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Abstract

Experiences during early development profoundly affect development of the CNS to impart either
risk for or resilience to later psychopathology. Work in the developmental neuroscience field is
providing compelling data that epigenetic marking of the genome may underlie aspects of this
process. Experiments in rodents continue to show that experiences during sensitive periods of
development influence DNA methylation patterns of several genes. These experience-induced
DNA methylation patterns represent stable epigenetic modifications that alter gene transcription
throughout the lifespan and promote specific behavioral outcomes. We discuss the relevance of
these findings to humans, and also briefly discuss these findings in the broader contexts of
cognition and psychiatric disorder. We conclude by discussing the implications of these
observations for future research.
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Introduction

It is clear that there are periods during postnatal development in which the developing brain
has heightened sensitivity to environmental influences. These sensitive periods represent
heightened epochs of brain plasticity, where the early environment is able to shape neural
circuits and thus determine structural and functional aspects of brain and behavior for the
lifespan. It is through this so-called programming effect on the CNS that early-life
experiences are thought to confer either risk or resilience regarding later psychopathology.

Recent work in the developmental neuroscience field continues to advance our
understanding of the mechanisms whereby early-life experiences and environmental
influences interact directly with genes in the developing brain. Studies continue to show that
epigenetic mechanisms, or the chemical markings of the DNA and the surrounding histone
proteins that regulate gene activity in the CNS, are modified by experiences, particularly
those occurring within the context of caregiving. Thus, an epigenetic hypothesis for
environmental contributions to cognitive health and risk for psychopathology continues to
gain traction (e.g. Costa et al., 2009; Duman & Monteggia, 2006; McGowan & Szyf, 2010;
Roth, Lubin, Sodhi, & Kleinman, 2009; Rutter, Moffitt, & Caspi, 2006; Tsankova, Renthal,
Kumar, & Nestler, 2007). Here we discuss evidence of epigenetic marking of the genome by
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several types of early-life experiences, and the hypothesized role this plays in mediating the
long-term influence of these experiences on brain and behavioral outcome.

Epigenetic modifications

Epigenetic mechanisms that help regulate gene activity in the CNS have historically been
recognized for their role in processes involved in cellular differentiation, genomic
imprinting, and disease (namely cancer). However, developmental and behavioral
neuroscience research continue to highlight that the epigenome remains exquisitely sensitive
to environmental influences and that epigenetic mechanisms mediate gene-environment
interplay throughout the lifespan. Post-translational modifications of histones and DNA
methylation have been the most intensely studied epigenetic mechanisms in this regard, and
a growing body of evidence indicates that changes in gene activity as a result of a variety of
environmental factors, including toxins, diet, stress, and other behaviourally-relevant
stimuli, occur through epigenetic mechanisms (e.g. Fagiolini, Jensen, & Champagne, 2009;
Franklin & Mansuy, 2009; Griff & Mansuy, 2008; Jirtle & Skinner, 2007; Liu, Van Groen,
Kadish, & Tollefsbol, 2009; Roth & Sweatt, 2009; Zhang & Meaney, 2010).

Histones are proteins that help organize and condense DNA within the nucleus. One can
imagine chromatin as a core of eight histone proteins (histones 2A, 2B, 3, and 4, with two
copies of each molecule) with DNA wrapped around much like thread is on a spool. The
interaction between histones and DNA is mediated in part by the N-terminal tail of histone
proteins, and covalent modifications to these tails help determine whether DNA is accessible
for gene transcription (Strahl & Allis, 2000). For example, acetylation at lysine residues, via
enzymes called histone acetyltransferases (HATSs), decreases the affinity between the protein
tail and DNA (Marmorstein & Trievel, 2009). This relaxes chromatin structure and provides
access for transcriptional machinery. Thus, histone acetylation is generally associated with
transcriptional activation and is widely regarded as one of the epigenetic marks associated
with active chromatin, or what is commonly referred to as euchromatin (Figure 1). Histone
acetylation is a reversible process, and the enzymes that catalyze the reversal of histone
acetylation are known as histone deacetylases (HDACSs) (Haberland, Montgomery, & Olson,
2009).

As it is currently best understood, euchromatin is also characterized by mostly unmethylated
cytosines, whereas heterochromatin, or transcriptionally inactive chromatin, is characterized
by methylated cytosines and both histone deacetylation and histone methylation at specific
sites (Figure 1). The addition of methyl groups to cytosines, a process referred to as DNA
methylation, is catalyzed by the enzymatic activity of DNA methyltransferases (DNMTs).
Methylated cytosines in turn bind repressor proteins, including the methyl-binding domain
protein MeCP2 and HDACs (Bird, 2002;Miranda & Jones, 2007). This promotes a higher-
affinity interaction between DNA and the histone core through localized regulation of the
three-dimensional structure of DNA and its associated histone proteins, which ultimately
suppresses gene transcription. However, it is important to point out that recent studies do
suggest that MeCP2 can also be associated with active genes (Chahrour et al., 2008;Cohen,
Zhou, & Greenberg, 2008;Yasui et al., 2007), thus our understanding of DNA methylation
in the regulation of genes appears incomplete.

Lasting epigenetic modifications by early-life experiences —rodent evidence

Over the past half-century, it has become increasingly clear that environmental influences
early in development remain pervasive across the lifespan. Though it has been appreciated
for some time that the long-term consequences of early-life experiences represent epigenetic
influences, it has not been until recently that we have begun to collect empirical data to
support this view. DNA methylation, with its stable and even heritable nature regarding gene
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regulation, offers an ideal substrate for long-lasting cellular changes, and thus has been the
most commonly studied epigenetic modification regarding experience-induced changes in
the postnatal environment. Below we review data from studies that have capitalized on the
utility of animal models to exploit sensitive periods of development to help support the view
that early environmental influences and infant-caregiver experiences produce lasting
epigenetic modifications, stable changes in CNS gene activity, and behavior. The majority
of these studies have focused on environmental influences during the first ten days of life,
which represents a sensitive period in rat development known to facilitate early learning and
infant-caregiver attachment (e.g. Barr et al., 2009; Moriceau, Shionoya, Jakubs, & Sullivan,
2009; Sullivan, Landers, Yeaman, & Wilson, 2000). For each study, we have made a point
to specify whether the observations are for males, females, or both sexes, as sex-specific
epigenetic effects continue to emerge as an interesting phenomenon (McCarthy et al., 2009).

Epigenetic programming by variations in maternal care

Michael Meaney’s group provided the first demonstration that maternal behavior during
early postnatal development directly modifies chromatin (Weaver et al., 2004). Prior to this
study, their previous work had indicated that the maternal behavior of Long-Evans hooded
rats during the first ten days after birth was variable, and that based upon this variability
mothers could be categorized as either mothers that displayed high levels of pup licking/
grooming and arched back nursing (high LG-ABN) or mothers that displayed low levels of
pup licking/grooming and nursing position (low LG-ABN) (Caldji et al., 1998; Champagne,
Francis, Mar, & Meaney, 2003; Liu et al., 1997). Adult offspring that were raised by high-
LG mothers were found to have a more moderate stress response (decreased HPA
activation) and to exhibit less fear during exploration of a novel environment in comparison
to offspring that were raised by low LG-ABN mothers (Caldji et al., 1998; Liu et al., 1997).
They had also previously shown that these adult phenotypes were attributable to several
molecular changes, including increased hippocampal glucocorticoid receptor (GR)
expression, (receptors that help to moderate neural and behavioral responses to stress),
increased expression of a transcription factor (NGFI-A), decreased hypothalamic
corticotrophin releasing factor (CRF) expression, and enhanced glucocorticoid feedback
sensitivity (Francis, Caldji, Champagne, Plotsky, & Meaney, 1999; Liu et al., 1997; Meaney
et al., 2000).

In an effort to provide an explanation as to how maternal care is able to influence
transcriptional regulation and behavior into adulthood, Ian Weaver led a study where they
examined whether maternal care during the first week of life produced epigenetic
modifications (Weaver et al., 2004). Indeed, they found that patterns of DNA methylation of
the GR gene (exon 17, within the NGF1-A consensus sequence) in the hippocampus were
the direct result of the mother’s caregiving behaviors. Specifically, adult males raised by
high LG-ABN mothers were found to have significantly less methylation of GR DNA and
greater overall histone acetylation within their hippocampus in comparison to adults who
had been raised by low LG-ABN mothers. Through a series of cross-fostering studies, they
were able to demonstrate that the levels of GR promoter methylation were determined by the
mother’s behavior during the postnatal period and were not a product of the biological
mother’s behavioral predilection. These data were key in providing an association between
the levels of caregiving behavior and DNA methylation of the GR gene promoter. Finally, in
an effort to help establish a causal link between the observed epigenetic modifications, gene
expression patterns, and adult behavior, they demonstrated that administration of an HDAC
inhibitor was capable of removing the group differences in DNA methylation, histone
acetylation, gene expression, and behavior.

A later study indicated that LG-ABN behavior is also capable of altering DNA methylation
of the estrogen receptor alpha (ER-alpha) promoter, a gene whose activation and
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downstream effects on oxytocin receptor binding support the expression of maternal
behavior (Champagne et al., 2006). Variations in LG-ABN had been shown to influence
both the expression of the ER-alpha gene in the medial preoptic area and the type of
maternal behavior the offspring would eventually display (Champagne, Diorio, Sharma, &
Meaney, 2001). In a 2006 study led by Frances Champagne, the levels of cytosine
methylation of the ER-alpha promoter were shown to likewise be directly influenced by the
mother’s care (Champagne et al., 2006). Adult female offspring of high LB-ABN mothers
were found to have lower levels of ER-alpha DNA methylation and increased binding of a
transcription factor (Stat5) at a binding site within the promoter. Taken together, these data
indicate that higher levels of LG-ABN during the first week of life stably modifies DNA
methylation of the GR and ER-alpha genes such that it alters their gene transcription
throughout the lifespan and promotes adult behavior that is characterized by stress resilience
and increased maternal care.

Epigenetic programming by caregiver maltreatment

Abusive and neglectful experiences from the caregiver are known to leave a child
particularly susceptible to cognitive and mental dysfunction. Indeed, there is a significant
association of reported childhood maltreatment and the later diagnosis of adolescent and
adulthood schizophrenia, borderline personality disorder, posttraumatic stress disorder, and
major depression (e.g. Bremner, 2003; Heim & Nemeroff, 2001; Kaufman, Plotsky,
Nemeroff, & Charney, 2000; Schore, 2002). Imaging studies on adults with a history of
childhood maltreatment indicate that the frontal cortex, corpus callosum, amygdala, locus
coeruleus, hippocampus, HPA axis, and cerebellum are particularly impacted by these
experiences (e.g. De Bellis, 2005; Gunnar & Quevedo, 2007; Perry, Pollard, Blakely, Baker,
& Vigilante, 1995; Teicher et al., 2003).

Akin to the clinical data, rodent and non-human primate models of early-life adversity show
that early trauma produces lasting changes in neural function and behavior (e.g. Gunnar &
Quevedo, 2007; Kaffman & Meaney, 2007; Korosi & Baram, 2009; Pryce & Feldon, 2003;
Sanchez, 2006). Though these models indicate that changes in function and responsiveness
of the HPA axis represent the most consistent outcome of exposure to early-life adversity,
dysregulation of mediators of neural function and plasticity in brain regions such as the
prefrontal cortex has also emerged as a leading candidate responsible for the lasting changes
in cognition induced by early-life stress (Fumagali, Molteni, Racagni, & Riva, 2007;
McEwen, 2007). One mediator of neural function and plasticity that has received much
attention is the brain-derived neurotrophic factor (Bdnf) protein, and indeed changes in Bdnf
gene activity continues to be hypothesized as a candidate molecular mechanism through
which early-life experiences persistently modifies brain structure and function (Branchi,
Francia, & Alleva, 2004; Fumagali et al., 2007, Casey et al., 2009). This led us to
hypothesize that epigenetic modification to the Bdnf gene could provide an avenue for
lasting alterations in Bdnf gene activity, and published a study in 2009 addressing this
(Roth, Lubin, Funk, & Sweatt, 2009).

To examine whether early-life adversity alters Bdnf gene expression through epigenetic
modifications, we exposed male and female infant rats to a stressed, “abusive” caretaker for
30 min daily during the first seven days of life (maltreatment condition). We generated
abusive caretakers by placing them in an unfamiliar environment with limited nesting
resources. This treatment was sufficient at potentiating caretakers to frequently display
behaviors that both elicited distress responses and are deemed abusive and potentially
harmful in non-human primates and humans (behaviors included frequent stepping on,
dropping, dragging, actively rejecting, and roughly handling infants). We used two control
conditions, where we exposed littermates to either a non-stressed, positive caretaker (cross-
fostered care condition) or simply weighed and marked the remaining littermates and
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immediately returned them to the homecage (normal maternal care control condition). We
found that infant maltreatment resulted in significant methylation of Bdnf DNA in the
prefrontal cortex of both males and females, and that the hypermethylated DNA persisted
through development and into adulthood (Figure 2). We also found that the DNA
hypermethylation paralleled a lasting deficit in expression of the gene (both sexes). The
observed decrease in Bdnf gene expression was in line with previous findings where early-
life experiences are known to having a lasting impact on this gene; however, our results
provided novel evidence regarding an epigenetic basis for such lasting effects.

To address whether there was a causal relationship between the observed epigenetic
markings and deficits in gene expression, we exposed adult male and female rats that had
experienced maltreatment to a 7-day drug treatment regimen of intracranial infusions of a
DNA methylation inhibitor called zebularine. We found that this drug treatment regimen
was sufficient to rescue both the aberrant DNA methylation and gene expression patterns
incited by early-life adversity. These data helped establish an association between the levels
of DNA methylation and mRNA levels of the gene. Interestingly, the drug-treatment effect
was specific to the maltreatment group. We found no effects of the treatment in control
animals, indicating a specific interaction with early-life experience.

Our data indicate that experiences with an abusive caregiver during the first week of life can
stably modify DNA methylation and gene expression, and intriguingly, that the effects of
early-life adversity are potentially modifiable. These latter results dovetail those from
Meaney and his colleagues (Weaver et al., 2004, 2005; Weaver, Meaney, & Szyf, 2006), and
together, these data provide further argument that DNA methylation and its enzymatic
machinery remains labile following cellular differentiation and in post-mitotic cells, which
offers promising therapeutic prospects.

As experiences in the nest provide a powerful learning environment that serves to program
later maternal behavior, we have explored whether our early-life experience regimen affects
maternal behavior of females, and whether the observed epigenetic modifications might be
transmittable across a generation. We found that females with a history of maltreatment
(maltreated-females) showed the same types of abusive behaviors toward offspring that they
had experienced themselves as infants (Figure 3). In contrast, females with a history of
normal infancy rarely showed these behaviors (step on, 9.2% occurrence; drop, 3.3%; drag,
0.0%; actively avoid, 0.0%; roughly handle, 12.4%). We also found that eight-day-old
offspring (both males and females) derived from the maltreated-females had significant
methylation of Bdnf DNA in their prefrontal cortex and hippocampus in comparison to
offspring derived from normal-treated females (Figure 4). Of course these results then raised
the question: Was the transgenerational epigenetic inheritance due to the mother’s
caregiving behaviors (mostly abusive), or was it due to a biological component, i.e. the
patterns were not completely erased between generations?

To address this, we performed a series of cross-fostering experiments, where offspring born
to maltreated-females were cross-fostered to normal females (maltreated-normal) and vice
versa. To our surprise, cross-fostering did not completely reverse the patterns of DNA
methylation in second-generation offspring, nor did it induce significant methylation (Figure
4B). These data suggest that the perpetuation of maltreatment-induced DNA methylation
patterns was not simply a product of the postnatal experience, but likely reflected some
prenatal component. Perhaps these results reflect a prenatal stress effect, as the maltreated-
females were shown to have increased anxiety-like behaviors during the prepartum period.
On the other hand, these results may reflect the intriguing possibility that the germ line was
altered as well. Regardless of the mechanism, this is an example of transgenerational
inheritance of acquired epigenetic marks in the CNS, and suggestive of how adverse
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experiences in one generation can potentially affect another (see Franklin & Mansuy, 2009
for a review of additional transgenerational studies).

Epigenetic programming by mother-infant separation

There is now evidence that separation of an infant from a caregiver can stably modify DNA
methylation and gene expression. In another demonstration of the amazing plasticity of the
HPA axis during early postnatal development, Chris Murgatroyd and Dietmar Spengler have
shown that periodic separation of an infant from the caregiver (3 hr daily; ELS) during a
sensitive period of development is sufficient to induce epigenetic modifications that alter
HPA activity (Murgatroyd et al., 2009). In line with prior research, they first demonstrated
in their study that infant separation during the first 10 days of life resulted in hyperactivity
of the HPA axis, which was characterized by increased corticosterone secretion both at basal
conditions and in response to stress. ELS mice as adults were also shown to have significant
deficits in memory of an inhibitory avoidance task and increased immobility in the forced
swim task.

Due to its role in mediating mood and cognition and its stimulatory effect on HPA activity,
the authors examined whether there were any epigenetic modifications to the arginine
vasopressin (Avp) gene. AVP is a hypothalamic secretagogue that induces the synthesis and
release of adrenocorticotropin from the pituitary. When they examined methylation of the
Avp gene in the paraventricular nucleus (PVN), they found that ELS mice (males) as far as 1
year out from the manipulation had significantly less methylation of several CpG sites in
comparison to controls (non-separated mice), and that levels of DNA methylation were
inversely correlated with Avp expression. They also found that there was reduced binding of
MeCP2 to the Avp gene in ELS mice. Together, their results provide a nice demonstration
that separation from the caregiver leads to epigenetic marking of a regulatory region of the
Avp gene, which may be responsible for the sustained increase in Avp expression and HPA
hyperactivity.

Epigenetic programming by prenatal stress

Prenatal experiences are recognized too for their profound effects on neurobehavioral
development, and have been hypothesized to do so through excess glucorticoids (Cottrell &
Seckl, 2009; Goel & Bale, 2009; Kinsella & Monk, 2009; Lupien, McEwen, Gunnar, &
Heim, 2009). In 2008, Tracy Bale’s group published a study in which they examined
whether the maladaptive effects of prenatal stress on adult HPA responsivity and behavior
might be mediated though epigenetic mechanisms (Mueller & Bale, 2008). They
administered a chronic, variable daily stress regimen to pregnant mice for seven days either
during early (days 1-7), mid (days 8—14), or late gestation (days 15-21). Adult males who
had been exposed to stress during early gestation were found to have altered tail suspension
immobility and altered forced swimming behavior, suggestive of a depressive-like
phenotype. They also exhibited changes in CRF and GR expression, and increased
corticosterone release after a restraint stress challenge (indicative of altered HPA-axis
responsivity). Examination of the CRF gene in these adults indicated that the prenatal stress
regimen had significantly reduced methylation of specific cytosines with the regulatory
regions of the CRF gene in both the hypothalamus and amygdala. Their results provide
important evidence that a mother’s experience can program the brain and behavior during in
utero fetal development, via epigenetic mechanisms. Further evidence for this comes from a
study in which maternal cocaine administration during the second and third trimesters of
gestation was shown (in males) not only to elicit global changes in hippocampal DNA
methylation that were apparent in infancy, but changes that later emerged in adolescence
(Novikova et al., 2008).
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Evidence of epigenetic marking in humans

The studies reviewed above utilize animal models to demonstrate the lasting effects of early-
life experiences and environmental influences on the epigenome. An important question to
ask is: Is there any evidence of this occurring in humans? In an effort to translate some of
their rodent work to human relevance, Michael Meaney and Moshe Szyf have examined
expression and DNA methylation of the human glucocorticoid receptor (Nr3cl) gene in
hippocampal samples derived from male suicide victims with a history of childhood
maltreatment (abuse and/or neglect). They found decreased levels of GR mRNA that were
correlated with increased cytosine methylation of the Nr3c1 promoter (McGowan et al.,
2009). These results highlight that human caregiver experiences may likewise program
genes through epigenetic modifications.

Other evidence of early epigenetic marking in humans comes from studies examining
whether there is epigenetic fetal programming by environmental influences. For example,
Tim Oberlander’s group has shown that human infants (both sexes) of mothers with high
levels of depression and anxiety during the third trimester have increased methylation of the
Nr3c1 gene promoter in cord blood cells (Oberlander, Weinberg, Papsdorf, Grunau, & Am,
2008). Infants (both sexes) delivered by C-section have been shown to have higher levels of
global DNA methylation in leucocytes compared to those delivered vaginally (Schlinzig,
Johansson, Gunnar, Ekstrom, & Norman, 2009). Remarkably, these studies indicate that the
epigenome of a prenatally developing infant is sensitive to the mother’s experiences, the
prenatal environment, and even the experience of birth. While there is no clear consensus
yet on whether peripheral measures of DNA methylation accurately reflect CNS
methylation, the potential for its clinical utility as a biomarker of psychiatric disorder
continues to garner interest (e.g. Gavin & Sharma, 2009; Peedicayil, 2008).

Epigenetic modifications in cognition and mental disorder

In parallel to the developmental neuroscience studies, studies in the behavioural
neuroscience field indicate that adult neurons respond to environmental signals via
epigenetic mechanisms, and that epigenetic regulation of genes is necessary for experience-
induced changes in adult brain function and behavior. We will briefly mention a few of
these studies here, and direct readers to several recent reviews for more complete coverage
of this topic (Borrelli, Nestler, Allis, & Sassone-Corsi, 2008; Griaff & Mansuy, 2008; Roth
& Sweatt, 2009).

Investigators continue to show that learning and memory processes evoke alteration of
epigenetic marks in the adult CNS (male rodents were used in the studies highlighted here).
For example, in some of our own studies we have used the contextual-fear conditioning
paradigm in rodents to demonstrate that epigenetic marking of hippocampal genes is
associated with fear memory formation. We have shown that following fear conditioning
and during a period when the fear memory is being formed, adult rats have a decrease in
methylation (demethylation) and transcriptional activation of the memory enhancing gene
Reelin, and an increase in methylation and transcriptional silencing of the memory
suppressor gene Protein Phosphatase 1 (Miller & Sweatt, 2007). More recently, we have
shown that fear memory formation also evokes both DNA methylation and demethylation of
the Bdnf gene, with localized histone modifications occurring at specific Bdnf promoters
that support upregulation of Bdnf transcription (Lubin, Roth, & Sweatt, 2008). Localized
histone modifications also occur at specific Bdnf promoters following chronic social defeat
(Tsankova et al., 2006). Finally, Li-Huei Tsai’s group has shown that the beneficial effects
of environmental enrichment on restoring learning and memory capacity in cognitively-
impaired mice involve increased hippocampal and cortical H3 acetylation (Fischer,
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Sananbenesi, Wang, Dobbin, & Tsai, 2007). These are exemplary studies indicating that
epigenetic regulation of genes appears to play an active process in regulating an animal’s
ability to respond to and form memories of its environment and experiences. These data then
suggest that epigenetic modifications made to genes early in development would certainly
have the capacity to subsequently affect cognition.

There is also growing evidence that aberrant epigenetic marking of genes has a role in
psychiatric disorders, and the most studied disorder in this regard has been schizophrenia.
Reductions in expression of Reelin and GAD1 genes (which support synaptic function and
memory) in the hippocampus and cortex of schizophrenic patients (both sexes) have been
one the most consistent findings in postmortem studies (Costa et al., 2009; Grayson et al.,
2009). Data generated using a variety of approaches suggest that the down-regulation of
these transcripts and their respective proteins is most likely due to hypermethylation of their
promoters (Abdomaleky et al., 2005; Costa et al., 2009; Grayson et al., 2009). More recently
investigators have found there to be as many as 100 loci with altered CpG methylation in
schizophrenia (Connor & Akbarian, 2008; Mill et al., 2008). Altogether, evidence suggests
there is some type of relationship between schizophrenia and cytosine methylation (see Roth
et al., 2009b for a comprehensive review of epigenetic alterations in schizophrenia). These
findings lead to the highly speculative notion that, to the extent that an increased incidence
of schizophrenia is associated with early-life adversity, epigenetic changes triggered in early
prenatal or postnatal development might predispose the development of schizophrenia later
in life.

Overall, there is a growing body of work from the developmental neuroscience field that
supports the view that epigenetic changes underlie the long-term impact of early-life
experiences. At the same time, data illustrate that epigenetic alterations are potentially
reversible, and that the epigenome can be modified via pharmacological and behavioral
routes. Thus, understanding the role of the epigenome in behavioral modifications driven by
early-life experiences will clearly be important for and relevant to the field of child
psychiatry.

While the data discussed in this review are certainly intriguing, much more study is needed
to fully appreciate and understand the discovered epigenetic phenomena. We conclude by
discussing a few key issues that are sure to guide future research.

To date, developmental studies have used a candidate-gene approach to determine whether
early-life experiences produce epigenetic modifications at specific gene loci. An important
question that future research will need to address is: Are chromatin modifications occurring
across the genome, or are only a handful of genes subject to such environmental
programming? Though several studies have provided intriguing evidence that the epigenetic
marks induced by early-life experience can be pharmacologically reversed (Roth et al.,
2009a; Weaver et al., 2004, 2005, 2006), the data are incomplete and straightforward
interpretation of their clinical relevance is difficult. For example, the ability of these
pharmacological strategies to alter DNA methylation and gene expression patterns on a
long-term scale has not been adequately addressed. Furthermore, there is the caveat that
these types of chromatin-modifying drugs would possibly alter epigenetic states on a global
scale.

Though there is convincing evidence that early-life experiences produce lasting changes in

DNA methylation, the effect of these experiences on histone modifications remains largely
undetermined. There is an overall emerging hypothesis in the behavioral neuroscience field
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that a complex pattern of specific post-translational histone modification occurs at memory-
linked gene promoters to alter chromatin structure and subsequently control transcription of
the genes in response to environmental cues (Roth & Sweatt, 2009; Strahl & Allis, 2000).
As discussed earlier in this review, the amino acid residues of histone tails are subject to
covalent modifications that include: lysine acetylation, methylation, sumoylation, and
ubiquitinylation; arginine methylation; and, serine phosphorylation (Berger, 2007).
Depending on the amino acid residue modified and the nature of the modification
(dimethylation vs. trimethylation for example) there can be different affects on gene
transcription. It is likely the case that in combination with DNA methylation modifications,
a complex histone code is involved in mediating the long-term effects of early
environmental influences. This aspect of early-experience induced epigenetic modification
in the CNS will also need to be addressed in future studies.

Most of what we know regarding epigenetics in mediating the long-term effects of early-life
experiences has come from studies using animal models where the behavioral outcome is
fairly uniform and that exclude any confounds of genetic variability. It is important to
consider that in humans, however, genetic polymorphisms exist and it is often the case that
experiences that produce a particular outcome in some people do not in others. Thus,
functional polymorphisms are predicted to add an extra layer of complexity to understanding
how behavioral outcome is moderated by early-life experiences, and there is evidence to
support this view.

For example, maltreated children with a genotype conferring low levels of monoamine
oxidase A (MAOA) expression have been shown to be more likely to develop antisocial
problems, as measured by the likelihood to develop conduct disorder, be convicted of a
violent crime, and self-report antisocial behavior (Caspi et al., 2002). Though there has been
some debate regarding the role of serotonin transporter genotype x environmental
interaction in mood disorders (reviewed in Brown & Harris, 2008), there is evidence
indicating that emotional problems are more likely in individuals who experienced stressful
life-events and have one or two copies of the short allele of the serotonin transporter gene
(e.g. Caspi et al., 2003; Kumsta et al., 2010). Finally, more recent work indicates that there
is an interaction between early-life stress, Bdnf genotype, and neurobehavioral outcome.
Specifically, individuals that were institutionalized and Met allele carriers were found to
have increased amygdala volume and be more anxious in comparison to individuals that
were institutionalized and homozygous for the Val allele (reviewed in Casey et al., 2009).
The interactions of these genetic variables with experience-driven epigenetic changes will be
an important area of future investigation.

As a final point, the data reviewed here then argue that to be in a position to fully understand
how early experiences impart resilience or psychopathology, both epigenetic modifications
and genetic variation need to be examined. One of the key challenges for future research
will be to establish animal models to facilitate such study.

Key Points

e Over the past half-century, it has become increasingly clear that environmental
influences and experiences early in development are able to shape neural circuits
and thus determine structural and functional aspects of brain and behavior for
the lifespan.

* Recent work in the development neuroscience field has begun to highlight the
molecular mechanisms whereby early-life experiences interact directly with
genes in the developing brain.
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e Studies have shown that experiences during sensitive periods of development
can program genes through DNA methylation. To date, such epigenetic
alterations have been identified for several genes known to play prominent roles
in cognition and psychiatric disorders.

e Studies have also demonstrated that acquired epigenetic alterations can be
inherited and may be potentially reversible.

* An understanding of the role of the epigenome is not only relevant to helping us
better understand how early-life experiences confer either risk or resilience
regarding later psychopathology, but will be important and relevant for future
therapeutics.
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Figure 1.

Epigenetic modifications in the CNS. Reversible and site-specific histone modifications
occur at amino-acid residues of histone tails via histone modifying enzymes, some of which
are depicted on the diagram. DNA methylation occurs at cytosine residues at the 5-position
of the pyrimidine ring in a reaction catalyzed by DNA methyltransferases (DNMTs). DNA
methylation is a reversible process, whereby several rounds of cell division without DNMT-
mediated remethylation are necessary to erase epigenetic marks. Several active DNA
demethylation pathways have also been proposed for post-mitotic cells, including the direct
removal of methyl groups by a DNA demethylase (Bhattacharya, Ramchandani, Cervoni, &
Szyf, 1999) or a Gadd45-coupled DNA repair-like process (Barreto et al., 2007; Ma et al.,
2009). Together, these modifications provide a unique epigenetic signature that governs
chromatin structure (active vs. closed) and thus gene transcription.
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Figure 2.

Effect of infant experience on DNA methylation of the Bdnf gene. Adult animals (at least 3
months old) that were maltreated as infants were found to have significant methylation of a
regulatory region of the Bdnf gene (exon IV) in their prefrontal cortex in comparison to
adults that had experienced either cross-foster care or remained with the biological mother
(portrayed as the normal infancy group on the graph). Figure adapted from Roth et al.,
2009a.
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Figure 3.

Effect of mother’s history on her maternal behavior. Left panel — Qualitative assessment of
maternal behaviors directed toward infants in our maltreatment condition show that infants
had overall experienced an adverse caregiving environment that was characterized by
mainly abusive behaviors. Right panel — Qualitative assessment of maternal behaviors of
females that had experienced our infant maltreatment regimen indicate that they grow up to
display considerable abusive behaviors toward their own offspring. Please note that
observation conditions in this experiment (homecage situated at eyelevel) also enabled us to
determine whether females were displaying low vs. high nursing postures. Figure adapted
from Roth et al., 2009a.
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Bdnf DNA methylation in next generation of infants
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Figure 4.

Effect of mother’s history on offspring DNA methylation patterns. Offspring of females that
had been maltreated were found to have significantly higher levels of methylated Bdnf DNA
in their prefrontal cortex (A) and hippocampus (B) in comparison to offspring from females
that had a normal infancy. Data collected in panel A were from methylation-specific real-
time PCR (2 Bdnf loci examined), and data collected in panel B were from direct bisulfite
sequencing (Bdnf exon IV). (B) Cross-fostering of these offspring (Mal-Normal) did not
completely rescue CNS DNA methylation, nor did it induce significant methylation in
controls (Normal-Mal). Figure adapted from Roth et al., 2009a.
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