be static, is dynam-

cally modulated during synaptic plasticity in the mammalian
rain.

i
H
K
a

able 1
pigenetic mechanisms in synaptic plasticity and memory

pigenetic modification Context Effect

NA methylation Synaptic plasticity MeCP1 deficiency redu
Inhibition of DNMT1 a

Spatial memory MeCP1 deficiency impa
DNA methylation of PP
suppressor gene, is incr
methylation of reelin, a
gene, is decreased by co

istone acetylation Synaptic plasticity Increased H3K14 and H
C/EBP induced by the H
accompanies LTF
NMDA receptor activat
by H3K14 hyperacetyla
MII (a member of the T
trxG proteins) deficienc
H4 hypoacetylation
CBP deficiency results
hypoacetylation and lat
impairment

Seizures H4 hyperacetylation on
hypoacetylation on Glu
and chronic, H3 hypera
chronic seizures

Taste memory Indirect evidence that M
H2A and H4 acetylation
learning

Spatial memory CBP deficiency and hap
inhibit spatial memory
p300 deficiency impairs
H3K14 acetylation is in
memory formation

Emotional memory H4 hyperacetylation on
increased by conditione

istone phosphorylation Emotional memory H3S10 phosphorylation
ERK/ MAPK pathway a
contextual fear conditio

dnf, brain-derived neurotrophic factor; CBP, cyclic-AMP response-element bindin
ransferase 1; ERK, extracellular regulated kinase; GluR2, glutamate receptor 2;
otentiation; MAPK, mitogen-activated protein kinase; MeCP1, methyl-CpG binding
ain Research 192 (2008) 70–87 75

.3. Epileptiform activity

Epileptic seizures represent a form of excessive synaptic
lasticity that often occurs following uncontrolled electrical
ctivity in the central nervous system. Seizures have been
ssociated with alterations in the epigenetic regulation of sev-
ral genes, including the glutamate receptor 2 (GluR2) and
rain-derived neurotrophic factor (BDNF) (reviewed in [26]).
ilocarpine-induced seizures in rat hippocampal slices lead to
luR2 downregulation and to an overall hypoacetylation of H4

n its promoter region, which can be reversed by TSA [44]. In
ontrast, BDNF expression is significantly upregulated and H4
yperacetylated at BDNF promoter P2 by pilocarpine treatment.
lectroconvulsive seizures (ECS) also modulate H4 acetylation

n the promoter region of c-Fos, BDNF and CREB genes, and cor-
elate with altered mRNA expression in that H4 hyperacetylation

s associated with increased gene expression and vice versa [45].
owever, there is no clear correlation for H3 acetylation on K9 or
14, or for the combined phosphorylation/acetylation of Ser10

nd K14, suggesting a general role for H4 acetylation but a more

Brain area Organism References

ces LTP Hippocampus Mice [43]
ctivity blocks LTP Hippocampus Mice [42]
irs spatial memory Hippocampus Mice [43]
1, a memory

eased while
memory promoting
ntext learning

Hippocampus Rats [48]

4K8 acetylation on
AT CBP

Sensory-motor
neurons

Aplysia [29]

ion is accompanied
tion

Hippocampus Rats [36]

X repressor group of
y is accompanied by

Hippocampus Mice [38]

in H2B
e-phase LTP

Hippocampus Mice [39]

Bdnf, H4
R2 observed in acute
cetylation only in

Hippocampus Rats [44,45]

APK is regulating
in novel taste

Insular cortex Mice [49]

loinsufficiency Hippocampus
and forebrain

Mice [39,50]

spatial memory Hippocampus Mice [51]
creased by spatial Hippocampus Rats [36]

Bdnf promoters is
d fear

Prefrontal
cortex

Mice [55]

is regulated by the
nd increased upon

ning

Hippocampus Rats [53]

g protein; C/EBP, CCAAT/enhancer binding protein; DNMT1, DNA methyl
HAT, histone acetyl transferase; LTF, long-term facilitation; LTP, long-term

protein 1; NMDA, N-methyl d-aspartate; PP1, protein phosphatase 1.



7 ral Br

s
l
m
b
o
H

a
o
m
p
a
d
f

4

a
i
a
1
o
e
d
m
t
l
p
n

4

4

i
l
l
f
i
e
l
m
s
b
r
l
p
p
t

4

a
o
f
s

m
T
i
c
(
t
a
r
s
a
i
R
t
t
b
o
w
i
w
a
e
i
H
t
m
t
e
d
a
w

g
p
t
(
t
c
k
t
s
i
m
a
a
H
i
k
c
H
b
H
fi
i
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pecific, albeit unknown role for H3 acetylation and phosphory-
ation. Interestingly, ECS appear to induce different epigenetic

echanisms when administered acutely or chronically. While
oth acute and chronic ECS alter H4 acetylation at the promoter
f BDNF (P2), c-Fos, and CREB, chronic ECS selectively alters
3 acetylation, at least at the BDNF P2 promoter [45].
These results overall support the hypothesis that synaptic

ctivity recruits complex mechanisms of epigenetic regulation
f gene expression, and that different types of synaptic activity
ay activate distinct epigenetic processes involving both histone

roteins and DNA (Table 1). This in turn, extends the notion of
“histone code” to an “epigenetic code” in the brain, where

istinct epigenetic programs seem to be recruited by different
orms of synaptic activity.

. Epigenetic mechanisms in cognition

The idea that epigenetic mechanisms play a role in memory
nd cognition was first proposed by Francis Crick (1916–2004)
n 1984, when he stated that “memory might be coded in alter-
tions to particular stretches of chromosomal DNA” [46]. In
999, Holliday [47] followed this concept, and refined the idea
f epigenetics to the process of DNA methylation. It took, how-
ver, another 8 years until DNA methylation was found to be a
ynamic process in the brain that is critical for memory for-
ation [48]. Meanwhile, several studies fostered the notion

hat posttranslational histone modifications are associated with
earning and memory by showing that histone acetylation and
hosphorylation regulate multiple aspects of memory and cog-
ition (Table 1).

.1. Learning and memory in rodents

.1.1. Novel taste learning
One of the first indications that epigenetic mechanisms are

nvolved in memory stems from a study examining histone acety-
ation in the insular cortex, a brain region involved in novel taste
earning. In this study, TSA treatment of insular cortex samples
rom animals after novel taste learning was shown to selectively
ncrease the acetylation of histones H2A and H4, but had no
ffect on H2B or H3 [49]. These results indicate that novel taste
earning can induce a specific set of posttranslational histone

odifications. However, the possibility that TSA is residue-
pecific and does not act similarly on all histone residues cannot
e excluded (see [41]). Therefore, more refined analyses are
equired to determine the real effect of the drug. Novel taste
earning has also been shown to be associated with increased
hosphorylation of MAPK [49], indicating that the intracyto-
lasmic signaling MAPK pathway may as well be implicated in
he regulation of histone acetylation during memory formation.

.1.2. Object recognition, spatial and contextual memory
Several studies have addressed the importance of histone
cetylation in object recognition, spatial and contextual mem-
ry. Korzus et al. [50] expressed an inducible, dominant-negative
orm of the HAT CBP in the mouse forebrain and demon-
trated that the resulting HAT deficiency impairs long-term

t
[

t

ain Research 192 (2008) 70–87

emory formation in a novel object recognition (NOR) task.
he behavioural deficit could be rescued by TSA, confirming

ts association with acetylation. In a second study, Alar-
on et al. [39] showed that mice haploinsufficient for CBP
i.e., mice lacking one CBP allele), have deficits in long-
erm memory in both NOR and contextual fear conditioning
nd that the deficit in contextual fear conditioning could be
eversed by the HDAC inhibitor SAHA. Importantly, in both
tudies, transcription-independent short-term memory was not
ffected, suggesting that epigenetic mechanisms are primar-
ly recruited for transcriptional-dependent memory formation.
ecently, mice expressing a truncated form of p300, another

ranscriptional co-activator with HAT activity further supported
hese findings by showing that p300 deficiency induces similar
ehavioural deficits in long-term but not short-term spatial mem-
ry [51]. The requirement of histone acetylation for memory
as further highlighted in two studies showing that increas-

ng histone acetylation itself is sufficient to improve memory in
ild-type animals. Systemic administration of sodium butyrate,
broad HDAC inhibitor before contextual fear conditioning

nhances long-term but not short-term memory. This finding
s accompanied by in vitro evidence of increased acetylation of
3K14 and H4 (several residues) [36]. Likewise, local adminis-

ration of TSA into the hippocampus improves spatial long-term
emory [41]. However, a drawback of these studies remains

hat the drugs have limited specificity and target all HDACs in
very cellular compartment. More refined approaches need to be
eveloped to determine which residues are selectively involved,
nd which forms and temporal phases of memory are associated
ith histone acetylation.
Histone phosphorylation constitutes another important epi-

enetic process implicated in spatial memory. In particular, H3
hosphorylation is thought to serve as a molecular integra-
or of intracytoplasmic signaling pathways and nuclear events
reviewed in [52]), and has been shown to be critical for gene
ranscription associated with memory [53]. Major signaling
ascades activated in neuronal cells involve multiple protein
inases and protein phosphatases, which balance each other
o control synaptic plasticity and memory [28,35,54]. Recent
tudies have shown that protein kinases of the MAPK fam-
ly contribute to the regulation of histone phosphorylation in

emory formation. For instance, the protein kinase ERK is
ctivated during contextual fear conditioning and is associ-
ted with a transient increase in H3S10 phosphorylation and
3K14 acetylation in the rat hippocampus [53]. This increase

s blocked by an inhibitor of MEK (MAP kinase/ERK), a
inase upstream of ERK, suggesting that the observed epigenetic
hanges are regulated by ERK/MAPK signaling. Intriguingly,
3 acetylation remains unchanged after latent inhibition, a
ehavioural test based on the inhibition of conditioning, whereas
4 acetylation (on several residues) is increased [36]. These
ndings point to the fact that, similar to synaptic plastic-

ty, different memory tasks activate distinct signaling cascades

hat lead to differential epigenetic regulation of chromatin
6,26].

Finally, DNA methylation is also implicated in the forma-
ion of spatial and contextual memory. Initial indirect evidence
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howed that mice lacking MBD1, a transcriptional co-repressor
hat binds methylated DNA, have impaired spatial memory on
water maze [43]. A more direct link was recently established
y the demonstration that contextual fear conditioning is associ-
ted with increased methylation and decreased transcription of
he memory suppressor gene PP1, and at the same time, with
ecreased methylation and increased transcription of reelin, a
emory promoting gene [48]. These findings were further sup-

orted by the observation that DNMT inhibitors reverse the
ypermethylation of the PP1 promoter and restore normal tran-
cription. Together, these results delineated for the first time a
rucial role for DNA methylation in both spatial and contextual
emory.

.1.3. Tone fear conditioning
The role of histone acetylation in emotional memory has

een examined in the hippocampus using a cued fear condition-
ng task. In the hippocampus, cued fear conditioning seems to
e histone acetylation-independent because the administration
f HDAC inhibitors did not ameliorate this form of memory.
or instance, in transgenic mice with an inducible dominant-
egative form of CBP [50], in mice haploinsufficient for CBP
39], or in wild-type animals [41], these inhibitors have no
ffect. In contrast, in the insular cortex, histone acetylation
s associated with emotional memory. In this brain structure,
he extinction of conditioned fear is accompanied by a signif-
cant increase in the overall H4 acetylation at promoter 4 of
DNF, and in the transcription of BDNF exon I and IV [55].
his effect is specific for H4 since acetylation on H3K9 and
3K14 was not affected. Consistently, the systemic administra-

ion of the HDAC inhibitor valproic acid increases H4 but not
3 acetylation at BDNF promoters 1 and 4, which correlates
ith an increased transcription of exon IV, and enhanced long-

erm memory [55]. Valproic acid and sodium butyrate were also
hown to improve emotional memory in wild-type mice whereas
SA does not [41]. These studies therefore suggest that HDAC

nhibitors may differ in their mode of action or ability to induce
hanges in histone acetylation to ultimately influence behaviour.
s a result, studies using these drugs need to be combined
ith more precise analyses of the effect of the drug in different
rain regions and different memory tasks. Nevertheless, these
ndings all support the hypothesis that a specific histone code

s associated with different types of memory in distinct brain
tructures.

.2. Cognitive dysfunctions in human

Cognition is a highly complex process that engages multi-
le brain functions, most of which remain not fully understood.
nitial insight into these mechanisms has been brought for-
ard by clinical studies in patients with cognitive disorders.
heir study has established a central role for a complex

nterplay between several epigenetic mechanisms, a disrup-

ion of which can lead to severe cognitive impairments. Yet,
n the basis of their reversibility, epigenetic codes might also
epresent promising targets for future therapeutic approaches
Table 2).

r
m
t
p

ain Research 192 (2008) 70–87 77

.2.1. Rubinstein–Taybi Syndrome (RTS)
RTS is a rare congenital disorder (1:100,000–125,000 preva-

ence in the US) characterized by short stature, skeletal
bnormalities, and mild to severe mental retardation. In most
atients, the disease is caused by several types of autosomal
utations in the gene coding for CBP [56]. Many of the muta-

ions found in RTS patients lead to the formation of a protein
hat lacks part of the HAT domain and activity [57–59]. In sev-
ral RTS cases, this results in abnormal transcription of genes
hat require CBP as co-activator, such as CREB-dependent genes
58]. Several mouse models with CBP mutations were generated
nd confirmed the involvement of CBP in the molecular mech-
nisms of the disease [39,50,60,61]. Importantly, these models
ad deficits in object, contextual and spatial memory, reminis-
ent of the cognitive impairments observed in RTS patients,
hich confirs that histone acetylation is an important posttrans-

ational modification in the etiology of this disease.

.2.2. Rett Syndrome (RS)
RS is a relatively common X-linked developmental dis-

ase (1:10,00–15,000 prevalence in the US) characterized by
rrested or retarded neurological development, microcephaly
nd cognitive decline. Most cases of RS are caused by muta-
ions in the gene coding for methyl-CpG binding protein 2
MeCP2) [62], a member of the MBP family involved in
ong-term gene silencing (for a review see [9]). Brain-specific
eletion of MeCP2 in mice mimics RS; it leads to reduced
rain size and impairs locomotor activity [63,64]. MeCP2 is also
mportant for cognitive functions. MeCP2 deficiency increases
nxiety, and a two-fold overexpression of human MeCP2 in
ice carrying a truncated endogenous form of MeCP2 was

hown to enhance synaptic plasticity in the hippocampus and to
mprove spatial memory [65]. These functions of MeCP2 were
ecently shown to require MeCP2 phosphorylation [66], impli-
ating neuronal signaling cascades involving protein kinases
nd phosphatases in MeCP2-dependent epigenetic regulation.
his has been further corroborated by two studies showing

hat neuronal activity in particular, membrane depolarization,
nduces calcium-dependent MeCP2 phosphorylation, which in
urn leads to its dissociation from the BDNF promoter region,
nd ultimately increases BDNF transcription [67,68]. Addition-
lly, HDAC1 was shown to dissociate from BDNF promoter
egions, suggesting a simultaneous action of DNA methylation
nd histone acetylation in RS [67]. A deficiency in MeCP2 also
orrelated with increased overall acetylation of H3 in the cere-
ral cortex and cerebellum [69], further strengthening the idea
hat MeCP2 exerts its repressive function, in part, by recruit-
ng histone-modifying enzymes that reinforce the compaction
f chromatin [70].

.2.3. Fragile X Syndrome (FXS)
FXS is a common heritable disease (prevalence in the US

:8000 in women, 1:4000 in men) characterized by mental

etardation and learning disabilities. FXS is caused by abnor-
al expansion of the trinucleotide repeats CGG and CCG at

he 5′-end of the genes encoding fragile X mental retardation
rotein 1 and 2 (FMRs), respectively [71–73]. These expan-
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Table 2
Epigenetic mechanisms in cognitive and psychiatric diseases

Pathology Implicated gene Epigenetic modification Potential treatment References

Cognitive
Rubinstein–Taybi CBP Mutations in the HAT CBP cause

aberrant histone acetylation
HDAC inhibitors TSA and SAHA
reverse cognitive deficits

[39,50,58]

Rett Syndrome MeCP2 Mutations in the methylated
DNA-binding protein MeCP2 cause
aberrant DNA methylation and histone
acetylation

None suggested [62–65,69]

Fragile X Syndrome FMR1 and FRM2 Trinucleotidic repeats within these genes
cause their repression via increased
methylation

DNA demethylating drug 5-aza rescues
secondary acetylation changes

[71–73,75]

Alzheimer’s disease APP AICD, the cleavage product of APP
recruits the HAT TIP60, suggesting a
potential hyperacetylation

None suggested [77]

APP-induced death of cortical neurons
provokes H3 and H4 hypoacetylation

None suggested [79]

PS1 PS1 mutations prevent CBP degradation,
resulting in abnormal gene expression,
potentially through hyperacetylation

Substitution of PS1-mediated enzymatic
activity

[78]

PS1 conditional knock-out mice have
decreased CBP level and CBP-mediated
gene expression, e.g., c-Fos, Bdnf,
potentially through hypoacetylation

None suggested [80]

Hypomethylation of PS1 promoter
increases APP formation

Methyl-donor SAM administration
reverses hypomethylation

[81]

Huntington’s disease Htt Htt polyglutamine extension binds the
HAT CBP and inhibits its function,
leading to reduced acetylation

HDAC inhibitors SAHA, sodium
butyrate and phenylbutyrate rescue
aberrant acetylation

[84–87]

Psychiatric
Schizophrenia Reln Reln hypermethylation and

transcriptional downregulation involved
in schizophrenia

5-aza and TSA increase reln expression [90–92]

Cocaine addiction c-Fos, Cdk5, FosB, Bdnf Acute cocaine administration in rat leads
to hyperacetylated c-Fos and FosB;
chronic administration to
hyperacetylated FosB, Bdnf and Cdk5

Viral-mediated HDAC4 transfer
abolishes cocaine place conditioning

[94]

Alcohol addiction α-synuclein Alcohol consumption in chronic patients
leads to hypermethylation of α-synuclein

None suggested [101]

Depression Bdnf In a rat model of depression, Bdnf splice
variants are repressed and histone
methylation is increased

Antidepressant imipramine reverses Bdnf
repression and increases histone
acetylation

[102]

Predisposition to stress GR Poor maternal care decreases GR
expression through increased DNA
methylation

SAM precursor l-methionine reverses the
maternal care effect on DNA methylation

[108,111]

AICD, APP intracellular domain; APP, amyloid precursor protein; Bdnf, brain-derived neurotrophic factor; CBP, cyclic-AMP response-element binding protein;
Cdk5, cyclin-dependent kinase 5; c-Fos, FBJ osteosarcoma oncogene; FosB, FBJ osteosarcoma oncogene B; FMR, fragile X mental retardation; GR, glucocorticoid
r ngtin;
s A; 5
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eceptor; HAT, histone acetyl transferase; HDAC, histone deacetylase; Htt, hunti
uberoylanilide hydroxamic acid; SAM, S-adenosylmethione; TSA, trichostatin

ions increase the methylation and repression of the genes
71–73], and result in protein deficiency and ultimately mal-
unctions of the nervous system. In mice, an FMR2 deficiency
nduced by gene knock-out impairs spatial memory, however,
t enhances LTP [74]. Although such dissociation between
mpaired memory and enhanced LTP was previously reported
[74] and references therein), the mechanisms underlying these
lterations and their biological implication remain unknown.

nterestingly, DNA methylation-dependent silencing of FMR1
ppears to be reinforced by epigenetic modifications of his-
ones. Treatment of FMR1-deficient cell lines with the DNMT
nhibitor 5-aza decreases H3K9 dimethylation but increases

d
o
b
�

MeCP2, methyl-CpG binding protein 2; PS1, presenilin 1; Reln, reelin; SAHA,
-aza, 5-aza-2-deoxycytidine.

3K4 dimethylation, H3K9 and H3K14 acetylation, and overall
4 acetylation [75]. These findings highlight the combined and

omplex contribution of multiple epigenetic mechanisms in FXS
athology.

.2.4. Alzheimer’s disease (AD)
AD is a late onset neurodegenerative disease with high preva-

ence (approx. 1:100 in the US), mainly characterized by severe

ementia. One of the major landmarks of AD is the deposition
f neurotoxic �-amyloid peptides forming A� plaques in the
rain (for a review see [76]). These peptides are produced by
- and �-secretase-mediated enzymatic cleavage of the amyloid
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recursor protein (APP), which also results in the production of
he APP intracellular domain (AICD). AICD recruits the nuclear
daptor protein Fe65 and the HAT TIP60, and in combination
ith these proteins, acts as a transcriptional activator [77]. In

ddition, AD-related mutations in presenilin 1 (PS1), the gene
oding for the catalytic subunit of the �-secretase complex, lead
o sustained HAT activity of CBP, suggesting that a general
ncrease in acetylation is associated with AD [78]. However,
ontroversial evidence argues that AD is rather associated with a
eduction in histone acetylation. For instance, cell death induced
y activation of the APP signaling pathway results in decreased
cetylated H3 and CBP levels [79]. Conditional knock-out mice
eficient for both PS1 and PS2 in the forebrain not only have
evere memory defects and signs of neurodegeneration, but
lso reduced expression of CBP and CREB/CBP-dependent
arget genes such as c-Fos and BDNF [80]. Altogether, these
tudies suggest a role for histone acetylation in AD, but fur-
her research is required to identify the precise mechanisms
nvolved.

Intriguingly, DNA methylation may also be implicated in the
tiology of AD. Hypomethylation of the promoter region of PS1
ncreases gene expression and PS1 enzymatic activity, and rises
-amyloid production [81]. In cell culture, this hypomethyla-

ion can be partially reversed by S-adenosylmethionine (SAM)
dministration, a common metabolic methyl donor, indicating
he possibility for future therapeutic intervention using such a
ompound (reviewed in [82]).

.2.5. Huntington’s disease (HD)
HD is a progressive brain disorder (1:100,000 prevalence

n Europe) characterized by uncontrollable movements, emo-
ional dysfunctions and cognitive deficits. HD is caused by a

utation in the gene huntingtin (htt) that leads to an abnor-
ally high number of CAG repeats producing a polyglutamine

xtension of the protein huntingtin (for a review see [83]).
his extension directly binds and inhibits the HAT domain of
BP and p300/CBP-associated factor (P/CAF) [84], which ulti-
ately leads to transcriptional dysregulation. In cultured cells

f Drosophila, overexpression of the polyglutamine-containing
omain reduces the overall level of H3 and H4 acetylation,
n effect that can be reversed by the application of SAHA or
odium butyrate [84]. In mouse models of HD, the administra-
ion of several types of HDAC inhibitors significantly attenuates

otor deficits [85,86] and neuronal atrophy [87], which are
ccompanied by increased histone acetylation and decreased
istone methylation. This suggests the involvement of histone
cetylation, and possibly of histone methylation in HD and by
xtension, points to the potential usefulness of HDAC inhibitors
n therapeutic treatments.

. Epigenetic mechanisms in psychiatric disorders and
redisposition to stress
In addition to cognitive disorders, epigenetic mechanisms
ave been implicated in the etiology of psychiatric diseases
uch as schizophrenia, addiction, depression, and stress-related
isorders (reviewed in [88]) (Table 2).
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.1. Psychiatric disorders

.1.1. Schizophrenia
Schizophrenia is a multifactorial disease with 1% prevalence

orldwide characterized by a disruption of cognitive and emo-
ional processes, motor disturbances and severe deterioration
f daily life. Recent evidence has indicated that the epige-
etic downregulation of the extracellular matrix protein reelin is
ausally linked to the disease (reviewed in [89]). Reln, the gene
oding for reelin, contains a high number of CpG dinucleotide
epeats in its promoter region, and is strongly susceptible to
egulation by DNA methylation [90]. Both in vitro and in vivo,
NA hypermethylation decreases reln expression, an effect that

s reversed by 5-aza in vitro [90,91]. Furthermore, TSA and
alproic acid in vitro (but also in vivo for valproic acid) can
ctivate reln expression, an effect that in vivo correlates with an
verall increase in H3 acetylation [91]. TSA also prevents the
ypermethylation of the reln promoter [92], possibly because
yperacetylated chromatin is inaccessible to DNA binding pro-
eins such as DNMT1 [93]. Overall, both DNA methylation and
istone acetylation are involved in the control of reelin expres-
ion and in turn, may be involved in schizophrenic symptoms.
iven the multigenic character of the disease, however, it is

ikely that genes other than reln are subject to regulation by DNA
ethylation and histone acetylation (see also [93]). Initial evi-

ence has indeed been provided for glutamic acid decarboxylase
91,92], but more work is needed to extend these findings.

.1.2. Addiction
Drugs of abuse such as cocaine and alcohol profoundly

nfluence human behaviour by altering the brain’s reward path-
ays. Their effect is often persistent and associated with lasting

lterations in gene expression, pointing to the potential involve-
ent of epigenetic regulatory mechanisms. Recent studies have

ndeed demonstrated that both acute and chronic cocaine admin-
stration involve epigenetic regulation of gene expression. Acute
dministration of cocaine increases H4 acetylation in the pro-
oter region of c-Fos and FosB, transcription factors implicated

n addiction, in the rat striatum [94]. In addition, acute cocaine
xposure is associated with H3 phosphoacetylation in the pro-
oter region of c-Fos but not FosB. This is also true for H4K5

cetylation and H3S10 phosphorylation as demonstrated in an
ndependent study [95]. The effect on acetylation is presumably

ediated by the HAT CBP, which is bound to the promoter of
osB upon acute cocaine administration [96], while phosphory-
ation may be caused by mitogen- and stress-activated protein
inase 1 (MSK1), since MSK1 knock-out mice do not have any
3 phosphorylation when acutely administered cocaine [95].
hronic cocaine treatment by self-administration also leads to
3 hyperacetylation in the promoter region of FosB, as well as
f Bdnf and Cdk5 [94], which are activated by chronic cocaine
xposure in the striatum [97,98]. Further, it increases the expres-
ion of MeCP2 and MBD1, and induces H3 hypoacetylation in

ub-areas of the striatum and cortex, suggesting that both DNA
ethylation and histone acetylation contribute to gene regula-

ion upon chronic cocaine exposure [99]. Notably, acute and
hronic cocaine exposures differ in their respective epigenetic
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rogramming [88], with acetylated H3 being a preferential mark
or chronic administration. This specificity is reminiscent of that
licited by acute and chronic ECS, in which chronic but not
cute treatment alters H3 acetylation [45] (see above). Hence,
3 acetylation might represent an epigenetic mark that preferen-

ially targets continuously activated genes. Finally, this acetyla-
ion and cocaine-induced conditioning can be reversed by virus-

ediated overexpression of HDAC4 [94], suggesting a means
or potential therapeutic intervention in cocaine addiction.

Similar to drug addiction, both acute and chronic exposure
o alcohol were shown to activate epigenetic mechanisms. The
cute administration of ethanol in rats increases H3K9 acety-
ation in liver, lung and spleen, but not in brain [100]. Further,
lcohol consumption in chronic alcoholic patients was found to
e associated with hypermethylation in the promoter region of α-
ynuclein, a gene implicated in craving, in peripheral blood, sug-
esting that DNA methylation may control the degree of craving
101]. However, more studies are required to define more pre-
isely the epigenetic mechanisms associated with alcoholism.

.1.3. Depression
Depression is a common and persistent mood disorder char-

cterized by despair, helplessness and social withdrawal. These
ymptoms can be attenuated by antidepressants, however only
hen administered repeatedly over a long period of time, sug-
esting that depression is mediated by stable molecular changes
88]. Modeling of depression-like phenotypes in the mouse can
e achieved by different manipulations, in particular by expos-
ng the animals to chronic social defeat stress [102]. Chronic
xposure to an aggressor results in pronounced social avoid-
nce, prolonged downregulation of two splice variants of Bdnf,
dnfIII and BdnfIV in the hippocampus and increased promoter
imethylation of H3K27 [102], a mark of transcriptional repres-
ion [20]. H3K27 dimethylation persists over several weeks after
emoval of the aggressor, indicating that this repression mark
nduced by chronic stress on Bdnf transcription is stable. More-
ver, the effect of chronic stress on histones is residue-specific,
ince it does not alter the dimethylation of H3K9. Strikingly,
reatment with the antidepressant imipramine reverses gene
epression and increases promoter H3K9/K14 acetylation and
3K4 dimethylation [102], markers of transcriptional activation

20], however, dimethylation of H3K27 is not affected, which
oints to the need for finding additional antidepressants. Interest-
ngly, HDAC inhibitors such as sodium butyrate might represent
otent candidates [103], since virus-mediated HDAC5 overex-
ression reverses the imipramine-induced H3 hyperacetylation
nd BdnfIII and BdnfIV transcription [88]. Finally, modifica-
ion of H3K4 dimethylation might constitute another potential
arget for antidepressants [104], providing further support for
he hypothesis that more than one epigenetic modification is
nvolved in depression-like phenotypes, and that each of them

ight be a relevant target for antidepressant treatments.
.2. Predisposition to stress

Early life environment during both pre- and postnatal
evelopment can have profound and life-long effects on adult

m
b

ain Research 192 (2008) 70–87

ehaviour. In mammals, maternal care and nutrition are impor-
ant factors that determine the quality of the environment in
arly life. In rodents, maternal care is characterized by complex
ehaviours such as arched-back nursing (ABN) and licking
nd grooming (LG) that vary greatly between individuals and
trains [105]. These maternal behaviours strongly influence the
evelopment of proper behavioural responses such as the level
f anxiety and stress responsiveness in the offspring [106].
emarkably, female rat pups raised by mothers with high
urturing abilities (high LG–ABN) become high LG–ABN
others themselves, but this phenomenon can be reversed by

ross-fostering, indicating that transmission of this behavioural
rait is independent of the genetic make-up of the individual
107]. Behaviourally, high maternal care decreases fear and
tress reactivity in the offspring, an effect that at a molecular
evel is associated with alteration of stress pathways involving
he glucocorticoid receptor (GR). Accordingly, the offspring of
igh LG–ABN mothers have increased GR expression, specif-
cally of splice variant exon I7 [108], and reduced reactivity to
tress. In contrast, the offspring of low LG–ABN mothers have
ecreased GR expression and increased stress reactivity [109].

The differential expression of GR in these animals appears
o be mediated by epigenetic mechanisms. The offspring of
igh LG–ABN mothers have reduced DNA methylation and
ncreased H3K9 acetylation at the binding site for the tran-
cription factor NGFI-A (also known as Egr-1 or Zif268) in
he promoter region of GR, an effect that persists into adult-
ood [108]. Conversely, the offspring of low LG–ABN have
ncreased promoter methylation but no change in acetylation.
ecent evidence further suggests that NGFI-A itself may medi-
te these epigenetic changes since its binding to the GR promoter
egion is necessary for these changes [110]. Although stable, the
pigenetic modifications can be reversed by cross-fostering or
reatment with TSA resulting in histone hyperacetylation and
NA hypomethylation at the GR promoter in low LG–ABN
ffspring [108]. Likewise, maternal programming of stress
esponses via glucocorticoid receptors can be reversed by methyl
upplementation via the administration of L-methionine, a SAM
recursor [111]. Both pharmacological treatments result in dif-
erential changes in transcriptional activity in the hippocampus
n high and low LG–ABN offspring, suggesting that histone
cetylation and DNA methylation influence the expression of
ultiple genes affected by maternal care [112].
Notably, stressful events in adulthood also have a strong

mpact on the epigenetic marking of chromatin. Psychological
tressful stimuli such as inescapable swim stress significantly
ncrease H3S10 phosphorylation in the dentate gyrus of rats and

ice [113]. Interestingly, such change appears to be specific
o certain types of stress since exposure to ether or cold tem-
erature, two conditions known to induce stress, does not alter
istone modifications.

. Transgenerational epigenetics
With their relatively stable binding to chromatin, epigenetic
odifications are prone to be inherited not only through mitosis,

ut also through meiosis, despite the substantial chromosomal
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Fig. 3. Disease-related transgenerational epigenetic inheritance. Depicted are examples of transgenerational diseases over three successive generations in both mice
and humans and the environmental stimulus in the F0, which had caused them. Environmental stimuli and their impact in following generations are colour-matched;
green for nutrition-related observations; yellow and orange for observations where epigenetic modifications were also detected in the germline; blue for glycemia-
r of the
m eriod.

r
g
[
v
a
e
a

(
b

elated phenotypes; brown for social childhood conditions. Note that for some
ice and humans, but the effect can be species-dependent. SGV, slow growth p

eorganization occurring during meiosis. Transgenerational epi-
enetic inheritance is known to occur in plants and invertebrates
114,115], but evidence in vertebrates is still scarce [116]. In

ertebrates, transgenerational epigenetic inheritance is defined
s “soft inheritance” and can be divided in two types; heritable
pigenetic modifications that influence morphological appear-
nce, and modifications that impact on disease susceptibility

6

m

examples, such as nutritional circumstances in the F0, parallels exist between
See text for gene names.

see [117] and references therein), both of which can be altered
y environmental factors (Fig. 3).
.1. Variable morphological appearance

Differences in the methylation pattern of transposable ele-
ents within a gene can modify the impact of that gene on an



8 ral Br

i
m
A
t
a
p
T
(
e
t
r
i
i
h
l
d
m
i
m
m
i
l
e
t
c
p
t
t
i
s
a
t

m
m
l
o
m
n
a
t
g
(
h
A
c
t
t
t
g

6

a
t
[

6

m
s
c
[
r
n
a
T
i
o
a
e
d

6

t
p
s
s
a
i
h
m
e
g
s
m
s
w
t
h
[
g

6

o
f
b
s
l
T
t
e
s
g
g
h
t
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ndividual’s morphology. The best known examples of such a
echanism are the mouse alleles Avy (viable yellow agouti) and
xinFu (axin-fused) implicated in coat pigmentation and kinked

ail formation, respectively (reviewed in [118]). Agouti encodes
signaling molecule that causes hair follicle melanocytes to

roduce phaeomelanin (yellow) instead of eumelanin (black).
he gene contains a retrotransposable intracisternal A-particle

IAP) in its 5′ region that interferes with the functions of the
ndogenous promoter, and places its expression under the con-
rol of the retrotransposon promoter in the IAP long-terminal
epeat (LTR) [118]. Differential methylation of the LTR results
n different coat colour ranging from yellow when the LTR
s demethylated, to black or pseudoagouti when the LTR is
ypermethylated [119]. Coat colour can readily be manipu-
ated by feeding gestating females with a methyl-supplemented
iet [120], through a mechanism involving differential LTR
ethylation [121,122]. Strikingly, such induced epigenetic mod-

fication can be passed to subsequent generations through both
aternal [119] and paternal [123] germline, suggesting a DNA
ethylation-dependent transgenerational epigenetic inheritance

nduced by nutrition. A similar phenomenon occurs at the AxinFu

ocus, a regulator of early embryonic axis formation. AxinFu

xpression is altered by differential methylation of a retro-
ransposable DNA element [118]. The dominant AxinFu allele
ontains an IAP in intron 6, which, when expressed leads to the
roduction of several aberrant RNA molecules and a kinked-
ail phenotype [124]. Analogous to Avy, hypermethylation of
he IAP’s LTR prevents erroneous gene expression and results
n normal tail morphology [125]. Remarkably, the epigenetic
tate of AxinFu can also be inherited through both maternal
nd paternal germline [125], providing a second example of
ransgenerational epigenetic inheritance.

Of particular interest in this process is the finding that the
ethylation state of the AxinFu allele in mature sperm reflects the
ethylation pattern in somatic tissue. This suggests similar regu-

atory mechanisms in the soma and the germline, or the existence
f a yet unknown mechanism of communication of epigenetic
arks between these cellular systems [125]. Such a commu-

ication could be mediated by molecules that, in response to
n epigenetic modification in somatic tissue, are secreted and
ravel across the germline barrier to implement the same epi-
enetic change in germ cells. Intriguingly, Charles Darwin
1809–1882) had proposed the existence of such particles, which
e gladly called “gemmules” ([126] and references therein).
lthough still theoretical and not yet identified, these particles

ould be circulating DNA, RNAs, or prion proteins. Overall,
he results of these studies provide strong evidence for the exis-
ence of dynamic mechanisms of gene regulation in response
o environmental factors that can perpetuate their effect across
enerations.

.2. Disease susceptibility
Experimental evidence suggests that epigenetic mechanisms
re implicated in the transgenerational transmission of different
ypes of diseases in both rodents and human (for a review see
127]) (Fig. 3).

6

w
i

ain Research 192 (2008) 70–87

.2.1. Obesity
Correlative evidence has shown that supplementation of

aternal diet with genistein, an estrogenic compound, not only
hifts the methylation profile at the IAP LTR of Avy and coat
olour, but also affects the offspring’s body weight and health
128]. Genistein increases DNA methylation, and increases the
atio of pseudoagouti offspring and the number of animals with
ormal body weight. A similar effect has also been observed
cross two generations following fetal undernutrition [129,130].
hese results therefore link methyl-supplemented nutrition dur-

ng gestation to weight-related disease susceptibility in the
ffspring. However, more systematic analyses of survival rate
nd cancer development, and of DNA methylation and gene
xpression in the offspring are required to provide causal evi-
ence for these observations.

.2.2. Male infertility
Exposure of gestating rats during gonadal sex determination

o the endocrine disruptors vinclozolin, an antiandrogenic com-
ound, and methoxychlor, an estrogenic compound, has been
hown to substantially decrease the number and viability of
perm cells, and to increase the incidence of male infertility
cross four generations [131]. Moreover, vinclozolin treatment
mpairs the health of all four generations, since these animals
ave increased level of cholesterol, enhanced tumor develop-
ent and abnormalities in several tissues [132]. Notably, these

ffects correlate with altered DNA methylation in the male
ermline [131], occurring in both non-coding and coding DNA
equences [133]. This is intriguing, but it remains to be deter-
ined whether the epigenetic differences are truly causative or

imply correlative of the observed phenotype. For instance, it
ould be critical to investigate whether the methylation pat-

ern in germ cells reflects that in somatic tissue. Although this
as been demonstrated for the retroviral element within AxinFu

125], no direct evidence for an environmentally-induced epi-
enetic mark in both the soma and the germline exists so far.

.2.3. Glucose intolerance
Glucose intolerance or the risk to develop diabetes is one

f the rare examples of transgenerational epigenetic inheritance
ound to occur in both rodents and humans. The consumption of
etel nut has long been known to lead to diabetes, but a recent
tudy newly suggests a paternal effect for the risk of diabetes-
ike syndrome in F1 offspring in a Taiwanese community [134].
his risk is dose-dependent and correlates with the quantity and

he duration of paternal betel nut chewing. Importantly, it occurs
ven if the offspring does not consume betel nut itself. In mice,
imilar results were obtained in F1 and F2 males born to hyper-
lycemic fathers but not in females [135], indicating paternal
ermline inheritance. Since sperm mainly consists of DNA and
as low protein content, it is conceivable that this transgenera-
ional inheritance is caused by altered DNA methylation.
.2.4. Cancer
Epigenetic mechanisms, specifically DNA methylation, are

idely recognized to be a major factor in the etiology of var-
ous types of cancer (for a review see [136]). Two recent
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tudies suggested that the heritability of at least one type of
ancer, i.e., nonpolyposis colorectal cancer, might also be of
pigenetic origin [137,138], although this remains controversial
139-141]. The first study describes that hypermethylation of the
NA mismatch repair gene mutS homologue 2 (MSH2) across

hree generations in somatic tissue can be inherited through the
ermline [137]. In contrast, the second study shows that this
pigenetic mark is reversible, since the sperm of sons that had
pigenetically inherited a hypermethylated state of another DNA
ismatch repair gene, mutL homologue 1 (MLH1), no longer

isplay the same pattern of methylation [138]. These findings
ight provide novel insight into the etiology and potential cure

f some types of cancer that develop even in the absence of a
enetic predisposition.

.2.5. Mortality risk ratio and longevity
Mortality risk and lifespan might be conditioned by the ances-

ors’ food availability during the slow growth period (SGV),
efined as age 8–10 in girls and 9–12 in boys [142–144]. Several
tudies have documented this phenomenon based on thorough
ecords of food supply, disease and cause of death over three
enerations in a genetically homogeneous north-Swedish com-
unity. Food shortage of the father during SGV was shown

o decrease mortality by cardiovascular diseases in sons. In
ontrast, a surplus of food for the paternal grandfather during
GV increased mortality risk due to diabetes in both daugh-

ers and sons [142,144]. A similar phenomenon was observed
or the paternal grandmother’s food supply during SGV, but
nly in granddaughters [144]. In addition, conditions of social
hildhood such as number of siblings were found to increase
he offspring’s longevity, but only in sons, and only when the
ncestors’ food supply was abundant [143]. This last finding
s somewhat unexpected, since sibling size is anticipated to be
determining factor for longevity only when food availability

s low. Nevertheless, these studies indicate that nutrition dur-
ng SGV, i.e., before the onset of puberty influences the risk
or disease and mortality in the offspring. This in turn delin-
ates an important time window when environmentally-induced
pigenetic changes can become fixed and subsequently trans-
enerationally inherited. At SGV, germline formation is still
ctive and not complete, and is therefore susceptible to alter-
tions. Unfortunately, no precise information about the type of
ood available to the ancestors was collected. In this respect, it
ould be interesting to determine whether the effects observed
ere due to methyl-supplemented diets, in which case transgen-

rational disease risks could be tested on laboratory animals. The
echanisms by which environment-induced epigenetic changes

n the germline occur and how they are transmitted remain elu-
ive, but will hopefully be the subject of future research.

. Conclusions

Epigenetic mechanisms play a crucial role in many brain

unctions and, in light of the their complexity, the initial notion
f a “histone code” may now be extended to that of an “epige-
etic code”. This epigenetic code engages multiple and distinct
rocesses depending on the brain function that is activated, the

C
s
s
r

ain Research 192 (2008) 70–87 83

rain area involved and environmental contingencies. The char-
cteristics of epigenetic mechanisms in the nervous system are
eminiscent of developmental processes such as the differentia-
ion of embryonic stem cells, in that they allow cells to respond
nd adapt to their environment, and keep a cellular memory of
revious activity. It has indeed been suggested that the nervous
ystem has “co-opted” comparable mechanisms and that this
co-option” happened in different phylogenetic branches rang-
ng from invertebrates such as Aplysia, to rodents and humans
6,26].

Epigenetic codes may help answer one of the most promi-
ent questions in the field of cognition, which is the question of
he storage of long-term memory. Epigenetic mechanisms have
een suggested to promote the storage of memory because they
an stably control gene expression over long periods of time.
owever, this may be difficult to be reconciled with the con-

ept of retrieval/reconsolidation, during which a memory trace
s temporarily destabilized when retrieved, then reconsolidated
or further maintenance (for a review see [145]). Rather, it is
onceivable that each step involved in the formation and the
aintenance of a memory trace is governed by a specific set

f epigenetic codes. At a molecular level, this could involve
pigenetic codes for transcriptional initiation, elongation, ter-
ination or re-initiation of genes that promote memory, and/or

or transcriptional repression of genes that prevent memory. A
ecent study in human embryonic stem cells indeed suggested
hat epigenetic codes differ between transcriptional initiation
nd elongation, and that not all transcribed genes have the same
pigenetic marks [146]. In addition, epigenetic mechanisms
nvolving DNA methylation were demonstrated to be dynamic
rocesses in the adult brain [48], suggesting that long-term mem-
ry traces may be stabilized by a complex and flexible interplay
f multiple molecular marks. Future studies examining the time
ourse of epigenetic codes during successive phases of memory
hould elucidate this interplay.

In contrast, even though epigenetic codes are often initially
stablished by the influence of environmental cues, they can
e stably transmitted through mitosis [148] and meiosis [131],
nd therefore mediate epigenetic inheritance across generations
Fig. 3) [147]. This has been referred to as “soft inheritance”
[117] and references therein) and can reflect an adaptive or
pathological process. Adaptive examples of soft inheritance

nclude the decreased incidence of cardiovascular disease in
umans following paternal food shortage during SGV [142], or
ecreased stress responses of rat offspring to high maternal care
111]. Non-adaptive examples include male infertility following
inclozolin exposure during gonadal sex determination [131]
r nonpolyposis colorectal cancer [137,138]. In both cases, the
henotypes acquired through epigenetic mechanisms strongly
nfluence the progenitor’s fitness, and thus have a perpetuating
ncidence.

A final interesting aspect of epigenetic codes is their poten-
ial influence on the mutational rate of genes. The density of

pG dinucleotides in the promoter region of a gene has been

uggested to be associated with the stability of the gene’s tran-
criptional activity, which in turn, can determine the mutation
ate of that gene ([147] and references therein). Although there



8 ral Br

i
e
s
u
g
t
c
t

A

B
m
m
v
t
f
t
R

R
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s no experimental evidence for a relationship between the influ-
nce of environmental factors on epigenetic marks and the
ubsequent mutation rate of a given gene, it is tempting to spec-
late that epigenetic mechanisms may have an impact on the
enetic code itself. Environmentally-mediated epigenetic codes
herefore not only underlie an individual’s developmental and
ognitive abilities, but may also be a critical mediator of evolu-
ionary processes.
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