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Biological embedding in mental health: An epigenomic perspective1

Aya Sasaki, Wilfred C. de Vega, and Patrick O. McGowan

Abstract:Human epidemiological studies and studies of animal models provide many examples by which early life experiences
influence health in a long-termmanner, a concept known as biological embedding. Such experiences can have profound impacts
during periods of high plasticity in prenatal and early postnatal life. Epigenetic mechanisms influence gene function in the
absence of changes in gene sequence. In contrast to the relative stability of gene sequences, epigenetic mechanisms appear, at
least to some extent, responsive to environmental signals. To date, a few examples appear to clearly link early social experiences
to epigenetic changes in pathways relevant for mental health in adulthood. Our recent work using high-throughput epigenomic
techniques points to large-scale changes in gene pathways in addition to candidate genes involved in the response to psychos-
ocial stress and neuroplasticity. Elucidation of which pathways are epigenetically labile under what conditions will enable a
more complete understanding of how the epigenome can mediate environmental interactions with the genome that are
relevant for mental health. In this mini-review, we provide examples of nascent research into the influence of early life
experience onmental health outcomes, discuss evidence of epigeneticmechanisms thatmay underlie these effects, and describe
challenges for research in this area.
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Résumé : Des études épidémiologiques réalisées chez l'humain et des études portant sur des modèles animaux fournissent
plusieurs exemples dans lesquels des expériences vécues tôt dans la vie influencent la santé à long terme, un concept connu sous
l'appellation de « conditionnement biologique ». De telles expériences peuvent avoir de profonds impacts durant les périodes de
haute plasticité lors de la vie prénatale et tôt après la naissance. Les mécanismes épigénétiques influencent la fonction des gènes
en absence de changements dans leur séquence. À la différence de la relative stabilité des séquences géniques, les mécanismes
épigénétiques semblent, du moins dans une certaine mesure, répondre aux signaux environnementaux. Jusqu'à présent,
quelques exemples semblent lier clairement des expériences sociales vécues précocement à des changements épigénétiques
dans des sentiers pertinents à la santé mentale à l'âge adulte. Nos récents travaux réalisés à l'aide de techniques épigénomiques
à haut débit indiquent la présence de changements à grande échelle dans des sentiers géniques en plus des gènes candidats
impliqués dans la réponse au stress psychosocial et la neuroplasticité. De savoir quels sont les sentiers labiles au plan épigéné-
tique et sous quelles conditions ils le sont nous permettra de mieux comprendre comment l'épigénome peut intervenir dans les
interactions de l'environnement avec le génome, qui sont pertinentes à la santé mentale. Dans cette mini-revue, nous donnons
des exemples de la recherche émergente portant sur les expériences vécues tôt dans la vie et leurs conséquences sur la santé
mentale, nous discutons des données qui révèlent que des mécanismes épigénétiques peuvent sous-tendre ces effets, et nous
décrivons les défis que pose la recherche dans ce domaine. [Traduit par la Rédaction]

Mots-clés : épigénétique, méthylation d'ADN, épreuves vécues dans l'enfance, maladies psychiatriques, modèles animaux.

Biological embedding and mental health
The concept of biological embedding has gained substantial

traction as a framework for understanding the roots of complex
multifactorial phenomena in health and disease (McGowan 2012).
A body of research over several decades indicates that early life
environmental experiences have enduring consequences for
health in adulthood, includingmental health, as a consequence of
establishing long-term health gradients (Hertzman and Boyce
2010). Early social experiences exert among the most profound
influences on mental health (Davidson and McEwen 2012). Such
experiences can be partitioned in a variety of ways and inevitably
involve multiple factors. A common example is that of low socio-
economic status (SES) in early life, a measure of relative financial,
educational, and social position, which strongly predicts a wide
range of mental health problems in adulthood, including schizo-
phrenia and depression (McEwen 2003; Hackman et al. 2010;
Borghol et al. 2011). Likewise, early adverse experiences such as

physical abuse or neglect are well-known risk factors for mental
health problems later in life (Turecki et al. 2012). Children who
experience parental neglect as a result of institutionalization in
early life show profound intellectual impairment and failure to
completely catch-up even with social intervention (Beckett et al.
2006). Childhood physical and sexual abuse also impairs intellec-
tual function and increases the risk of affective disorders and
suicide (Mann and Currier, 2010). Environmental experiences dur-
ing early life have been suggested to exert enhanced impact on
health trajectories in part because early postnatal development is
a time of enhanced plasticity (Hackman et al. 2010; Hanson et al.
2010; McGowan 2012).

Elucidating the biological mechanisms underlying effects of
early social experiences on later mental health is challenging in
humans for reasons that include limited access to relevant biolog-
ical material. More is known about the pathways altered by adver-
sity than other forms of early social experience. Studies in animal
models have suggested that early life stress impairs neuroplastic-
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ity in brain regions such as the hippocampus and has a lasting
impact on endocrine systems underlying the response to psycho-
social stressors (Meaney 2001; McEwen 2003). Studies in humans
also indicate that the endocrine response to stress is altered in a
long-term manner by early abuse. These alterations occur con-
comitantly with changes in the expression of genes involved in
neuroplasticity and affective disorders, such as brain-derived neu-
rotrophic factor (BDNF). Altered gene expression of both central
and peripheral regulators of the hypothalamic!pituitary!adrenal
(HPA) axis such as the glucocorticoid receptor (GR) has also been
extensively documented (Davidson and McEwen 2012).

Epigenetics as a potential mechanism of biological
embedding

By definition, biological embedding occurs when environmen-
tal factors influence developmental phenotypes relevant for
health in a stable and long-termmanner. This criterion is compat-
ible with epigenetic effects; long-term changes in gene function
that are mitotically though not necessarily meiotically heritable
without a change in gene sequence (McGowan et al. 2008a;
McGowan and Szyf, 2010a, 2010b). Mechanisms regulating epige-
netic effects consist of modifications to histone proteins, modifi-
cations regulated by noncoding RNA, and modifications to the
DNA itself through DNA methylation (Razin 1998; Mehler and
Mattick, 2007). Modifications to histone proteins determine acces-
sibility of the transcription machinery to the DNA. Small noncod-
ing RNAs termed microRNA (miRNA) (Bergmann and Lane 2003)
have been linked to behavioural pathologies in humans and reg-
ulate gene function through a variety of mechanisms, as has been
extensively reviewed elsewhere (Vo et al. 2005; Mehler and
Mattick 2006, 2007; Qureshi and Mehler 2009). These mechanisms
are currently the subject of intense investigation. To our knowl-
edge, only one paper has reported links between altered miRNA
expression in adulthood and early life environment (stress) in rats
(Uchida et al. 2010). DNA methylation is the best studied epige-
netic modification and is associated with gene silencing in regu-
latory elements. DNAmethylation also plays an important role in
exonic regions, where increased DNA methylation is associated
with increased transcriptional abundance, putatively by silencing
retrotransposon and alternative transcription start site activity
(Flanagan et al. 2009).

From the description above, it is clear that there are many ways
in which cells can respond epigenetically to environmental fac-
tors (that is, regulate gene expression) both within and from out-
side the organism. As they concern outcomes related to biological
embedding, epigenetic changes of particular interest are assumed
to be relatively stable throughout the lifespan. Candidate cell
types for such effects include neurons and some leukocytes of the
adaptive immune system,which are relatively long-lived and post-
mitotic in adult tissues. Such cells show epigenetic alterations
during development that could, at least in theory, remain rela-
tively stable throughout the lifespan. Recent studies, however,
have challenged this assumption at least for some genomic loci.
We will focus on chromatin remodeling and DNA methylation —
epigenetic mechanisms most closely linked to examples that
meet the criterion for long-term gene regulation as a function of
early experience.

Histones and chromatin remodeling
The basic building block of chromatin is the nucleosome, made

up of an octamer of histone proteins. The N-terminal tails of
these histones are extensively modified by methylation, phos-
phorylation, acetylation, and ubiquitination. The state of modifi-
cation of these tails plays an important role in defining the
accessibility of the DNA wrapped around the nucleosome core
McGowan and Szyf 2010a, 2010b). The amino terminal tails of H3
and H4 histones that are positively charged form tight interac-

tions with the negatively charged DNA backbone, thus blocking
the interaction of transcription factors with the DNA. The most
investigated histone modifying enzymes are histone ace-
tyltransferases (HAT), which acetylate histone H3 at the K9 resi-
due as well as other residues and H4 tails at a number of residues,
and histone deacetylases (HDAC), which deacetylate histone tails
(Kuo and Allis 1998). Histone acetylation is believed to be a pre-
dominant signal for an active chromatin configuration, whereas
deacetylated histones signal inactive chromatin and chromatin
associated with inactive genes (Perry and Chalkley 1982; Lee et al.
1993). Histone acetylation neutralizes the charge and relaxes the
tight grip of the histone tails on the DNA, thereby enhancing the
accessibility of a gene to the transcriptionmachinery. In contrast,
deacetylated tails are highly charged and tightly associate with
the DNA, limiting accessibility of genes to transcription factors
(Kuo and Allis 1998). Some specific histonemethylation events are
associated with gene silencing and some with gene activation
(Lachner et al. 2001). Histone demethylases remove the meth-
ylation mark, causing either activation or repression of gene ex-
pression (Shi et al. 2004; Tsukada et al. 2006). Particular proteins
such as chromatin remodeling complexes, which are ATP depen-
dent, recognize histone modifications and can further stabilize
the transcriptional status of genes by altering the position of
nucleosomes around the transcription initiation site, thereby de-
fining accessibility of regulatory regions to the transcription ma-
chinery. For example, the heterochromatin associated protein
HP1 binds H3-histone tails methylated at the K9 residue and pre-
cipitates an inactive chromatin structure (Lachner et al. 2001). The
specific pattern of histone modifications was proposed to form a
histone code that delineates the parts of the genome to be ex-
pressed at a given point in time in a given cell type (Jenuwein and
Allis 2001).

It is now becoming clear that there is an interrelationship
between chromatin modification and chromatin remodeling
(Bultman et al. 2005). Chromatin remodeling complexes, which are
ATP-dependent, alter the position of nucleosomes around the tran-
scription initiation site and define its accessibility to the tran-
scription machinery. Different histone variants that replace the
standard isoforms also play a regulatory role and serve to mark
active genes in some instances (Henikoff et al. 2004). As such, both
chromatin modification and chromatin remodeling are highly
dynamic in response to inter- and intra-cellular signals that mod-
ify transcriptional output (McGowan and Szyf 2010a, 2010b).

DNA methylation
The DNA molecule itself can be chemically modified by methyl

residues, typically at the 5= position of the cytosine rings in the
dinucleotide sequence CG in vertebrates (Razin 1998), thus offer-
ing amode of direct interaction between the environment and the
genome itself. Recently, 5-hydroxymethylcytosine was rediscov-
ered to be present at high levels in the brain and is enriched in
some neuronal cell types such as cerebellar Purkinje cells (Penn
et al. 1972; Kriaucionis and Heintz 2009). The functional role of
this modification is currently not known. It may play a role as an
intermediary between 5-methylcytosine and unmethylated DNA
(Guo et al. 2011). Importantly, so-called gold standard methods
of DNA methylation quantification that rely on bisulfite conver-
sion of DNA cannot distinguish between 5-methylcytosine and
5-hydroxymethylcytosine. During development, DNA is methyl-
ated at distinct loci in different cell types, generating cell-type
specific patterns of DNAmethylation. Thus, the DNAmethylation
pattern confers upon the genome its cell type identity (Razin,
1998). Since DNA methylation is part of the chemical structure of
the DNA itself, it has been considered more stable than other
epigenetic marks and thus of extremely important diagnostic po-
tential in humans (Beck et al. 1999; McGowan and Szyf 2010a,
2010b; Wu and Zhang 2010).
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The DNA methylation machinery in vertebrates has 2 main
roles. First, it establishes new cell-type specific DNA methylation
patterns during development and possibly during adulthood in
response to new signals as discussed below. Second, it maintains
these patterns during downstream cell divisions and after DNA
repair. The DNA methylation pattern is not copied by the DNA
replicationmachinery, but by independent enzymaticmachinery,
the DNA methyltransferase(s) (DNMT) (Razin and Cedar, 1977).
The methylation of DNA occurs immediately after replication
by a transfer of a methyl moiety from the donor S-adenosyl-
L-methionine (AdoMet) in a reaction catalyzed byDNMTs. In effect,
this reaction consists of the first mechanism by which the envi-
ronment can directly interact with the genome, as levels of
AdoMet are regulated by diet (McGowan and Szyf 2010a, 2010b). In
mammals, 3 distinct enzymes have been identified as functional
DNAmethyltransferases. DNMT1 shows preference for hemimeth-
ylated DNA in vitro, consistent with its role as a maintenance
DNMT, whereas DNMT3a and DNMT3b methylate unmethylated
and methylated DNA at an equal rate, consistent with a de novo
DNMT role (Okano et al. 1998). Other proteins exist that share an
evolutionary origin with the DNMTs but do not appear to play a
role in actively methylating DNA. DNMT2 functions as a tRNA
methyltransferase and DNMT3 L contributes tomaternal genomic
imprinting during gametogenesis but lacks a DNA-binding cata-
lytic domain (Hermann et al. 2004).

DNA methylation in critical regulatory regions typically, but
not always, serves as a signal to silence gene expression (McGowan
et al. 2008a; McGowan and Szyf 2010a, 2010b). There are 2 main
mechanisms by which cytosine methylation suppresses gene ex-
pression. The first mechanism involves direct interference of the
methyl residue with the binding of a transcription factor to its
recognition element in the gene. The interaction of transcription
factors with genes is required for activation of the gene; lack of
binding of a transcription factor would result in silencing of gene
expression. This form of inhibition of transcription by meth-
ylation requires that the methylation events occur within the
recognitionsequenceofatranscriptionfactor.Thus,aberrantmeth-
ylation will silence a gene resulting in loss of function, which will
have a similar consequence to a loss of function by genetic mech-
anisms such as mutation, deletion, or rearrangement. A second
mechanism is indirect. A certain density of DNAmethylationmoi-
eties in the region of the gene attracts the binding of methylated
DNA binding proteins such as MeCP2 (Nan et al. 1997). MeCP2
recruits other proteins such as SIN3A and histone modifying en-
zymes, which lead to the formation of a closed chromatin config-
uration and silencing of gene expression (Nan et al. 1997). Thus,
there is crosstalk between DNAmethylation and chromatin struc-
ture, whereby active regions of the chromatin, which enable gene
expression, are associated with hypomethylated DNA, and
hypermethylated DNA is packaged in inactive chromatin (Razin
and Cedar 1977; Razin 1998). In some cases, DNA methylation of
regulatory elements is linked to gene activation. For example,
there is evidence that methylated DNA can recruit MeCP2 and
CREB, a transcriptional activator (Chahrour et al. 2008; Zachariah
and Rastegar 2012).

We have proposed that the DNA methylation pattern is a bal-
ance of methylation and demethylation reactions that are respon-
sive to physiological and environmental signals, and thus serve as
a platform for gene!environment interactions (McGowan and
Kato 2008; McGowan et al. 2008a; McGowan and Szyf 2010a,
2010b). Indeed, evidence accumulated over the last 10 years indi-
cates that, at least in some contexts, the DNA methylation status
of some genes may not be as static as was once thought. It is well
known that DNA can be passively demethylated during replica-
tion by, for example, disruption of DNMT activity (Wu and Zhang
2010). There are also now convincing examples of active,
replication-independent DNA demethylation during develop-
ment as well as in somatic tissues (Lucarelli et al. 2001; Kersh et al.

2006). The mechanism whereby DNA is actively demethylated re-
mains an area of some controversy (Ooi and Bestor 2008).

Sources of individual differences in mental health
via stochastic epigenetic mechanisms

Epigenetic differences among individuals are thought to arise
from 3 principle causes: genetic, stochastic, and environmental
factors. During fertilization and oocyte maturation, epigenetic
modifications are predominantly reset, though it is now known
that some epigenetic marks survive this resetting (Reik et al. 2001;
Youngson and Whitelaw 2008). Stochastic changes in DNA meth-
ylation during cell division, when enzymatic machinery must
faithfully copy the DNA methylation pattern during replication,
have been estimated to exceed variation in gene sequence by
3 orders of magnitude (Petronis 2010). Inter- and intra-individual
differences in DNA methylation are apparent in human sperm,
though it is unknown which differences survive resetting or their
function (Flanagan et al. 2006). As described above, there is exten-
sive crosstalk between DNA methylation and histone modifica-
tions that tightly regulate gene function, which may mitigate
some of these effects. It is currently not clear to what extent
genetically influenced and stochastic epigenetic differences con-
tribute to phenotypic plasticity.

Monozygotic twin pairs appear to provide a natural experiment
to examine these questions, as they share virtually identical ge-
nomes and similar environments, yet frequently differ in their
prevalence of mental disorders (e.g., Petronis 2006)). For example,
many studies have reported DNA methylation differences be-
tween monozygotic twins discordant for schizophrenia and bipo-
lar disorder (Tsujita et al. 1998; McDonald et al. 2003; Petronis
et al. 2003; Iwamoto et al. 2005; Tochigi et al. 2007; McGowan and
Kato 2008). A large-scale study of DNAmethylation discordance in
adolescent twins using whole-genome microarray found substan-
tial variability across the genome in DNA methylation between
monozygotic twin pairs (Kaminsky et al. 2009). These data suggest
that wide-spread differences in DNA methylation in the absence
of substantial genetic divergence may underlie some of the vari-
ability associatedwith divergent incidences ofmental disorders. A
recent study of twins' epigenomes at birth revealed detectable
differences in DNA methylation in cord blood (Ollikainen et al.
2010). However, the contribution of stochastic compared with en-
vironmental factors to differences in DNA methylation is still
unclear in these studies. For example, even among monochori-
onic monozygotic twins, divergent growth between twin pairs is
more the rule than the exception even at birth, possibly indicat-
ing a divergent prenatal (nutritional) environment (Lewi et al.
2007). In addition, DNAmethylation differences betweenmonozy-
gotic twin pairs were reported to increase with age (Fraga et al.
2005), suggesting the potential for continued interaction with
environmental factors throughout the life-course. In the follow-
ing sections, evidence for environmental contributions to mental
health via epigenetic mechanisms in animal and human studies
will be discussed. The examples provided below are not meant to
be an exhaustive list of research in this fast-moving area, but to
connect work in animal models that provide foundational or
mechanistic studies of processes linked to biological embedding
in humans.

Sources of individual differences in mental health
via environmental epigenetic mechanisms
Animal studies

In rodents, the adult offspring of mothers that exhibit in-
creased levels of pup licking/grooming (i.e., high LGmothers) over
the first week of life show increased hippocampal GR expression,
enhanced glucocorticoid feedback sensitivity, decreased hypotha-
lamic corticotrophin releasing factor expression, and more mod-
est HPA axis stress responses compared with animals reared by
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low LG mothers (Francis et al. 1999). Such differences occur natu-
rally in populations of rodents living in research settings, and
cross-fostering studies suggest direct effects of maternal care on
both gene expression and stress responses (Francis et al. 1999).
These studies showing sustained effects of early care that persist
until adulthood implicate the involvement of an epigeneticmech-
anism, because the fostering mother and not the biological ge-
netic mother define the stress response of its adult offspring.
There is evidence that early maternal care induces differences in
histone 3 lysine 9 (H3K9) acetylation, DNA methylation, and the
occupancy of the promoter with the transcription factor nerve
growth factor-inducible protein A (NGFI-A) of the GR 17 splice
variant in the hippocampus and the GAD67 gene in the prefrontal
cortex (Weaver et al. 2004; Zhang et al. 2010). Building on these
previous results, we recently conducted a whole-genomemicroar-
ray analysis of DNA methylation, H3K9 acetylation, and gene ex-
pression in a 7 million bp region containing the GR gene in the
rat hippocampus (McGowan et al. 2011). We found that epige-
netic differences in adulthood that were associated with early
maternal care occurred in clustered regions of up to 100 kb but
were nonetheless exquisitely patterned, whereby increased tran-
scription occurred in conjunction with hyperacetylation and
hypermethylation of exons and hypomethylation of promoters.
We found epigenetic differences in association with altered tran-
scription as a function of maternal care predominate within the
clustered protocadherin (PCDH) gene locus (McGowan et al. 2011).
Clustered PCDHs are a class of cell-adhesion molecules largely
expressed in the central nervous system. They exist as both a
clustered superfamily composed of 58 genes in 3 groupings (!, ",
and #) across !1 Mb on chromosome 18p11 in rats (Zou et al. 2007),
as well as !20 nonclustered genes on several chromosomes
(Takeichi 2007). A body of literature indicates that PCDH gene
clusters regulate neuronal morphology and synaptic plasticity
(Yagi 2012). For example, dysregulation of PCDH-! genes are re-
quired for proper serotonergic innervation of the hippocampus
(Katori et al. 2009) and are implicated in learning dysfunction
(Fukuda et al. 2008). The expression of nonclustered PCDH during
early postnatal life has also been proposed to play a role in hip-
pocampal plasticity (Kim et al. 2010). These data are the first to
link epigenetic changes across both coding and noncoding re-
gions in the mammalian brain and implicate a nonrandom
epigenetic programming across large-scale loci in response to dif-
ferences in early care. Other groups have provided evidence that
additional genes in neural pathways mediating the stress re-
sponse are epigenetically regulated in association with early
life stress, including arginine vasopressin in the hypothalamus
(Murgatroyd et al. 2009) and BDNF in the prefrontal cortex and
hippocampus (Roth et al. 2009).

Human studies
There has been a flurry of reports in the scientific literature

pointing to a role for epigenetic alterations in mental health in
humans, including complex diseases such as schizophrenia, bipo-
lar disorder, and depression (Tsankova et al. 2007; McGowan and
Szyf 2010a, 2010b). Because access to neural tissues that directly
underlie behavioural processes is often limited in human studies,
many studies have relied on the characterization of peripheral
tissues to assess the contribution of environmental factors to
pathological processes related to mental disorders. For example,
there is substantial evidence of altered HPA axis regulation, in-
cluding cortisol response to stress, in the offspring of mothers
exposed to stress during pregnancy (e.g., Entringer et al. 2009).
DNA methylation of the GR promoter in infants' cord blood was
found to differ as a function of maternal mood during pregnancy
and correlate with infants' cortisol response (Oberlander et al.
2008). These data suggest that GR promoter methylation in the
brain and in lymphocytes is under epigenetic control as a function
of the pre- and postnatal factors. A more recent study indicated

that DNAmethylation of the GR promoter in placenta was associ-
ated with birth weight, implicating GR methylation in placental
function and suggesting that environmental factors alter meta-
bolic processes in part via epigenetic changes in GR (Filiberto et al.
2011).

We undertook a series of investigations of postmortem brain
tissue from adults with well-characterized life histories to inves-
tigate the effects of early adversity in humans. Using established
forensic psychiatric analyses, we focused on individuals with a
history of severe physical or sexual abuse or neglect during child-
hood, which is common among suicide victims. Data in the liter-
ature suggest that suicidemay have a developmental origin, and it
was known that adversity in early life is an important risk factor
for suicide (Turecki et al. 2012). In a first published report of aber-
rant DNA methylation associated with suicide, we showed that
promoters of the genes encoding ribosomal RNA (rRNA) are heav-
ily methylated in hippocampi from subjects who committed sui-
cide relative to controls (McGowan et al. 2008b). Methylation of
rRNA defines the fraction of rRNA molecules that are active in a
cell, and the output of rRNA transcription defines to a large extent
the protein synthesis capacity of a cell. We found that the genetic
sequence of rRNA was identical in all subjects, and there was no
difference inmethylation between suicide victims and controls in
the cerebellum, a brain region that is not normally associated
with psychopathology. These data suggest that epigenetic effects
associated with psychopathology likely target particular neural
pathways. Because all of the suicide victims and none of the con-
trols had a history of severe abuse or neglect in childhood, the
data suggest that severe adversity during early childhood may
have been a contributing factor to the observed epigenetic differ-
ences. But it was unclear in this study whether the observed ab-
normalities were a result of early adversity or whether they had
emerged during adulthood as a result of the mental disorders
associated with suicide (McGowan et al. 2008a, 2008b). Therefore,
we undertook another study to address this question.

We examined the GR promoter in the hippocampus of human
suicide victims and controls (McGowan et al. 2009). Family dys-
function and childhood adversity are linked to altered HPA stress
responses and an increased risk for suicide. As in the study men-
tioned above, all of the suicide victims and none of the controls in
this study had a history of childhood abuse or severe neglect. A
third group was composed of suicide victims with a history that
was negative for childhood abuse or neglect. We found evidence
that, as in the animal model described above, the GR was epige-
netically regulated in the human brain and associated with al-
tered GR gene expression. Hypermethylation of GR was found
among suicide victims with a history of abuse in childhood, but
not among controls or suicide victims with a negative history of
childhood abuse. The data suggest that epigenetic processes
might mediate the effects of the social environment during child-
hood on hippocampal gene expression and that stable epigenetic
marks such as DNA methylation might then persist into adult-
hood and influence vulnerability for psychopathology through
effects on intermediate levels of function such as activity of the
HPA axis that regulates the stress response. However, we should
remain cautious about this interpretation, because it is still un-
clear whether the epigenetic aberrations were present in the
germ line, whether they were introduced during embryogenesis,
or whether they were truly changes occurring during early child-
hood (McGowan and Szyf 2010a, 2010b).

Using high-throughput DNA microarray, we recently analyzed
the GR gene locus by interrogating a 7 Mb region containing the
GR gene in hippocampi of adult suicide victims who were abused
early in life compared with controls (Suderman et al. 2012). In an
interesting parallel to the data for rats described above (McGowan
et al. 2011), we found large-scale correlations in differences in DNA
methylation between abused suicide victims compared with con-
trols. We also found that, again similar to the data for rats de-
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scribed above (McGowan et al. 2011), the clustered PCDH gene
showed the largest alterations in DNA methylation within the
locus examined. Alterations in PCDH genes are most closely asso-
ciated with intellectual impairment in humans. For example, au-
tism is associated with profound deficits in learning, especially
learning concerning social information, and has been linked to
PCDH gene mutations (Morrow et al. 2008) though, to our knowl-
edge, the potential role of epigenetic alterations in PCDH in au-
tism has not been examined. DNA methylation of PCDH was also
found to be altered in whole blood from low SES individuals, with
childhood SESmore predictive of adult DNAmethylation patterns
than adulthood SES (Borghol et al. 2011). The function of these
differences in PCDH DNA methylation remains unknown. These
data suggest that PCDH genes are epigenetically labile in response
to the early life social environment in both rodents and humans
(Suderman et al. in press). Nevertheless, the data indicate that the
animal model of parental care may have broad applicability for
understanding the consequences of epigenetic modification of
PCDH gene pathways in humans.

Chromatin modification has been less frequently studied in
association with the early life social environment in humans
(McGowan and Szyf 2010a, 2010b). Evidence that chromatin mod-
ifications influence mental health in humans comes from studies
of the effects of pharmacological manipulations known to alter
histones. Valproic acid, a long established antiepileptic andmood
stabilizer, is also a histone deacetylase inhibitor (HDACi) (Phiel
et al. 2001), suggesting a possible role for HDACi in treating
mental disorders such as schizophrenia and bipolar disorder.
Valproic acid has some effect in alleviating psychotic agitation
as an adjunct to antipsychotics in schizophrenia (Bowden 2007;
Yoshimura et al. 2007). One recent study found that valproate, when
used during pregnancy, was associated with a 6!9 point lower
average IQ in offspring at 3 years of age (Meador et al. 2009).
Although biological and behavioural effects of HDACi in the brain
are somewhat characterized, the specific gene targets of HDACi in
the brain and their function in mental disorders are not well
delineated. One question that needs to be addressed is whether
the observed defects in histone acetylation in mental disorders
are a consequence of aberrant deregulation of the overall levels of
certainHDAC isotypes orHATs orwhether it involves the aberrant
targeting of HDAC to a selection of promoters. The fact that inhi-
bition of a general enzyme such as HDAC results in exquisite
positive changes in the brain implies some specificity, even for a
general inhibitor of a specific class of HDACs. It will be important
to delineate the response of the transcriptomes of different brain
regions to HDACi and tomap the genes that are critically involved
in the molecular pathology of mental disorders.

Altering early life epigenetic signaling in adulthood
As described above, the covalent modifications that constitute

epigenetic signaling are thought to be relatively stable, particu-
larly in nondividing tissue such as neurons. However, there is
some evidence that epigenetic signaling continues to be, at least
in part, responsive to environmental intervention in the postde-
velopmental period. One example is that of the response of adult
animals to injections of the HDACi trichostatin A (TSA) and the
methyl donor methionine a precursor of S-adenosyl-methionine
(SAM) as a function of levels of maternal care received in early
life (McGowan et al. 2010a, 2010b; McGowan and Kato 2008). If the
DNA methylation and chromatin state is in a dynamic equilib-
rium even in adult neurons, it should be possible to alter the
epigenetic programming, leading to a reversal of the maternal
programming of GR expression and HPA responses to stress. TSA
injected into brains of adult offspring of low LG maternal care
mothers increased acetylation, reduced methylation, activated
GR exon 17 promoter at levels indistinguishable from those of
adult offspring of high LG maternal care mothers, and reduced
stress responsivity to the levels of high LG offspring (Weaver et al.

2004). In contrast, injections of methionine into the brain of the
adult offspring of high LGmothers changed the DNAmethylation
state of GR exon 17 promoter and expression of GR in the hip-
pocampus as well as increased their stress responsiveness and
reduced the time that these animals spent in the centre of an open
field, a measure of anxiety (Weaver et al. 2005). Because
methionine alone does not methylate DNA but is converted to
SAM in the DNA methylation reaction, the data suggest that the
enzymatic machineries required to generate new methylation
patterns are present in adult tissue. Taken together, the TSA and
methionine experiments support the basic hypothesis that epige-
netic programs in the brain are maintained by a dynamic equilib-
rium of methylation and demethylation, a balance that could be
shifted by agents that either inhibit demethylation reactions or
stimulate DNMTs. Other evidence comes from a study of the effect
of zebularine, a thymidine analogue and inhibitor of DNMT activ-
ity, that normalizes the hypermethylation of BDNF promoters
observed in a model of early abuse in rats (Roth et al. 2009). Thus,
despite the remarkable stability of epigenetic programs, they ap-
pear to be, at least in some cases, reversible.

Very little is known about the ability of the behavioural, phar-
macological, or social environment to reverse epigenetic changes
influencing mental health in humans. What little we do know
comes primarily from studies of the effects of drugs that tap in to
the epigeneticmachinery and are used in the treatment ofmental
disorders (McGowan and Kato 2008; McGowan et al. 2008a). One
example is the effect of the HDACi valproate on mood disorders
(Phiel et al. 2001) and psychosis (Yoshimura et al. 2007), as men-
tioned above. Another example is the effect of SAM in mood dis-
orders. As mentioned above, central infusion of L-methionine, a
precursor of SAM, increases DNA methylation of the promoter of
the GR gene in rodents. The fact that SAM, which similarly en-
hances DNA methylation, is effective in the treatment of depres-
sion is apparently contradictory to this effect of methionine.
However, SAM is a methyl residue donor not only for the DNA
methylation reaction but also for other enzymatic reactions. For
example, creatine is produced from SAM and guanidinoacetate,
and SAM treatment increases phosphocreatine levels in the brain.
This effectmay also contribute to the antidepressive effect of SAM
because decreased phosphocreatine levels have been reported in
bipolar depression (Kato et al. 1994). It is becoming clear that we
need to consider these issues in the future when assessing the
safety of drugs, nutraceuticals, and dietary interventions. As
noted in the examples provided above, HDACi used in the treat-
ment of psychiatric disorders, either in combination with other
psychiatric drugs or alone, lack specificity for particular genes or
neural networks. In the same manner as classical drugs used in
psychiatric therapy, it is unlikely that any epigenetic drug by itself
will be entirely effective in treating mental disorders. It will be
important to develop HDACi that are specific for particular chro-
matin modifications as well as animal models lacking particular
HDAC activities to directly test evidence for their molecular and
behavioural mechanisms (Tsankova et al. 2007). Such studies will
aid in the development of pharmacological therapies to mitigate
the influence of early life environment on epigenetic changes
associated with mental disorders.

Challenges and prospective
Progress in the coming years will involve grappling with several

specific challenges in this area. First, it is likely that epigenetic
patterns are specific to not only to cell-type (e.g., Iwamoto et al.
2011) but also to distinct neuronal pathways within the same an-
atomically defined tissue. For example, several groups have re-
ported relatively modest changes in DNA methylation levels in
the GR gene in a variety of tissue types in response to environmen-
tal factors (Mueller and Bale 2008; Oberlander et al. 2008;
McGowan et al. 2009; Radtke et al. 2011; Labonte et al. 2012). How-
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ever, it remains unclear whether the absolute change in levels of
DNA methylation reflects a relatively small change across the
majority of cells or a relatively large change in a minority of
critical cell populations. This may be especially true in the brain,
where optogenetic methods have identified distinct behav-
iourally relevant subpopulations of anatomically proximate neu-
rons based upon distinct gene expression profiles (e.g., Kim et al.
2009). A second important issue for future studies of early life
adversity in living humans is the correspondence between epige-
netic alterations in the brain and those in peripheral tissues,
which would enable resampling over time and after intervention.
In this regard, the GR appears epigenetically sensitive across mul-
tiple tissues to alterations in the early life environment that affect
risk for psychopathology (Oberlander et al. 2008; McGowan et al.
2009). Third, selecting the right study populations is paramount.
Genome-wide sequencing approaches yield substantial power in
the analysis of individual epigenomes, yet such approaches need
to be counterbalanced with analogously sensitive phenotypic
screens to identify populations of interest. Fourth, appropriate
animal models of early life influences on epigenetic signaling
pathways will help elucidate epigenetic mechanisms, and several
have emerged. For example, transcription factors like GR target
other genes, and it will be important to examine downstream
genomic targets of this altered transcriptional activity. Fifth, we,
along with others, have hypothesized that the social environment
early in life has a long-lasting impact on mental and physical
health trajectories via epigenetic marking of specific genes
(McGowan andKato 2008;Murgatroyd et al. 2009; Roth and Sweatt
2009). However, an important aspect of the basic epigeneticmech-
anisms reviewed here is that although the epigenetic markings
are long-lasting, they are nevertheless potentially reversible. The
studies described above indicate that DNA methylation can be
altered through a blockade of enzymes involved in DNA meth-
ylation and changes in levels of substrate of the methylation re-
action. The studies also indicate that DNA methylation can be
altered by pharmacologically induced changes in chromatin
structure such as HDACi. The role of environmental influences
later in life in altering epigenetic programming is a question of
intense study. For example, studies of posttraumatic stress disor-
der, the hallmark of which is a transformational change in pa-
tients' response to trauma, indicate that extreme aversive events
in adulthood can induce long-lasting alterations in HPA stress
response genes in the brain (Yehuda and Bierer 2009; Clinchy et al.
2010). Other data indicate that individual variation in susceptibil-
ity to posttraumatic stress disorder is influenced by early life ex-
periences (Yehuda and Bierer 2009). Studies in animal models
have shown that adverse experiences in adulthood can alter the
same neural pathways implicated in the aforementioned studies
of early maternal care (Clinchy et al. 2010). Epigenetic research in
this area is in its infancy and offers an important avenue to study
the extent to which epigenetic mechanisms remain labile in
adulthood and can interact with developmental influences. Newly
accessible technologies for genome-wide epigenomic mapping in
appropriate contexts are providing powerful methods towards a
mechanistic understanding of these processes. Clearly, future
studies will move from candidate genes to candidate pathways as
areas of the genome that are epigenetically labile in response to
early life social experience are defined (McGowan 2012).
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