Chapter 10

The Impact of Environmental Stressors

on DNA Methylation, Neurobehavioral
Development, and Chronic Physical Aggression:
Prospects for Early Protective Interventions

Richard E. Tremblay, Linda Booij, Nadine Provencal, and Moshe Szyf

Abstract There is now convincing evidence from prospective and retrospective
epidemiological studies that prenatal and early post-natal stressors have long term
impacts on life span health and well-being. Unraveling the mechanisms by which
early environmental stressors have an impact on DNA methylation and neurobehav-
ioral development should provide the foundation for creating effective early protec-
tive interventions. We review the recent convergence of four research domains to
explain the mechanisms leading to chronic physical aggression (behavior develop-
ment, epigenetics, serotonin neurotransmission and immunology) and we discuss
the next generation of studies that are needed to identify effective pre and post natal
preventive interventions.
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10.1 The Developmental Origins of Chronic Physical
Aggression

The development of physical aggression throughout early childhood has only very
recently been studied with large population samples. This lack of attention to the
developmental origins of physical aggression during early childhood appears to be
the result of a long-held belief that humans start to use physical aggression after
early childhood as a result of exposure to violent behavior (e.g., Bandura 1977;
Lefkowitz et al. 1977; Zimbardo 2007). Indeed the 2002 World Health Organization
report on violence concluded: “The majority of young people who become violent
are adolescent-limited offenders who, in fact, show little or no evidence of high
levels of aggression or other problem behaviours during their childhood.” (Krug
et al. 2002). The putative developmental mechanisms leading to this phenomenon
had been described a decade earlier in the 1993 report of the US Academy of
Science Panel on Understanding Violent Behavior: “Modern Psychological per-
spectives emphasize that aggressive and violent behaviors are learned responses to
frustration, that they can also be learned as instruments for achieving goals, and that
the learning occurs by observing models of such behavior. Such models may be
observed in the family, among peers, elsewhere in the neighborhood, through the
mass media ...” (Reiss and Roth 1993).

However, from an evolutionary perspective there are good reasons to doubt that
humans have to learn to aggress. Physical aggression is a crucial component of
human’s behavioural heritage. Our ancestors needed to be skilled in the art of
physical aggression to eat, to defend themselves against predators, to compete for
mating, to protect their brood, and to acquire resources. However, like all other
social animals, humans need to learn to use aggression sparingly because physically
aggressive encounters can be fatal, and lack of self-control among social animals
leads to social exclusion (Boivin et al. 2005; Suomi 2005). The relative absence of
fear from being murdered is recent. Historical analyses of homicide rates indicate
that physical violence has systematically and substantially decreased among
European citizens over the past 500 years (Eisner 2003). Homicides in European
cities decreased from 40 to 1 per 100,000 citizens per year. Looking further back
from an evolutionary perspective, the estimated rate of “homicide” among our clos-
est non-human relatives, chimpanzees, is 261 per 100,000 (Wrangham et al. 2006).

10.2 Development of Physical Aggression During Early
Childhood

Studies of physical aggression during infancy have clearly shown that humans start to
use physical aggression towards the end of the first year after birth when they have
acquired the motor coordination to push, pull, hit, kick, etc. (Alink et al. 2006; Hay
et al. 2011; Naerde et al. 2014; Tremblay et al. 1999). For example, analyses of
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physical aggression developmental trajectorie from 17 to 60 months with a population
birth cohort (Coté et al. 2007) showed that all children increased the frequency of their
physical aggression from 17 to 42 months of age and then decresed their frequency
until 60 months. thatA third of the children were on a low trajectory of physical
aggression, half were on a middle trajectory, while 17 % were on a high trajectory.

These analyses are based on prospective repeated assessments of physical
aggressions reported by mothers over 4 years. The prospective studies of physical
aggression during early childhood indicate that the peak frequency in use of physical
aggression for most humans is somewhere between 2 and 4 years of age (Tremblay
and Co6té 2009; NICHD Early Child Care Research Network 2004)

The developmental trajectories of physical aggression after early childhood have
now been studied in many different cultures. From these studies we can expect
between 7 and 11 % of elementary school children on a CPA trajectory (Broidy
et al. 2003; Campbell et al. 2010; Nagin and Tremblay 1999). That percentage tends
to be higher for preschool children (C6té et al. 2007; Tremblay et al. 2004) and
lower for adolescents (Brame et al. 2001). This decrease in CPA cases with age
corresponds to the general decrease in frequency of physical aggression with age,
after the peak in early childhood.

Most children use physical aggression during the preschool years, but most
children also learn to use alternatives to physical aggression with age, and this
applies to a number of chronic cases during early childhood and preadolescence
(Nagin and Tremblay 1999). In fact there is good evidence that the learning process
to gain control over physical aggression continues throughout adulthood. A longitu-
dinal study of juvenile delinquents up to old age showed that the number of their
violent offenses decreased with age (Sampson and Laub 2003; see also Sweeten
et al. 2013).

Crime records from the middle ages to modern times suggest that this phenom-
enon is not new. The likelihood of committing a homicide and most other crimes
has always decreased from late adolescence and early adulthood to old age (Eisner
2003; Quetelet 1984). Trajectories of physical aggression covering different age
periods (early childhood to childhood, childhood to adolescence, adolescence to
adulthood) also indicate that CPA very rarely onsets after early childhood (Barker
et al. 2007; NICHD Early Child Care Research Network 2004; van Lier et al. 2009).

Longitudinal studies of physical aggression trajectories during childhood have
been used to study how well the trajectories predict future outcomes such as school
performance, social adjustment, mental health and violent behavior. The first
longitudinal study to describe developmental trajectories of physical aggression from
school entry to adolescence (Nagin and Tremblay 1999) reported that boys on a
teacher-rated trajectory of frequent physical aggression from 6 to 15 years of age
were at highest risk of self-reported violence as well as other forms of delinquency at
17 years of age, even after having controlled for hyperactivity and oppositional
behavior. The chronically aggressive boys were also at highest risk of school drop-
out. A study which used 6 longitudinal cohorts from Canada, New Zealand and the
US (Broidy et al. 2003) reached the same conclusion for male adolescent violent
delinquency, but not for female adolescent violent delinquency. The authors attributed
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the sex difference in prediction to the fact that the prevalence of female adolescent
violent delinquency was too low. However, a later analysis of one of the female
samples (Fontaine et al. 2008) reported that elementary school girls who were on a
chronic physical aggression trajectory combined with a chronic hyperactivity trajectory
were more likely than others to report physical and psychological aggression towards
intimate partners by age 21 years. They were also more likely to report early pregnancy,
welfare assistance, nicotine use problems and low educational attainment. A more
recent analysis of a population sample of males and females (Pingault et al. 2013)
reported that the 9.5 % of children on a high physical aggression trajectory between 6
and 12 years, according to mother and teacher rating, represented 28.2 % of all those
who had a criminal record by age 24 years. In addition, they represented 45.9 % of all
recorded criminal charges and 57.4 % of the violence charges. Therefore, children on a
high trajectory of physical aggression during elementary school are not only more
likely to have a criminal record but also to have more criminal charges. There is evi-
dence that the criminal outcomes of childhood physical aggression during adolescence
and adulthood are preceded by a large range of negative social and academic outcomes
by the end of elementary school for boys and girls (Campbell et al. 2010).

10.3 Early Risk Factors of Chronic Physical Aggression
and Putative Mechanisms

Sex of the individual is one of the most important risk factor for chronic physical
aggression. When children start using physical aggression at the end of the first year
after birth there are no significant difference in frequency of physical aggressions
between boys and girls (Hay et al. 2011), however the differences appear soon after
and increase until adolescence (e.g., Baillargeon et al. 2007; Co6té 2007). Males
between 10 and 15 years of age are close to 20 times (OR =18.84) more at risk than
females of being on a chronic physical aggression trajectory (van Lier et al. 2009).

Twin studies have become important tools to understand the contributions of
environmental and genetic factors in the development of human characteristics,
including aggression. However, to date there appears to be only one longitudinal
study that used a large sample of twins from infancy onwards to study the
contributions of genetic and environmental factors in the development of physical
aggression. The study reported that 19 months after birth 58 % of the variance in
frequency of physical aggression rated by mothers could be attributed to genetic
contributions and 42 % to common environmental contributions (Dionne et al.
2003), furthermore, a large part of the variance in frequency of aggression change
over time was attributed to genetic factors (Lacourse et al. 2014).

Although these results suggest a substantial contribution to frequency of physical
aggression by genetic factors from infancy to school entry, this development does
not happen in a vacuum, environmental factors are also very important. The devel-
opmental trajectories of physical aggression described above indicate that the envi-
ronmental conditions are essential to learn alternatives to physical aggression during
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early childhood. Studies of physical aggression trajectories during early childhood
with singletons have identified the following types of environmental risk factors:
(a) Maternal characteristics, including life style and mental health, (b) family char-
acteristics, (c) maternal parenting, (d) child characteristics (Campbell et al. 2010;
Coté et al. 2006; Hay et al. 2011; NICHD Early Child Care Research Network
2004; Tremblay et al. 2004).

Maternal and family characteristics are key for planning preventive interventions
because they can be used to identify pregnant women at risk of having children on
a CPA trajectory (e.g., Olds et al. 1998). The maternal characteristics associated to
chronic physical aggression include mothers’ young age at birth of their child,
mothers’ smoking during pregnancy, mothers’ antisocial behaviour during adoles-
cence, mothers’ depression, and mothers’ low level of education. Family character-
istics included low income, family dysfunction and the presence of siblings. High
risk maternal parenting behaviour includes mother’s hostile-coercive-harsh parent-
ing and lack of sensitivity.

It is important to note that these studies of environmental risk factors were not
done in the context of genetically informative designs (e.g., twin studies or sibling
studies), hence we do not know to what extent the significant environmental risk
factors are correlated or interact with genetic factors (Plomin 1994; Szyf et al.
2009). Nonetheless, the environmental risk factors identified by these studies can be
used to identify at risk groups for preventive experiments. Such experiments are
useful to test the effectiveness of the interventions as well as test causal hypotheses
(Schwartz et al. 1981; Tremblay 2003). Maternal and family characteristics are
especially key for early preventive interventions because they can be used to iden-
tify at risk pregnant women (e.g., Olds et al. 1998).

10.4 Physical Aggression, Brain Development, and the Role
of Serotonin

Although the neurobiological substrates of physical aggression are many, one of the
most consistent biological correlates of physical aggression is altered serotonin
(5-HT) neurotransmission (Siever 2008). Following the early observation that low
levels of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) in the cerebrospi-
nal fluid (CSF) is associated with impulsive aggression (Brown et al. 1979), a number
of studies have further confirmed this association, using other indices of 5-HT neuro-
transmission, such as neuro-endocrine challenge methods (e.g., Coccaro et al. 1989)
and tryptophan depletion procedures (Cleare and Bond 1995; Moeller et al. 1996).
Neuro-imaging studies provided evidence that aggression problems might result
from top-down suppression deficits in (cortical regions (Orbitofrontal (OBFC),
anterior cingulate) in combination with excessive botfom up signalling by the amyg-
dala (Booij et al. 2010; Davidson et al. 2000; Siever 2008). All of these brain regions
are densily innervated with 5-HT neurons and 5-HT receptors (Azmitia and Gannon
1986; O’Rourke and Fudge 2006; Steinbusch 1981). As 5-HT in the Prefrontal
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cortex (PFC) facilitates inhibition of the amygdala, impaired 5-HT function in these
regions could result in an increased amygdala response to social threat, which could
trigger an aggressive response (Davidson et al. 2000; Siever 2008). Consistent with
this, neuro-imaging studies in individuals with high levels of aggression found
reduced metabolic response in the frontal-limbic regions in response to administra-
tion of 5-HT agonists (New et al. 2002; Siever et al. 1999). In addition, Positron
Emission Tomography (PET) studies in combination with 5-HT radioligands
showed that individuals with high levels of impulsive aggressive behaviors indi-
cated lower 5-HT transporter (SLC6A4) density (Frankle et al. 2005) and lower
5-HT synthesis capacity, in the same regions (Leyton et al. 2001; Leyton et al.
2006), relative to controls. Taken these findings together suggests that altered 5-HT
function in the frontal-limbic circuits are associated with aggression problems.

Of relevance is our study, investigating 5-HT synthesis in a community sample
of healthy 27 year adult males who were rated regularly between age 6 and 15 by
their teachers on measures of physical aggression as well as on a variety of psycho-
social and psychological factors. Subjective measures of aggression confirmed that
individuals in the high physical aggression developmental trajectory exhibited more
aggressive behaviors during childhood and adolescence, but not in adulthood.
However, males with high physical aggression in childhood compared to those with
low physical aggression during childhood and adolescence had lower brain 5-HT
synthesis bilaterally and specifically in the OBFC (Booij et al. 2010). Though 5-HT
function was not measured in childhood and adolescence in this sample, the results
are in line with studies in nonhuman primates, showing that 5-HT metabolism
remains stable for at least a decade (Howell et al. 2007). Hence, diminished 5-HT
neurotransmission in the frontal-limbic circuitry may be a persisting trait rather than
state characteristic. Notably, our cohort members did not differ in terms of current
aggression levels, impulsivity, mood, working memory or psychosocial function-
ing; Although other biological factors cannot be ruled out, taken these findings
together suggest that 5-HT alterations may be an important etiological predisposing
biological factor in aggression. However, whether actual aggressive behaviors are
expressed, is likely to depend on other biological factors, experiences and environ-
mental support during development. In line with this so-called “diathesis-stress”
model are studies of gene-environment interactions, showing associations between
specific genotypes of 5-HT genes (i.e., monoamine oxidase A enzyme (MAOA)
gene, SLC6A4 gene) and aggression, but only in the context of early life adversity
(Aslund et al. 2011; Caspi et al. 2002; Reif et al. 2007; Suomi 2006).

An important question in this context is how 5-HT alterations develop, and how
these alterations could lead to physical aggression. In addition to being a neurotrans-
mitter, animal and human studies have shown that 5-HT is important for the devel-
opment and maturation of the human brain (see Booij et al. 2014, review). For
instance, in humans, the first 5-HT neurons in the raphe neurons appear already by
5 weeks of gestation (Booij et al. 2014; Whitaker-Azmitia 2001, review). Many
aspects of 5-HT system development, including innervation, fiber density and syn-
thesis appear to be largely matured in early childhood. However, 5-HT receptors,
enzymes and proteins appear to have a unique developmental pattern, with some
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them fluctuating up to adulthood, while other 5-HT proteins and enzymes stabilizing
already early in life (Booij et al. 2014). The expression of specific receptors,
enzymes and generally relevant proteins appears in turn to modulate specific brain
developmental processes (Gaspar et al. 2003).

Of particular interest in the context of physical aggression is the gene coding
MAOA; an enzyme responsible for breaking down monoamines, and thus an impor-
tant regulator of the levels of monoamines throughout the brain, including 5-HT. A
deficiency of this enzyme has been associated with aggression in animal models
(Cases et al. 1995) and humans (Brunner et al. 1993). In terms of development,
research has shown that activity of the MAOA enzyme in the human frontal cortex
increases up to birth, then diminishes during the first year of life, and stabilizes
around age 2 (Kornhuber et al. 1989); a pattern quite consistent with what has been
observed in rodents (see Booij et al. 2014). Notably, this developmental pattern
(early peak, stabilization in early life) seems to precede, and is quite similar to the
developmental pattern of physical aggression (see above).

Although the specific role of SLC6A4 in aggression is less clear, with studies
both positive and negative associations, it has now widely been demonstrated that
SLC6A4 in particular plays a major role in brain development (Booij et al. 2013,
2014; Gaspar et al. 2003; Lesch and Mossner 2006). Studies have shown that
SLC6A4 is one of the first 5-HT molecules to develop during pregnancy (Booij
et al. 2014, review). When it is stabilized in development depends on brain region.
For instance, studies in rodents have shown that SLC6A4 density in the forebrain
increases up to adulthood, while densities remain steady after P25 (late adoles-
cence) in the striatum, midbrain and brain stem (Booij et al. 2014).

Hence, both MAOA and SLC6A4 are important regulators of 5-HT neurotrans-
mission, and also have been implicated in physical aggression. Although it is clear
that no specific 5-HT molecule is unequivocally associated with any specific behav-
iour, it would be of interest for longitudinal studies to further examine developmen-
tal changes in 5-HT expression levels over time, and how these changes in 5-HT
molecules are associated with developmental changes in aggression. Given the
observed sex differences in chronic aggression (see above), as well as the observed
sex differences in (adult) serotonin functioning (Nishizawa et al. 1997), it would
further be of interest to study how sex differences in physical aggression would
relate to sex differences in 5-HT development.

Given the role of 5-HT in brain development and in aggression, it is reasonable
to assume that a disruption in the very early stage in the system could interfere with
normal brain development, with consequences for risk of physical aggression. Most
clear evidence supporting this notion comes from genetic knockout studies. For
example, SLC6A4 KO mice show functional and structural cortical brain alterations
(e.g., Ansorge et al. 2004). In addition, in a sample of transgenetic mice, deletion in
the gene encoding MAOA led to increased levels of aggressive behaviors and sev-
eral changes in brain structure, some of them persisting in adulthood (Cases et al.
1995; Shih et al. 1999). The increased aggression levels in MAOA KO mice can be
reversed by SSRIs, suggesting that the behavioural effects possibly underlie devel-
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opmental alterations of the SLC6A4 (Godar et al. 2014), thereby further supporting
the important role of SLC6A4 in brain development.

In humans, the role of 5-HT in brain development is supported by molecular imag-
ing studies (see Booij et al. 2014, review). For instance, a number of studies now have
shown that carriers of so called “risk” alleles (i.e., the s allele of the serotonin trans-
porter, the low expression variant of the MAOA gene), show increased amygdala
activity in response to emotional stimuli and diminished activation in the PFC, includ-
ing the OFBC and the cingulate’ limbic volume reductions; and altered connectivity
between the prefrontal cortex and amygdala (e.g., Buckholtz et al. 2008; Canli et al.
2006; Heinz et al. 2005; Meyer-Lindenberg et al. 2006; Munafo et al. 2008).

Psychosocial stressors in early life can also alter 5-HT function. For instance,
early maternal separation in rodents alters 5-HT neurotransmission in the frontal
cortex (Jezierski et al. 2006; Matthews et al. 2001). In primates, rhesus macaques
that have previously experienced high rates of rejection from their mothers after
birth have lower levels of the 5-HT metabolite 5-HIAA in adulthood (Higley et al.
1996). The influence of early psychosocial adversity on the development of the
5-HT system is further supported by in vivo PET studies of the SLC6A4, showing
that adolescent monkeys who were raised by their peers had, relative to mother-
raised monkeys, decreased SLC6A4 and 5-HT), binding in the raphe and frontal-
limbic regions (Ichise et al. 2006; Stevens et al. 2009). In vivo measures of reduced
SLC6A4 density have also been associated with higher levels of impulsive aggres-
sion in humans (Frankle et al. 2005). Evidence for 5-HT alterations as a result of
adversity also exists in humans. For instance, adults in low socioeconomic environ-
ments or who reported high rates of parental neglect in childhood showed blunted
prolactin response to fenfluramine challenge (Manuck et al. 2005), as an indicator
of impaired 5-HT function, and lower 5-HT metabolite levels in the cerebrospinal
fluid (Roy et al. 2002). In a study of males followed since childhood, we observed
that lower 5-HT synthesis in the frontal-limbic circuitry (OBFC and hippocampus)
was associated with maternal smoking in pregnancy, lower birth weight and birth
complications. All of these three in utero and early postnatal adversities have previ-
ously been shown to be predictive of physical aggression (Arseneault et al. 2002;
Huijbregts et al. 2008). Hence it is tempting to speculate that 5-HT alterations in
these regions may be an underlying mechanism of how such early adversities can
translate into risk for chronic physical aggression.

10.5 Epigenetic Effects of Early Stressors and Pathways
to Chronic Physical Aggression

10.5.1 The Serotonergic System

An emerging number of studies provide evidence for the role of epigenetic processes
as physiological mechanism through which genetic and environmental factors may
interact, and consequently brain and behavioural alterations may develop (Booij
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et al. 2014). Following the initial observation of how early stress affect methylation
in rodents and in the post-mortem human brain (McGowan et al. 2009; Weaver et al.
2004), a number of studies have shown that early stress was associated with altered
levels of methylation in 5-HT genes like MAOA and SLC6A4 in the living human
brain, using peripheral cells (see Booij et al. 2013, review). For example, Beach
et al. (2011) identified an association between women victims of child sexual abuse
and overall hypermethylation of the SLC6A4 (SHTT) promoter region (Beach et al.
2011). In addition, they observed a significant association between DNA methyla-
tion in SLC6A4 promoter with symptoms of ASPD in women that was also partly
mediated by 5-HTTLPR polymorphism (Beach et al. 2011). Thus, child sexual
abuse may create long-lasting epigenetic changes in the SLC6A4 gene promoter
and lead to female antisocial behavior. With regard to physical aggression, we
observed that SLC6A4 promoter methylation in white blood cells of adults was
associated with higher childhood physical aggression and with lower in vivo mea-
sures of brain 5-HT synthesis in adult males (Wang et al. 2012). Although causality
cannot be established in any of these studies, it can be hypothesized that early stress
may lead to altered methylation levels of the SLC6A4 promoter, with consequences
here for brain chemistry and behaviour. This was further supported by a very recent
report that greater SLC6A4 methylation assessed in whole blood DNA, was
associated with lower hippocampal volume, a brain region with rich 5-HT
innervation and important for stress regulation (Booij et al. 2015). Similarly, we
recently observed greater methylation in the MAOA promoter in individuals with
Antisocial Personality disorders relative to controls (Checknita et al. 2015); while
another research group reported a correlation between MAOA methylation levels
and in vivo PET measures of MAOA (Shumay et al. 2012).

Hence, taken together these findings suggest that, in addition to genetic factors,
the in utero or early postnatal environment influence 5-HT homeostasis. A disruption
in 5-HT homeostasis, could alter the trophic properties of 5-HT at play during the
critical periods of brain development, in many different ways, affecting the brain at
various levels, through various mechanisms. It may alter 5-HT innervation, expres-
sion levels of certain proteins, enzymes, receptor functioning, synthesis, all of which
may interact. This may in turn predispose the individual to structural and functional
alterations in brain circuits such as the frontal cortex and the amygdala, previously
identified as key regions in the modulation of aggression; and increase vulnerability
to enduring patterns of aggressive behaviors, in the context of further adversity.

It is clear that 5-HT neurotransmission and associated proteins are also influ-
enced by multiple factors other than the trophic factors considered here; those
include, among others, age and sex, other 5-HT molecules, and, importantly, the
impact of other biological systems. The specific consequences on behaviour on dis-
rupting 5-HT neurotransmission, if any, ultimately depend on the complex interplay
between these various factors.
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10.5.2 The Immune System

Using peripheral blood cells DNA from monocytes and T cells, we recently reported
an association between childhood CPA in men and differential DNA methylation in
regulatory regions of cytokine and transcription factor genes (Provencal et al.
2013b). Moreover, these cytokines were also shown to be repressed in men with
CPA compared to men on normative developmental trajectory of aggressive behav-
iour (Provencal et al. 2013a). Interestingly, one of these downregulated cytokine in
men with CPA, Interleukin-6 (IL-6), was previously shown to be involved in aggres-
sive behaviour in mice since it’s knockout (IL-6 (—/-)) resulted in increased aggres-
sive behaviour phenotype in these mice (Alleva et al. 1998). In humans, a growing
body of research also suggests that inflammatory cytokines might have systemic
effects in addition to their traditional roles in the immune response. Indeed, recent
studies have shown that cytokines are associated with various behavioural disorders
such as anxiety, depression, suicide, childhood mood disorder and PTSD (Dowlati
et al. 2010; Groer and Morgan 2007; Hoge et al. 2009; Janelidze et al. 2010; Koo
and Duman 2008; Smith et al. 2011; von Kanel et al. 2007) as well as aggression
(Marsland et al. 2008; Suarez et al. 2002). Moreover, early life stress such as social
isolation and prenatal anxiety has been found to alter the immune system (Barreau
et al. 2004; Danese et al. 2007; Powell et al. 2013; Sloan et al. 2007). Previous stud-
ies from our group and others that have examined associations of genome-wide
DNA methylation profiles with adverse exposures have pointed to immune path-
ways, both in the brain and in the periphery. Maternal deprivation in thesus macaques
(Provencal et al. 2012), early life socioeconomic position (Borgho I et al. 2012;
Kieseppa et al. 2004), child abuse (Suderman et al. 2014) and PTSD (Mehta et al.
2013; Smith et al. 2011; Uddin et al. 2010), all found DNA methylation associations
in promoters regulating genes in the immune response pathways. Together these
results suggest that immunoregulators are responsive to early life stress and might
be involved in aggression where DNA methylation could be one of the mechanisms
that mediate this association. These immonuregulators could influence brain cir-
cuitry and behaviour through a wide variety of other biological systems, including
serotonin and the HPA-axis. For instance, with regard to 5-HT, cytokines have been
shown to influence 5-HT synthesis and transporter expression (Capuron and Miller
2011). The interaction between cytokine and 5-HT has been hypothesized as a
mechanism for the etiology of depression (Myint and Kim 2003). It could be specu-
lated that it may also hold for chronic aggression.

Importantly, effects of immuneregulators also occur through their action on the
hypothalamic-pituitary-adrenal (HPA) axis previously shown to play a role in
aggression.

The HPA axis is considered to be the most important system in stress regulation.
Upon its activation corticotrophin releasing hormone (CRH) and vasopressin (AVP)
are released from the hypothalamus and stimulate adrenocorticotropic hormone
(ACTH) release from the pituitary into the blood. This results in cortisol secretion
from the adrenal cortex. The cellular actions of the cortisol are mediated by its bind-
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ing to the glucocorticoid receptor (GR) and the mineralocorticoid receptor that act
as transcription factors and are expressed in most tissues. Once activated, GR and
MR translocate into the nucleus where they can exert their function as transcription
factors regulating adaptive responses to stress, including metabolism, immune acti-
vation and cell proliferation and differentiation. At multiple levels of the HPA axis,
the activation of the GR will initiate a negative feedback loop that is responsible for
terminating the stress response and therefore the secretion of cortisol. A decrease in
GR expression/activation is generally associated with an increase in the response to
stress due to an impaired negative feedback. In addition, there is strong evidence of
a crosstalk between the immune system and the brain through the HPA axis. It is
well known that increases in glucocorticoid levels in response to activation of the
HPA axis results in a profound silencing of gene expression of pro-inflammatory
proteins and cytokines. Also, it was shown that early life social class can affect the
expression of genes bearing response elements to transcription factors regulating
immune genes such as CREB/ATF, NFKB and GR. Thus, the effects observed on
the immune system in relation to aggression could be due to a dysregulated HPA
axis and therefore alterations in the cortisol release and actions.

In general, correlations have been found between reduced cortisol levels and
increased aggression levels in adolescents and young men (Loney et al. 2006;
Popma et al. 2007; Shirtcliff et al. 2005). In contrast, boys with conduct disorder
(CD) from the same cohort as the one studied here had elevated salivary cortisol
levels compared to those without CD. Moreover, boys with an aggressive form of
CD had even higher cortisol levels. A strong correlation was also observed between
reactive aggression and elevated cortisol (van Bokhoven et al. 2005). It is important
to note that maltreatment in childhood also leads to low basal cortisol in association
with conduct and aggressive disorders (Tarullo and Gunnar 2006). Together, these
results indicate that both hyper- and hypoactive HPA axis might explain children’s
aggression, where hyperactivity may be involved in reactive aggression and hypo-
activity may be involved in proactive aggression.

Prenatal stress exposure to high levels of glucocorticoids, were also shown to
promote aggressive behaviour (Glover 2011). In chicken, in ovo injection of high
dose of cortisol during embryonic development was shown to increase aggressive
behaviours through alteration of the HPA axis and serotonin system (Ahmed et al.
2014). Reduced hypothalamic levels of GR protein and CRH mRNA levels accom-
panied by increase in DNA methylation in the GR and CRH gene promoters were
observed in the chicks. Here, prenatal cortisol exposure caused epigenetic repro-
gramming of critical genes that in turn, altered the HPA axis and enhanced aggres-
sive behaviour.

In rats, exposure to early adverse life experiences was shown to induce high and
sustained rates of increased aggressive behaviour in adulthood. In their model,
Marquez et al. found that peripubertal exposure to stress (fear-induction experi-
ences) induces pathological aggression in male rats (Marquez et al. 2013). These
peripubertal stressed rat also exhibited hyperactivity in the amygdala and hypoac-
tivity in the medial orbitofrontal cortex after exposure to social challenge.
Interestingly, these neuroimaging brain activity data were accompanied by a



306 R.E. Tremblay et al.

sustained increase in MAOA expression in the PFC of stressed animals that is likely
to be explained by epigenetic modulation. Indeed, they found an increase in histone
3, but not histone 4, acetylation levels in the promoter of the MAOA gene. Histones
acetylation are known to promote gene transcription by increasing the accessibility
to active transcription regulators binding (Kuo and Allis 1998) and especially his-
tone 3 acetylation have been shown to play a role in regulating long-term changes
in gene expression (Tsankova et al. 2007). Together these finding with the previous
work on MAOA gene support the hypothesis that either MAOA hypo- or hyperactiv-
ity contribute to pathological aggression (Nelson and Trainor 2007) possibly
through epigenetic programming.

The epigenetic association studies presented above mainly focused on candidate
genes that either were suspected or previously shown to be involved in aggression.
Another approach that was successfully used in the past to find significant associa-
tion with diseases and behaviour is an unbiased genome-wide approach (Mehta
et al. 2013). Using this approach to analyze men T cell epigenomes, we previously
identified significant associations of DNA methylation levels with childhood CPA
in distinct gene promoters (n=448) involved in biological pathways related to
behaviour and immune function, and their colocalisation in genomic clusters
(Provencal et al. 2014). Interestingly, some of these differentially methylated genes,
such as the AVP receptor 1A (AVPRIA), SLC6A3 (dopamine transporter) and sero-
tonin receptor 1D (HTR1D), were previously associated with aggressive phenotype
in humans (Guo et al. 2007; Vage et al. 2010; Vaughn et al. 2009) and animals
(Ferris et al. 2006; Hammock et al. 2005). As anticipated from our previous study
in cytokine genes (Provencal et al. 2013b), the inflammatory and immune biological
function with specific signalling pathway such as cytokines signalling between
immune cells, IL-6 and IL-10 signalling were found enriched with genes
differentially methylated in men with CPA. Specific cytokines and receptors
involved in these pathways were previously shown to be involved in aggression and
human mood disorders such as ILIR1 and IL1IRN (Pesce et al. 2011). Together,
these findings suggest a well-defined, genome-wide epigenetic pattern associated
with chronic physical aggression in men.

Not only aggressive behaviour in men but also in women were studied for DNA
methylation associations. Indeed, in another study performed by our group, we
observed similar DNA methylation signatures associated with childhood CPA in
women (N=430 promoters) as seen in men where 31 gene promoters were signifi-
cantly associated in both sexes (Guillemin et al. 2014). Interestingly, a significant
portion of this overlap is due to identical genomic sites being differentially methyl-
ated in a sex-independent fashion. The almost perfect overlap between functional
categories represented by both men and women signatures provides further evi-
dence for these signatures to be, at least in part, associated with aggression rather
than confounding factors. Here also, specific genes involved in serotonin metabo-
lism and HPA axis regulation, previously shown to be involved in aggression, were
found differentially methylated in women with childhood CPA. These HPA regulat-
ing genes (NR3CI and CRHBP) were only found differentially methylated in
women with CPA. This may be explained in part by the fact that the HPA axis nega-
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tive feedback control have been shown to be more sensitive in females than in males
(Keck et al. 2002). These sex-specific and sex-independent components of the epi-
genetic signature are consistent with the existence of sex differences and similarities
observed in human physical aggression.

10.6 Prenatal and Early Postnatal Prevention of CPA

The observation of the long-term influence of adverse factors occurring during the
prenatal or early postnatal period on development of biological systems (brain,
immune, HPA-axis), is consistent with the notion that early interventions in at risk
populations should start as close as possible to conception, and continue supporting
the family and the child as long as needed (Petitclerc and Tremblay 2009; Tremblay
2010). Preventive interventions during pregnancy for at risk pregnant women and
family members are in fact corrective interventions for women who have a long his-
tory of social and mental adjustment problems. Many of them started to have chil-
dren during adolescence and choose mates that also have a long history of behavior
problems, thus increasing the likelihood of numerous forms of adversity during and
after pregnancy. Interestingly, this was one of the main conclusions of the Swiss
child psychiatrist Lucien Bovet in the first report the World Health Organization
commissioned after its creation (Bovet 1951).

Preventive interventions with at risk women during and after pregnancy will not
modify the genetic code, but they are likely to impact DNA expression. Epigenetic
studies are giving tools to assess the epigenetic effects of preventive interventions
during pregnancy and infancy. Because short term effects of adversity during
pregnancy on DNA expression may be good markers of long term effects, they
should be used to compare the effectiveness of different forms of interventions.
These experimental preventive interventions can also be used to test environmental
effects on the cascade of biological effects that follow gene expression and lead to
the behavior problems which we described above. For example, we can test the
effects of smoking cessation experimental interventions during pregnancy on DNA
expression at birth and eventually on CPA (Caporaso et al. 2009; Markunas et al.
2014; Nielsen et al. 2014).

However, interventions that only target specific risk factors such as smoking dur-
ing pregnancy are unlikely to have long term impacts on children’s development
since most of the at risk women have a large array of risk factors besides smoking
during pregnancy (ex. stressful marital relations, inadequate nutrition, depression,
impulsive and antisocial behaviour). Preventive interventions need to target all the
risk factors. To our knowledge no experimental prenatal or early postnatal interven-
tions have specifically targeted the reduction of CPA in the offspring. However,
good models of preventive interventions targeting women with many risk factors
during the prenatal and the early post natal period were implemented three decades
ago and have shown long term impacts on numerous aspects of children’s develop-
ment that are related to CPA. For example, in the Elmira Home Visitation prevention
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experiment (Donelan-McCall et al. 2009; Olds et al. 1997, 1998) participants were
mostly low-income, unmarried, pregnant adolescents. Other pregnant women were
included in the study to prevent stigmatization. Three experimental groups were
created by random allocation. Women in the first group were visited weekly by a
nurse for the first month after enrolment in the study, twice a month until birth,
weekly for the first 6 weeks after birth, twice a month until the baby reached
21 months, and monthly until the child reached the end of the second year. Women
in the second group received home visits only during pregnancy, while women in
the third group had a screening interview after birth and free transport to the health
clinic between the child’s birth and the end of the second year. Mothers and children
have been followed up to the children’s early adulthood and significant positive
impacts were observed from early childhood (Olds et al. 1986) to early adulthood
(Eckenrode et al. 2010). We do not know to what extent the intervention had an
impact of CPA because this range of behavior was not systematically assessed, but
the population they targeted includes those that are at high risk of having children
with CPA, while the content and intensity of the intervention would be expected to
impact the cascade of biological processes described above. Interestingly, the
assessment 19 years after the children’s birth indicated that the female children had
benefited more from the intervention than the males. The girls from the intervention
group had been significantly less involved in deviant behavior. Also the girls born to
unmarried mothers and low-income mothers had significantly fewer children and
less Medicaid use (Eckenrode et al. 2010). These results suggest that intensive sup-
port to at risk pregnant mothers has significant impacts, not only on their female
offspring, but also on the third generation. Much progress has been made in the past
decade in terms of refinements in techniques to study DNA methylation, as well as
immune system and 5-HT system development. Such techniques allow the
evaluation of the impact of preventive experiments on a large spectrum of putative
mechanisms.

10.7 Summary and Conclusion

The present chapter reviewed recent research on the mechanisms leading to chronic
physical aggression during childhood and adolescence, with an emphasis on familial
characteristics, epigenetics, immunology and the serotonin system. While most of
the studies on the biological mechanisms leading to chronic physical aggression
investigated solely associations between one biological variable (e.g., neurotrans-
mitters, neuro-immunoregulators, hormones) and behavioral outcome (i.e., chronic
aggression), an emerging number of studies now have provided support for a more
refined hypothesis on mechanisms of chronic physical aggression, taking into
account the importance of the developmental role of these factors on brain develop-
mental processes; and how early environmental factors could alter the functioning of
these biological systems, with consequences for risk for chronic physical aggres-
sion. Specifically, there is now emerging evidence that early social-familial adversity
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leads to long lasting epigenetic alterations. These alterations may influence brain
development, and, consequently, the ability to learn to regulate and control aggres-
sive behaviour. In the context of early adversity and chronic physical aggression,
epigenetic alterations in genes regulating the serotonin system, the immune system
and the HPA axis, are especially of interest. These systems may also interact with
other biological factors, thereby further complicating neurobiological theories.

In addition, the finding that many of these biological factors involved in chronic
physical aggression develop very early (i.e., before birth), highlights the need to not
only study the impact of the early postnatal environment on physical aggression, but
also to take into account what is happening between conception and birth.

Indeed, a number of studies have now identified perinatal risk factors for a wide
variety of behavioral problems (e.g., hyperactivity, opposition, rule breaking) that
are highly related to maternal characteristics and maternal behavior during preg-
nancy. The effects of the perinatal environment on gene expression is presently the
most interesting hypothesis. However, the reader needs to realize that we are only
starting to explore this avenue. It is tempting, in a leap of faith, to jump on a band
wagon, but many recent cases of unbridled enthusiasm should lead to restrained
optimism (Risch et al. 2009).

The benefits of prevention starting as close as possible to conception seems obvi-
ous. If the earlier the risks the more wide spread the negative effects, then the corol-
lary is the earlier the preventive intervention the more wide spread the benefits. The
later we intervene, the less chance we have to impact the basic weaknesses of the
organism. Preventive interventions should help at risk pregnant women live a life
style that will facilitate “normal” gene expression. If we wait 3 or 4 years after birth
(still worse if we wait until adolescence) we are dealing with a disruptive child who,
as a figure of speech, may have only half of his gene expression potential to gain
control over himself, and we are dealing with a mother who has a life long experi-
ence of failure now facing the probability of the same life-course for her child.

Although the focus of this chapter was on early risk factors for chronic aggres-
sion, early prevention and their underlying biological mechanisms related to sero-
tonin, the immune system and the HPA-axis, since they have been most widely
studied in the context of aggression, it is important to take into account the role of
protective factors that may mitigate the impact of an adverse environment. One fac-
tor of particular interest is breastfeeding. Breastfeeding has been shown to be asso-
ciated with many positive behaviors, including increased maternal sensitivity and
increased attachment security (e.g., Tharner et al. 2012). One possible mechanism
underlying these associations is the stimulating effect of breastfeeding on the pro-
duction of the hormone oxytocin (see e.g., Febo et al. 2005). Oxytocin has also been
shown to have a positive influence on child development, (Carter 2003; Insel 2010)
and experimental placebo controlled studies using intranasal oxytocin has shown a
positive effect of oxytocin on prosocial behaviors (MacDonald and MacDonald
2010). Two important research questions can be formulated from this perspective:
(a) is to what extent can breastfeeding enhance the efficacy of preventive interven-
tions for aggression problems in at risk populations? (b) what would be the conse-
quences for the serotonin system, immune regulation and HPA-axis functioning?
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The focus of this review was chronic physical aggression, but the basic principles
of the epigenetic process suggest that intensive prenatal interventions will have an
impact on numerous aspects of physical and mental health as well as social adjust-
ment, including the major modern health problems: low birth weight, obesity, car-
diovascular problems, cancer, hyperactivity, mood disorders and substance abuse.

Finally, one of the major conclusions we can draw from five decades of longitu-
dinal studies on chronic physical aggression is that the time is ripe for investments
in large collaborative early experimental preventive interventions. Randomized
control trials are the best tools to test causal hypotheses while testing effective inter-
ventions (Schwartz et al. 1981; Tremblay 2003). It is hard to believethat there have
been so few bio-psycho-social experimental interventions with pregnant women at
risk of intergenerational transmission of the psychiatric problems that start during
early childhood. Good models were implemented two decades ago (Donelan-
McCall et al. 2009; Olds et al. 1998). We need to use these interventions that are
well tested and study carefully the development of their potential bio-psycho-social
effects from the prenatal period to at least the third generations’ prenatal period.

This chapter is an adaptation of the following papers:

— Booij, L., Tremblay, R. E., Szyf, M., Benkelfat, C. (2014). Genetic and early
environmental influences on the serotonin system: Consequences for brain devel-
opment and risk for psychopathology. Journal of Psychiatry and Neuroscience.
Oct 7. doi: 10.1503/jpn.140099. [Epub ahead of print]

— Booij, L., Wang, D., Lévesque, M. L., Tremblay, R. E, & Szyf, M. (2013).
Looking beyond the DNA Sequence: the relevance of DNA methylation pro-
cesses for the stress-diathesis model of depression. Philosophical Transactions
of the Royal Society B-Biological Sciences, 368(1615), 1-16. doi: 10.1098/
rstb.2012.0251

— Provencal, N., Booij, L., & Tremblay, R. E. (2015). The developmental origins
of chronic physical aggression: Early life adversity, epigenetics and impact on
other biological systems. Journal of Experimental Biology
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