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Abstract

The genome is programmed by the epigenome, which is comprised of chromatin and a covalent modification of DNA by methylation. Epigenetic
patterns are sculpted during development to shape the diversity of gene expression programs in the different cell types of the organism. The
epigenome of the developing fetus is especially sensitive to maternal nutrition, and exposure to environmental toxins as well as psychological
stress. It is postulated here that not only chemicals but also exposure of the young pup to social behavior, such as maternal care, could affect
the epigenome. Since epigenetic programming defines the state of expression of genes, epigenetic differences could have the same consequences
as genetic polymorphisms. We will propose here a mechanism linking maternal behavior and epigenetic programming and we will discuss the
prospect that similar epigenetic variations generated during early life play a role in generating inter-individual differences in human behavior. We
speculate that exposures to different environmental toxins, which affect the epigenetic machinery might alter long-established epigenetic programs
in the brain.
© 2007 Published by Elsevier Inc.
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1. Epigenetics and inter-individual differences

1.1. Genes, gene expression programs and phenotype

Different cell types execute distinctive plans of gene
expression, which are highly responsive to developmental,
physiological, pathological and environmental cues. The com-
binations of mechanisms, which confer long-term programming
to genes and could bring about a change in gene function without
changing gene sequence are termed here epigenetic. Epige-
netic programming occurs during development to generate the
complex patterns of gene expression characteristic of complex
organisms such as humans, however epigenetic programs in dif-
ference from the genetic sequence itself are somewhat dynamic
and responsive to different environmental exposures during fetal
development as well as early in life. Epigenetic programs are
potentially dynamic even later in life. Thus, many of the pheno-
typic variations seen in human populations might be caused by
differences in long-term programming of gene function rather
than the sequence per se. Any analysis of inter-individual phe-
notypic diversity should take into account epigenetic variations
in addition to genetic sequence polymorphisms [1].

Some critical environmental exposure could alter the pro-
gression of epigenetic programming during development both
in utero as well as postnatally. Thus, variation in environ-
mental exposures during these critical periods could result in
epigenetic and therefore phenotypic differences later in life.
It stands to reason that exposure to nutritional deprivation
and chemical toxins would affect the epigenetic machin-
ery during development. Recent data suggests however that
psychosocial exposures early in life could also impact on
the epigenome resulting in differences in epigenetic program
and as a consequence in behavioral differences later in life
[2]. Thus, certain behavioral pathologies might be a conse-
quence of early in life exposures which altered epigenetic
programming.

It is important to understand the mechanisms driving vari-
ations in epigenetic programming in order to identify the
behavioral pathologies that result from such mechanisms. In dif-
ference from genetic mechanisms, epigenetic mechanisms are
dynamic and potentially reversible and are therefore amenable to
therapeutic intervention [3]. Drugs, which target the epigenetic
machinery, are currently tested in clinical trials in cancer [4,5]
and psychiatry disorders [6]. Moreover, once we understand the
rules through which different environmental exposure modify
the epigenetic processes, we might be able to design behavioral
strategies to prevent and reverse deleterious environmentally
driven epigenetic alterations.

2. The epigenome

2.1. Chromatin

The epigenome consists of the chromatin and its modifi-
cations as well as a covalent modification by methylation of
cytosine rings found at the dinucleotide sequence CG (Fig. 1)
[7]. The epigenome determines the accessibility of the tran-
scription machinery. Inaccessible genes are therefore silent
whereas accessible genes are transcribed. We therefore distin-
guish between open and closed configurations of chromatin
[8–12]. Recently another new level of epigenetic regulation by
small non-coding RNAs termed microRNA has been discovered
[13]. microRNAs regulate gene expression at different levels;
silencing of chromatin, degradation of mRNA and blocking
translation. microRNAs were found to play an important role
in cancer [14] and could potentially play an important role in
behavioral pathologies as well [15].

2.2. The histone code

The DNA is wrapped around a protein-based structure termed
chromatin. The basic building block of chromatin is the nucleo-
some, which is formed of an octamer of histone proteins. There
are five basic forms of histone proteins termed H1, H2A, H2B
H3 and H4 [16] as well as other minor variants, which are
involved in specific functions such as DNA repair or gene activa-
tion [17]. The octamer structure of the nucleosome is composed
of a H3–H4 tetramer flanked on either side with a H2A–H2B
dimer [16]. The N-terminal tails of these histones are extensively
modified by methylation [18], phosphorylation, acetylation [19]
and ubiquitination [20]. The state of modification of these tails
plays an important role in defining the accessibility of the DNA
wrapped around the nucleosome core. Different histone vari-
ants, which replace the standard isoforms also play a regulatory

Fig. 1. The reversible DNA methylation reaction. DNA methyltransferases
(DNMT) catalyze the transfer of methyl groups from the methyl donor S-
adenosylmethionine to DNA releasing S-adenosylhomocysteine. Demethylases
release the methyl group from methylated DNA as either methanol or formalde-
hyde.
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