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Abstract Although converging epidemiological evidence links exposure to stress-

ful life events with increased risk for affective spectrum disorders, there is extraor-

dinary interindividual variability in vulnerability to adversity. The environmentally

moderated penetrance of genetic variation is thought to play a major role in deter-

mining who will either develop disease or remain resilient. Research on genetic

factors in the aetiology of disorders of emotion regulation has, nevertheless, been

complicated by a mysterious discrepancy between high heritability estimates and a

scarcity of replicable gene-disorder associations. One explanation for this incongruity

is that at least some specific gene effects are conditional on environmental cues,
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i.e. gene-by-environment interaction (G � E) is present. For example, a remarkable

number of studies reported an association of variation in the human serotonin

(5-HT) transporter gene (SLC6A4, 5-HTT, SERT) with emotional and cognitive

traits as well as increased risk for depression in interaction with psychosocial

adversity. The results from investigations in non-human primate and mouse support

the occurrence of G � E interaction by showing that variation of 5-HTT function is

associated with a vulnerability to adversity across the lifespan leading to unfavour-

able outcomes resembling various neuropsychiatric disorders. The neural and

molecular mechanisms by which environmental adversity in early life increases

disease risk in adulthood are not known but may include epigenetic programming

of gene expression during development. Epigenetic mechanisms, such as DNA

methylation and chromatin modification, are dynamic and reversible and may also

provide targets for intervention strategies (see Bountra et al., Curr Top Behav

Neurosci, 2011). Animal models amenable to genetic manipulation are useful in

the identification of molecular mechanisms underlying epigenetic programming by

adverse environments and individual differences in resilience to stress. Therefore,

deeper insight into the role of epigenetic regulation in the process of neurodevelop-

mental programmes is likely to result in early diagnosis of affective spectrum

disorders and will contribute to the design of innovative treatments targeting neural

pathways that foster resilience.

Keywords Cognition � Depression � Emotion � Environment � Epigenetics � Gene �
Mouse � Primate � Resilience � Serotonin transporter

Abbreviations

5-HIAA 5-Hydroxyindoleacidic acid

5-HT Serotonin

5-HTT Serotonin transporter

5-HTTLPR 5-HTT gene-linked polymorphic region

ACTH Adrenocorticotropic hormone

BDNF Brain-derived neurotrophic factor

CRH Corticotropin-releasing hormone

CSF Cerebrospinal fluid

G � E Gene-by-environment interactions

GABA-A Gamma-aminobutyric acid-A receptor

GR Glucocorticoid receptor

HDAC Histone deacetylase inhibitor

HPA Hypothalamic–pituitary–adrenal

MRI Magnetic resonance imaging

MS Maternal separation

OFC Orbitofrontal cortex

rh5-HTTLPR Rhesus macaque 5-HTT gene-linked polymorphic region
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1 Introduction

Research on genetic factors in the aetiology of neuropsychiatric diseases has been

complicated by a mysterious discrepancy between high heritability estimates and a

scarcity of replicable gene-disorder associations. This “missing heritability” is now

either euphemized as the “dark matter” of gene-trait association or aggravated as

the “looming crisis in human genetics”. Several explanations for this incongruity

have been suggested (Manolio et al. 2009; Yang et al. 2010). These include larger

numbers of variants with smaller effect size which are yet to be found; rarer variants

with larger effects that are not detected by available single-nucleotide polymor-

phism arrays which ignore variants present in <5% of the population; other

structural variations such as repeat length variants or short copy number variations

which are not detected by existing arrays; inadequate power to detect gene-by-gene

interactions (G � G) or, finally, inadequate accounting for the shared environment

to be found among relatives.

Another plausible explanation for the missing heritability is that at least some

specific gene effects are conditional on environmental cues, i.e. gene-by-environment
interactions. Particularly stressful childhood experiences such as trauma, abuse,

neglect or other forms of early life adversity are important risk factors for multiple

diseases, including obesity, cardiovascular disease and neuropsychiatric illness

later in life. Why one individual develops cardiovascular disease while another

develops depression following early life stress is thought to be influenced by

genetic susceptibility factors. Although converging epidemiological evidence

links exposure to stressful life events with increased risk for neuropsychiatric

disorders, there is remarkable interindividual variability in vulnerability to envi-

ronmental cues. The environmentally moderated penetrance of genetic variation is

therefore thought to play a major role in determining who will either develop

disease or remain resilient. In this context, the ability to recover from trauma or

crisis as well as resistance against biological and psychosocial risks – commonly called

resilience – is not conceptualized as an innate trait but comprising a variable capacity

initially acquired during development in the context of individual–environment

interaction. A consolidated state of resilience is therefore rooted in specific resources

of both individual genetic framework and social circumstances. There is consider-

able demand for research on the molecular mechanisms of genetic and epigenetic

programming of motivational, attentional and emotional neural circuits underlying

the development and consolidation of resilience.

Gene � environment interactions (G � E), involving specific gene polymorph-

isms, such as are found with the serotonin (5-HT) transporter gene (SLC6A4,
synonyms: 5-HTT, SERT) for example, have been identified and replicated in

humans and animal models. Research on the role of the 5-HTT in the pathophysio-

logy of stress-linked disorders accompanied by emotional dysregulation has

a history spanning more than half a century. Following the influential discovery

of presynaptic neurotransmitter uptake by Hertting and Axelrod (1961) and

shortly after its identification as the initial target of antidepressant drug action
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(Raisman et al. 1979), the 5-HTT was first linked with the pathogenesis of depres-

sion by Langer and associates (Langer et al. 1981). After cloning of the rat 5-HTT

gene (Slc6a4) (Blakely et al. 1991), the era of molecular genetic studies of emotion

regulation began with three seminal papers in 1996 that reported associations

between 5-HTT variation and anxiety-related traits (Lesch et al. 1996) as well as

depression (Collier et al. 1996; Ogilvie et al. 1996).

In the years following the first reports linking 5-HTT variation with anxiety- and

aggression-related traits, numerous clinical entities have been studied for associa-

tion with disorders characterized to a large extent by emotional dysregulation,

including depression, bipolar affective disorder, attention-deficit/hyperactivity dis-

order, alcohol dependence, suicide, eating disorders and autism or disorders related

to morphogenetic actions of 5-HT in other organ systems such as heart, blood

vessels, bowel, and bone (Lesch and M€ossner 2006; Murphy et al. 2004, 2008).

Modest effect sizes typical of complex traits, polygenic patterns of inheritance,

epistatic and epigenetic interactions and sample heterogeneity across studies are

all factors which have led to inconsistent replication and have confounded attempts

to reach agreement regarding the role of 5-HTT in the pathophysiology of all

these diseases. Nevertheless, the impact of 5-HTT on complex traits in humans,

non-human primates and genetically modified mice has become a model par
excellence in cognitive, biosocial, and psychiatric neurosciences (Lesch 2007;

Murphy and Lesch 2008; Suomi 2003).

The eye-opener that early life stress and other modes of G � E uniquely

reinforce or even uncover links between 5-HTT variation, behaviour and psychopa-

thology in humans and non-human primates has heralded a new era of behavioural

genetics. Several recent studies suggest that 5-HTT variation interacts with delete-

rious early rearing experience in rhesus macaques and in mice to influence atten-

tional, emotional and (social) cognitive processing (Canli and Lesch 2007). Thus,

the identification of 5-HTT as a modifier of emotionality, and its interaction with

environmental adversity, was a first step en route to an explanation of the molecular

dimension of personality, emotion, (social) cognition and behaviour; suggests

strategies to identify physiologic pathways and mechanisms that lead to other

disorders of cognitive function and emotion regulation; provides tools to dissect

the interactive effects of genes and environment in the development of affective

disorders and holds the potential to predict response to treatment. It is anticipated

that controlling environmental factors will eventually improve the reliability of

genetic approaches.

This chapter focuses, from an epigenetic perspective, on the nature of an innate

variability in brain 5-HTT function that predisposes to a wide spectrum of psychi-

atric disorders in which emotional dysregulation is a common denominator. The

various psychobiological facets of 5-HTT variation and resulting phenomes will

be critically reviewed with emphasis on neurodevelopmental programming. The

relevance of G � E in emotional and (social) cognitive processes is also high-

lighted and an appraisal of morphofunctional imaging of G � E in emotionality is

provided. Evidence for neural modularity of cognition and emotion is also taken

into consideration. Finally, views of developmental programming by epigenetic
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mechanisms will be discussed in the perspective of the complex genetic architec-

ture of emotional behaviour and social interaction in non-human primates and

rodents. Better understanding of the role of epigenetic programming, particularly

with respect to genome-wide modification of DNA and chromatin structure in

complex tissues such as the brain, in the context of adverse life events, ageing

processes, and resilience is likely to have far-reaching consequences for health, and

mental health in particular.

2 5-HTT � Environmental Adversity Interaction in Humans

It is now well established that much of the impact of genetics on emotionality,

including anxiety and depression, depends on interactions between genes and

the environment. Such interactions imply that the expression of environmental

effects occurs only in the presence of a permissive genetic background. There are

several established environmental risk factors for disorders of emotional regulation.

For example, numerous studies of G � E in humans have assessed the influence

of childhood maltreatment and abuse, stressful events across the lifespan, socio-

economic status and chronic somatic illness. Cumulative, repeated, or protracted

exposures to adversity appear to exert a stronger effect than discrete acute events

(Uher and McGuffin 2008, 2010 for reviews).

The work by Caspi and co-workers (Caspi et al. 2003) indicated that individuals

carrying the low-expressing, short variant of a repetitive sequence in the upstream

transcriptional control region of 5-HTT (Lesch et al. 1996), now commonly referred

to as the 5-HTT-linked polymorphic region (5-HTTLPR), are up to twofold more

likely to get depressed after stressful events such as bereavement, romantic disasters,

illnesses or losing their job. Moreover, early trauma inflicted by childhood maltreat-

ment significantly increased the probability of developing depressive syndromes

in later life in individuals with the short allele of the 5-HTTLPR. A remarkable

body of evidence suggests that emotionality and stress reactivity can be influenced by

experiences early in life, and it has long been supposed that severe early life trauma

may increase the risk for anxiety and affective disorders (Brown and Harris 2008).

For example, adults experiencing four out of a possible seven severe early traumatic

events showed a more than fourfold increased risk for depressive symptoms and

about a 12-fold increased risk for attempted suicide (Felitti et al. 1998). No direct

correlation between any specific childhood trauma and specific adult anxiety or mood

disorder could be made, however, suggesting that other, possibly genetic, factors

determine the precise pathology that is precipitated by the traumatic event. The

observation that during early development individuals are particularly susceptible

to adverse environmental influences is currently being confirmed by studies in non-

human primates and mouse models that have demonstrated influential effects of

the quality of maternal care on life-long emotional behaviour and brain functioning

(see Sects. 3 and 4).

When the Serotonin Transporter Gene Meets Adversity 255



These results further support the notion that a combination of genetic disposition

and specific life events may interact to facilitate the development of mental illness.

What went largely unnoticed, however, were the implications for the genetics of

personality. Depression is strongly associated with anxiety- and depression-related

traits, the personality dimensions that have been linked with allelic variation of

5-HTT function. Given the high co-morbidity between anxiety and depression and

the evidence for their modulation by common genetic factors (Kendler et al. 1993,

1995; Lesch 2003), it is likely that predisposition to disorders of emotional regula-

tion will also be determined by environmental adversity whose impact on the brain

is under genetic control.

Converging evidence from a large number of studies on the influence of

5-HTT � E established that stressful life events specifically contribute to the

pathogenesis of anxiety and depression as well as of disorders in which anxiety

and depression are co-morbid condition (Uher and McGuffin 2010) (Fig. 1). The

effect however is variable, being closely related in time to the onset of disease and

having more impact on first onset than on recurrences. Several caveats have to be

kept in mind when G � E interaction is investigated in clinical cohorts. The

assessment of stressful life events is generally retrospective and it is crucial to

minimize recall bias, distortions and inaccuracies. As the temporal relationship

between stressful life events and onset of anxiety disorders and depression is

incompletely understood, a cohort of patients need to be followed over a sufficient

period of time following an objectively recorded stressful event to establish the

time course of G � E interactions. Moreover, there is evidence that experience and

recall of stressful life events are partially under the control of both genes and

Neuroticism as well as a personal history of anxiety and depression that predict

reporting of life stress (Uher and McGuffin 2010). Although genetic factors that

Fig. 1 Neither genes nor environment act alone: interaction between serotonin transporter gene

(5-HTT) variation and environmental adversity (G � E) in the susceptibility of depression and

related disorders. 5-HTT � E has been demonstrated in humans as well as in non-human primate

and mouse models
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influence retrospective report of environmental cues overlap with those that affect

personality traits, a causal relationship between adversity and affective symptom-

atology has, nevertheless, been demonstrated independent of individual differences

in personality and recall.

While clinical evaluation and self-report of life events revealed that the effect

of psychosocial adversity on depression and suicidal behaviour is modified by

allelic variation of 5-HTT function, which renders carriers of the 5-HTTLPR

short variant more vulnerable to depression, the neural mechanisms underlying

this moderator effect are poorly understood. Although human and non-human

primate functional imaging studies have begun to elucidate the neural circuits

involved in the 5-HTT � E risk factor (see Sect. 5), a molecular understanding of

this phenomenon is essentially lacking (Canli et al. 2006; Kalin et al. 2008).

In summary, these findings point toward molecular and cellular mechanisms

by which early stressful experiences induce persistent changes in gene expression

and neuronal function whose initiation or maintenance is influenced by 5-HTT.

The molecular mechanisms by which early life stressors increase risk for disorders

of emotional regulation in adulthood is not known but it is presumed to include

epigenetic programming of gene expression during development and throughout

the entire lifespan.

3 Interaction of 5-HTT and Maternal Separation

in Rhesus Macaques

Animal models have become indispensable tools for studying the biological func-

tion of genes that are involved in the pathogenesis of neuropsychiatric disorders

(Fig. 1). Since the neural and genetic basis of emotional and behavioural traits is

already laid out in all mammalian species and may reflect selective forces among

our remote ancestors, research efforts have recently been focussed on non-human

primates, especially Macaca mulatta. Following the complete sequencing of the

rhesus genome, this macaque species has become the “workhorse” of behavioural

genetics of non-human primates. In this primate model environmental influences,

while as complex as in humans, can be more easily controlled for and thus are less

likely to confound gene-behaviour associations. In rhesus monkeys, all forms of

emotionality and cognitive processing are moderated by environmental cues and

marked disruptions to the mother–infant relationship confer increased risk for

emotional dysregulation and cognitive impairment (Suomi 2003).

In rhesus monkeys, maternal separation (MS) and replacement of the mother by

an inanimate surrogate mother during the first months of life results in long-term

consequences for the functioning of the central 5-HT system, defects in peer

interaction and social adaptation and is associated with increases in anxiety and

depression-related behaviours such as rocking and excessive grooming (Higley

et al. 1991). These behavioural studies already indicate that early life adversity
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can directly induce long-term neuroplastic changes in emotion circuits that alter

anxiety and depression-related responses in adulthood.

One of the most replicated findings in psychobiology is the observation of lower

5-hydroxyindoleacidic acid (5-HIAA), the major metabolite of 5-HT, in the brain

and cerebrospinal fluid (CSF) in impulsive aggression and suicidal behaviour.

In rhesus monkeys brain 5-HT turnover, as measured by concentrations of

5-HIAA in the cisternal CSF, shows a strong heritable component and is trait-

like, with confirmed stability over an individual’s lifespan (Higley et al. 1992;

Kraemer et al. 1989). Early experiences have long-term consequences for the

function of the central 5-HT system, as indicated by robustly altered CSF 5-

HIAA levels, as well as anxiety, depression- and aggression-related behaviours in

rhesus monkeys deprived of their mother at birth and raised only among peers. This

animal model of MS was therefore used to study G � E by testing for associations

between central 5-HT turnover and allelic variation of 5-HTT function based on a

repeat length variation (rh5-HTTLPR) structurally and functionally orthologous to

the 5-HTT-linked polymorphic region in humans (Lesch et al. 1997) (Fig. 2). The

findings suggested that the rh5-HTTLPR genotype is predictive of CSF 5-HIAA

concentrations, but that early experiences make unique contributions to variation

in the functioning of the 5-HT system in later life and thus provides evidence of

an environment-dependent association between the 5-HTT and a direct measure

of brain 5-HT function (Bennett et al. 2002). The consequences of deleterious early

experiences of MS seem consistent with the notion that the 5-HTTLPR may

influence the risk for disorders of emotion regulation.

Fig. 2 Effect of interaction between maternal separation and rh5-HTTLPR genotype on psycho-

social development, including brain 5-HT function, emotion regulation, social competence, stress

reactivity, behaviour, and psychopathology across the lifespan of rhesus macaques
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Studies were extended to the neonatal period of rhesus macaques, a time in early

development when environmental influences are modest and least likely to con-

found gene-behaviour associations. Between postnatal days 7–30 mother-reared

and maternally deprived neonates were assessed on a standardized neurobeha-

vioural test designed to measure orienting, motor maturity, reflex functioning and

temperament. Main effects of genotype and, in some cases, MS � genotype inter-

actions, were demonstrated for items indicative of orienting, attention and temper-

ament. In general, infants with the s form of the rh5-HTTLPR displayed higher

behavioural stress-reactivity compared to one variant homozygote, as shown by

diminished orientation, lower attentional capabilities and increased affective

responding (Champoux et al. 2002). However, the genotype effects were more

pronounced for animals raised in the neonatal nursery than for animals reared by

their mothers. These results demonstrate the contributions of MS and genetic

background, and their interaction, in a model of behavioural development during

the neonatal phase.

Beyond the neonatal period, particularly during adolescence of rhesus

monkeys, evidence for a complex interplay between inter-individual differences

in the functions of the 5-HT system and social success has also been accumulated.

The interactive effect of rh5-HTTLPR genotype and early rearing environment on

social play and aggression was explored in infants and adolescents (Barr et al.

2003). Rhesus monkeys homozygous for the long variant were more likely to

engage in rough play than those with the long/short variants, with a significant

interaction between 5-HTT genotype and MS. Peer-reared infants carrying the

short variant were less likely to play with peers than those homozygous for the

long allele, whereas the rh5-HTTLPR genotype had no effect on the incidence of

social play among mother-reared monkeys. Socially dominant mother-reared

monkeys were more likely than their peer-reared counterparts to engage in

aggression. In contrast, peer-reared but not mother-reared monkeys with the

low-activity short allele exhibited more aggressive behaviours than their long/

long variant counterparts. This genotype by rearing interaction for aggressive

behaviour indicates that peer-reared subjects with the short allele, while unlikely

to win in a competitive encounter, are more inclined to persist in aggression once

it begins.

Since allelic variation of 5-HTT function is associated with anxiety-related traits

as well as an increased risk for developing depression in the face of adversity, the

impact of rh5-HTTLPR � MS interaction on stress-elicited endocrine responses

was determined in infant rhesus macaques. Adrenocorticotropic hormone (ACTH)

and cortisol plasma concentrations in monkeys reared with their mothers or in peer-

only groups were determined at baseline and during separation stress at 6 months of

age. Cortisol increased during separation and there was a main effect of rearing

condition with decreased cortisol among peer-reared macaques. Monkeys carrying

the rh5-HTTLPRs variant had higher ACTH. ACTH increased during separation,

and there was a maternal deprivation � rh5-HTTLPR interaction, such that peer-

reared short allele carriers had higher ACTH during separation than long variant

homozygotes. A confirmatory study further revealed that this interaction is sexually
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dichotomous and the interactive effect may underlie the increased incidence of

certain stress-related disorders of emotional regulation in women (Barr et al.

2004b). These findings confirm the data from studies in human populations that

allelic variation of 5-HTT function affects hypothalamic–pituitary–adrenal (HPA)

axis activity and that the influence of rh5-HTTLPR on hormonal responses during

stress is modulated by early life adversity and displays sex specificity (Mannie et al.

2009; O’Hara et al. 2007; Wust et al. 2009).

Previous research also revealed that peer-reared primates display a higher

preference for alcohol compared to other young adults. Furthermore, maternally

deprived female rhesus macaques show exaggerated HPA axis responses to alcohol

(Higley and Linnoila 1997). Because their environments can be controlled, use of

the macaque model permits investigation of independent influences as well as

potential interactions between 5-HT signalling pathway-related genes, MS, and

other stressors in the aetiology of alcohol dependence. Given that 5-HT signalling

and HPA axis hormones are involved in the reinforcement of alcohol intake and

contribute to the risk for symptoms of withdrawal and relapse in alcohol depen-

dence in a gender-specific manner, the interactive effect of rh5-HTTLPR genotype

and early rearing environment on the patterns of preference and consumption across

a 6-week alcohol consumption paradigm was examined (Barr et al. 2004a). Female

rhesus macaques were reared with their mothers in social groups or in peer-only

groups. As young adults, they were then given the choice of an alcohol solution or

vehicle. Interactions between rearing condition and rh5-HTTLPR genotype, with

dramatically higher levels of ethanol preference, were demonstrated in s variant

carriers. An effect of rearing condition on alcohol consumption during the 6 weeks

was found as well as a phase � MS interaction, such that peer-reared animals

progressively increased their levels of consumption. This was especially evident

for peer-reared females carrying the rh5-HTTLPR s variant. Thus, the high com-

posite scores for alcohol intake and alcohol-elicited aggression associated with the

low-expressing short rh5-HTTLPR variant in female rhesus monkeys confirm an

interaction between the 5-HT system activity and early aversive experience in the

vulnerability to alcohol dependence and represent a clinically valid model for

type II alcoholism.

Taken together, these findings provide substantial evidence of an environment-

dependent association between allelic variation of 5-HTT expression and central

5-HT function and illustrate the possibility that specific genetic factors play a role

in regulating behaviours in primates which are modulated by 5-HT signalling

pathways. Because rhesus monkeys exhibit temperamental and behavioural traits

which parallel anxiety, depression- and aggression-related trait dimensions in

humans associated with the low activity short 5-HTTLPR variant, it may be

possible to search for evolutionary continuity in this genetic mechanism for inter-

individual differences. Non-human primate studies may also be useful to help

identify environmental circumstances that compound the vulnerability conferred

by a particular genetic makeup or, conversely, act to improve behavioural outcomes

associated with a distinct genetic disposition.
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4 5-HTT-Deficient Mouse: A Model for Epigenetic

Programming of Development

Quantitative genetic research on rodent models is based primarily on inbred strain

and selection studies. While comparisons between different inbred strains of mice

expose remarkable differences in behavioural measures, differences within strains

can be attributed to environmental influences. Inbred and recombinant inbred strain

studies are highly efficient for dissecting genetic influences, for investigating

interactions between genotype and environment and for testing the disposition-

stress model. Furthermore, investigations in rodents have shown that intra- and

extra-uterine maternal signals have long-lasting consequences on anxiety-like

behaviour in the offspring and can synergistically induce long-term plastic changes

in anxiety- and depression-related neural circuits.

Since humans and mice have almost the same genome size and share many

orthologous genes mapped to syntenic chromosomal regions, it is conceivable that

gene variations which influence a behavioural trait in humans may be modelled in

the mouse. Based on the close similarity in the genomes between the two species

and the extensive knowledge derived from the sequencing of the murine genome,

mouse mutants have become the standard model. With the introduction of efficient

gene targeting techniques, the mouse is the only mammal uniting the top-down and

bottom-up genetic approach, from phenotype to gene and from gene to phenotype,

respectively (see also Gondo et al. 2011; O’Tuathaigh et al. 2011 for discussion).

Moreover, these mouse models provide efficient ways to control and manipulate

environmental factors and allow dissection of the molecular mechanisms of G � E

interactions.

In mouse, there is no analogue to the human and macaque 5-HTTLPR, but it is

possible to either inactivate the 5-HTT (Bengel et al. 1998) or to use transgenic

approaches to increase its expression (Jennings et al. 2006). Inactivation of the

murine 5-Htt and the resulting disturbance of brain 5-HT system homeostasis has

considerably advanced our understanding of the neurobiological basis of anxiety

and depression-related behaviour in mice (Lesch 2005; Murphy and Lesch 2008).

5-Htt�/� knockout mice show behaviours consistent with anxious and depressive

traits; they appear reluctant to explore brightly lit spaces or elevated open platforms

and give up struggling early when put in a stressful situation (Holmes et al. 2003).

Remarkably, certain types of depression-like behaviour (e.g. behavioural despair)

are manifest only after repeated exposure to stressors, which may be analogous to

repeated or chronic stressful life events in humans (Wellman et al. 2007). 5-Htt�/�

mice also show exaggerated neuroendocrine reactions to acute stress, similar to the

increased HPA reactivity reported in some depressed patients. The effect of 5-Htt

deficiency on anxiety and depression-like behaviours in mice may be mediated by

reduced 5-HT clearance mechanism during a vulnerable developmental period but

can still be selectively reversed by pharmacological 5-HT1A receptor inhibition

later in life, suggesting an enduring modulatory involvement of the 5-HT system.
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In addition, 5-Htt deficient mice provide a practical tool to study the impact

of genetic mechanisms on the development and plasticity of the brain, (Altamura

et al. 2006; Di Pino et al. 2004; Persico et al. 2001, 2003; Salichon et al. 2001). The

anxious-depressive phenotype in 5-Htt�/�mice is associated with increased dendritic

branching in fear associated circuits, including the medial prefrontal cortex and the

amygdala (Wellman et al. 2007; Nietzer et al., in press). However, despite growing

evidence for a critical role of the 5-Htt in the integration of synaptic connections in

the mouse brain during critical periods of development and adult life, knowledge of

the machinery involved in these fine-tuning processes remain incomplete.

Several studies used heterozygous 5-Htt+/� mice (displaying a 50% gene dose-

dependent reduction of 5-Htt expression, thus representing a practical model for

individuals with the short 5-HTTLPR variant). These studies found that, although

the mice do not show behavioural deficits at baseline, they developed increased

anxiety and depression-like behaviour in adulthood when exposed to prenatal

stressors (Heiming et al. 2009; van den Hove et al. manuscript submitted), to

early life adverse experiences including maternal neglect (Wellman et al. 2007)

or to psychosocial stress in adult life (Bartolomucci et al. 2010; Jansen et al. 2010;

Lewejohann 2010) (Fig. 3). It is proposed that such animal G � E paradigms serve

Fig. 3 Gene� enviromental adversity in the 5-HTTþ/� mouse model based on the work by Caspi

and coworkers (2003): (a), heterozygous 5-Httþ/� mice (displaying a 50% gene dose-dependent

reduction of 5-Htt expression, thus representing a model for individuals with the short 5-HTTLPR

variant) have used. These studies demonstrated that, although these mice do not show behavioural

deficits at baseline, they developed increased anxiety and depression-like behaviour in adulthood

when exposed to prenatal stressors (b), to early life adverse experiences including maternal neglect

(c), or to psychosocial stress in adult life (d). These of modes of G� E serve as specific models for

the increased vulnerability to environmental adversity across the lifespan in individuals with the

low-expressing short 5-HTTLPR variant
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as specific models for the increased vulnerability to environmental adversity across

the lifespan in individuals with the low-expressing short 5-HTTLPR variant.

4.1 Prenatal Stress

Exposure to early life stress elicited by repeated mild electric footshock in the

second postnatal week failed to further aggravate the increased anxiety and depres-

sion-like phenotype of 5-Htt deficient mice (Carroll 2007). Therefore, environmen-

tal adversity during early life may be more successfully modelled using

ecologically relevant paradigms such as maternal neglect, simulation a threatening

habitat for a female mouse and her pups or other species relevant adverse environ-

mental challenges. Given the importance of early life stressors and their interaction

with 5-HTT genotype in the development of affective disorders in humans, it is

important to model the interaction of 5-Htt deficiency with prenatal or perinatal
stress in mice.

Heiming and co-workers (Heiming et al. 2009) exposed pregnant and lactating

5-Htt+/� females to the olfactory cues of unfamiliar adult males, signalling the

risk of infanticide. When mothers had lived in a threatening environment, their

offspring showed increased anxiety-like and reduced exploratory behaviour com-

pared to controls and the effects were most pronounced in 5-Htt�/� mice. It was

concluded that the behavioural profile of the offspring was shaped in an adaptive

way, preparing the young for an adverse environment. When modulated by 5-Htt

genotype, which alters 5-HT neurotransmission, offspring may develop potentially

pathological levels of avoidance behaviour, which are determined by the G � E

interaction.

Van den Hove and associates (2010, manuscript submitted) developed a prenatal

stress paradigm by restraining pregnant 5-Htt+/� mice three times a day for 45 min

in transparent glass cylinders filled with water up to a height of 5 mm, whilst being

exposed to bright light. Prenatal maternal stress was performed daily during the

last week of pregnancy (E13–E17). The results indicate that the long-term effects

of prenatal stress on anxiety and depression-like behaviour in the offspring are

partly dependent on the 5-Htt genotype. Genome-wide expression analysis of the

hippocampus of these mice revealed G � E effects on apoptotic and psychoimmu-

nological processes.

4.2 Maternal Neglect

Another species-relevant adverse environmental stressor in rodents is deficient

maternal care in the first postnatal weeks. Previous investigations in rats indicated

that maternal behaviour has long-lasting consequences on anxiety-like behaviour

of the offspring. MS for several hours a day during the early postnatal period results
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in increased anxiety-like behaviours as well as increased stress hormone reactivity

in adult animals (Kalinichev et al. 2002). Similarly, pups that are raised by mothers

that display low licking and grooming behaviour show higher levels of anxiety-like

behaviour than pups raised by high licking and groomingmothers, and cross fostering

studies show that these influences are primarily environmental (Caldji et al. 1998;

Liu et al. 2000). Cross fostering offspring of low licking and grooming mothers to

high licking and grooming mothers is able to impart low anxiety-like behaviour to

the offspring, whereas the converse does not influence this behaviour. Offspring of

high licking and high grooming mothers raised by low licking and grooming

mothers do not show high anxiety-like behaviour, suggesting that specific genes

inherited by the high licking and grooming offspring protect them from the effects

of low licking and grooming mothering. Furthermore, Francis et al. (1999) have

shown that the effect of high licking and grooming can be passed from one

generation to the next. Females raised by high licking and grooming mothers

themselves become high licking and grooming mothers and go on to produce low

anxiety offspring regardless of whether their biological mother showed low or high

licking and grooming. This epigenetic inheritance of anxiety-like behaviour under-

scores the power that environmental influences can exert to persistently remodel

circuits in the brain during early development.

Studies using mice of defined genetic backgrounds have also begun to shed

light on the molecular mechanisms of specific G � E interactions. Anisman

et al. (1998) found that mice of the low licking and grooming Balb/c inbred

strain cross-fostered at birth to the high licking and grooming C57BL/6 inbred

strain display improvements in a hippocampus dependent memory task. Because

the reverse cross fostering, where C57BL/6 pups are raised by Balb/c mothers,

does not alter the behaviour of C57BL/6 mice, it appears that the C57BL/6

genetic background protects the pups from the effects of a Balb/c maternal

environment. However, by transplanting C57BL/6 embryos into Balb/c foster

mothers shortly after conception, Francis et al. (2003) were able to show that a

combined prenatal and postnatal Balb/c maternal environment is sufficient to

confer Balb/c behaviour on C57BL/6 offspring, demonstrating that intra- and

extra-uterine maternal signals can synergistically induce long-term plastic

changes in anxiety- and depression-related neural circuits.

To study the neural and molecular mechanisms underlying epigenetic program-

ming by early adverse environment in an animal model amenable to genetic

manipulation a G � E paradigm was developed in the mouse (Fig. 4a, b). It was

shown that the effects of an adverse rearing environment on anxiety-related beha-

viour are modulated by mutations in 5-HTT in a way that mimics the interaction

between early stress and 5-HTT seen in humans (Carola et al. 2008). Mice experien-

cing low maternal care showed deficient gamma-aminobutyric acid-A (GABA-A)

receptor binding in the amygdala and heterozygous 5-Htt+/�mice showed increased

anxiety and depression-like behaviour and decreased serotonin turnover in hippo-

campus and striatum (Fig. 4c). Strikingly, levels of brain-derived neurotrophic

factor (BDNF) mRNA in hippocampus were elevated exclusively in 5-Htt+/�

mice experiencing poor maternal care, suggesting that developmental programming
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Fig. 4 Interaction between rearing environment and 5-Htt function in mice: BDNF as a molecular

substrate of both 5-Htt deficiency and maternal care (modified from Carola et al. 2008). (a) and

(b), Epigenetic programming by early adverse environment in mice deficient for 5-Htt. The effects

of maternal neglect on anxiety-like behaviour is modulated by 5-Htt inactivation in a way that

mimics the interaction between early life stress and 5-HTTLPR genotype observed in rhesus

macaques and humans. (c), heterozygous 5-Httþ/� mice experiencing maternal neglect showed

increased anxiety-like behaviour. (d), Identification of neural and molecular substrates of G � E

interaction: BDNF mRNA concentrations in hippocampus are elevated exclusively in heterozy-

gous 5-Httþ/� mice experiencing poor maternal care, suggesting that developmental programming

of hippocampal circuits may underlie the 5-HTT � E adversity risk factor
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of hippocampal circuits may underlie the 5-Htt � E risk factor (Fig. 4d). These

findings demonstrate that 5-HT plays a similar role in modifying the long-term

behavioural effects of rearing environment in mice as it does in non-human

primates and identifies BDNF as a possible molecular substrate of this risk factor.

It is therefore predicted that some of the principle neural and molecular mechan-

isms which underlie G � E interactions in mouse and non-human primate models

are relevant to the aetiology of disorders of emotional regulation in humans.

4.3 Chronic Psychosocial Stress in Adulthood

Although epidemiological evidence links exposure to stressful life events with

increased risk for disorders of emotional regulation, there is significant individual

variability in vulnerability to environmental cues and the penetrance of genetic

variation is thought to play a major role in determining who will develop disorders.

Identifying the molecular mechanisms underlying this G � E risk factor will

facilitate an understanding of the individual differences in resilience to stress.

Therefore, a mouse model of the 5-HTT � adult life stress associated with winner

or loser experience in a resident-intruder paradigm was recently generated.

Jansen et al. (2010) reported that male mice of all three 5-Htt genotypes

experiencing social defeat on three consecutive days displayed increased anxi-

ety-like behaviour and decreased exploration, irrespective of winning or losing.

In losers, a distinct effect of genotype occurred. Homozygous 5-Htt�/� males

showed more anxiety-like behaviour and less exploration than the other geno-

types. In winners, no genotype-dependent variation was found. Genotypes did not

differ in basal activation of the stress hormone system but there was a main effect

of social experience with higher corticosterone levels in losers compared to

winners. This effect was most pronounced in the heterozygous 5-Htt+/� mice,

indicating that anxiety circuits and stress reactivity retain their plasticity through-

out adulthood and can be shaped by genotype and social experiences during this

phase of life.

Bartolomucci et al. (2010) subjected wild-type and heterozygous 5-Htt+/� male

mice to 3 weeks of chronic psychosocial stress in a dominant/subordinate context of

a resident-intruder paradigm (Fig. 5). The 5-Htt genotype did not affect the physio-

logical consequences of stress as measured by changes in body temperature, body

weight gain and plasma corticosterone. However, when compared with wild-type

littermates, heterozygous 5-Htt+/� mice experiencing high levels of stressful life

events, in the form of repetitive social defeat, showed significantly depressed

locomotor activity and increased social avoidance toward an unfamiliar male in a

novel environment. 5-Htt+/� mice exposed to high aggression stress also showed

significantly lower levels of 5-HT turnover than wild-type littermates, selectively in

the frontal cortex, which is a structure that is known to be involved in fear control

and avoidance responses, and that is implicated in susceptibility to depression. These

data point toward a useful animal model for better understanding the increased
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vulnerability to stress which has been reported in individuals carrying the low-

expressing short 5-HTTLPR variant, and suggest that social avoidance represents a

behavioural endophenotype of the interaction between 5-HTT and psychosocial

stress.

To identify changes in mRNA expression of novel candidate genes associated

with altered prenatal, rearing and adult psychosocial environment and/or 5-HTT

genotype, genome-wide microarray-based expression profiling of mRNA

extracted from brain region-specific tissue and laser-dissected single neurons

will have to be performed in mice from the various G � E paradigms (Ichikawa

et al. 2008) (Fig. 7). By determining differential gene expression resulting from

chromatin modification, future experiments promise to identify genes that are

epigenetically regulated by environmental adversity and 5-Htt in the mouse.

These genes are likely to be candidate susceptibility genes for anxiety disorders

and may serve as potential diagnostic and therapeutic targets. The evidence for

epigenetic inheritance of anxiety and depression-like behaviour underscores the

view that environmental influences can persistently remodel circuits in the brain

during early development. 5-Htt deficient and other genetically modified mice

will therefore be essential for the dissection of the molecular and neural mechan-

isms of epigenetic processes and of the neurodevelopmental–behavioural inter-

face (Lesch and M€ossner 2006).

Fig. 5 The chronic social defeat mouse model (modified from Bartolomucci et al. 2010):

Increased social avoidance (a), decreased locomotor activity, and increased serotonin concentra-

tions (c) in the frontal cortex of mice in 5-Httþ/� mice receiving highest aggression in the resident-

intruder paradigm, whereas both wildtype and 5-Httþ/� mice show increased body weight, body

temperature, aggression-induced hyperthermia, and corticosterone plasma concentrations follow-

ing social defeat (b)

When the Serotonin Transporter Gene Meets Adversity 267



5 Neural Mechanisms of Epigenetic Programming

As already outlined clinical evaluation and self-report of life events revealed that

the effect of psychosocial stress on depression and suicidal behaviour is modified

by allelic variation of 5-HTT function, which renders carriers of the short 5-

HTTLPR variant more vulnerable to depression (see Sect. 2). As a first approxima-

tion toward identifying the neural circuits involved in controlling these epigenetic

processes, individuals with self-reported life stress but no history of psychopathol-

ogy were investigated with multimodal magnetic resonance imaging (MRI)-based

imaging (functional, perfusion, structural). Based on functional MRI and perfusion

data, support was found for a model by which life stress interacts with the effect of

5-HTTLPR genotype on amygdala and hippocampal resting activation, which may

provoke a chronic state of vigilance, threat or rumination (Canli et al. 2006). Life

events also differentially affected, as a function of 5-HTTLPR genotype, functional

connectivity of the amygdala and hippocampus in response to emotional stimuli

with a wide network of other regions, as well as grey matter structural features.

These interactions may constitute a neural mechanism for epigenetic vulnerability

or resilience against depressive illness and may have a morphological substrate in

the increased dendritic branching and spine density within the fear circuit of 5-HTT

deficient mice, including both the medial prefrontal cortex and the amygdala

(Wellman et al. 2007; Nietzer et al. in press) (Fig. 6).

By the same token, the previously reported whole-brain analyses of activation,

functional connectivity and greymatter density and volume also showed amoderation

of the same prefrontal cortex-amygdala circuitry by 5-HTTLPR genotype� life stress

interaction (Canli et al. 2006). In addition, the superior parietal lobule, superior

temporal gyrus, inferior frontal gyrus, precentral gyrus and insula were affected by

5-HTT � E. The remarkable fact about these regions is that they belong to circuits that

integrate imitation-related behaviour, from which social cognition and behaviour in a

social world has evolved (Iacoboni 2005). Social cognition is a construct comprising

representations of internal somatic states, interpersonal knowledge andmotivations as

well as procedures used to decode and encode the self relative to other people. This

complex set of processes, which are carefully orchestrated to support skilled social

functioning and communication-facilitated networking, has recently been associated

with activity in distinct neural circuits (Adolphs 2009; Kitayama and Park 2010).

Regions involved in imitation, imitative learning, social cognition and commu-

nication skills (Amodio and Frith 2006; Carr et al. 2003), and affected by 5-HTT
� life stress, include the superior parietal lobule, superior temporal gyrus, inferior

frontal gyrus, precentral gyrus, insula, anterior cingulate and amygdala. Some of

these regions contain mirror neurons (Rizzolatti and Craighero 2004; Uddin et al.

2005), which are activated during goal-directed behaviour or the observation of

such behaviour in others, and Von Economo neurons, which are believed to play a

role in social bonding. Dysfunction of both neural units is thought to cause social

and communication disabilities associated with autistic syndromes (Allman et al.

2005; Dapretto et al. 2006). The morphological alterations in 5-HTT deficient mice
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in conjunction with data G � E functional MRI data suggests that social compe-

tence and behaviour involving mirror or Von Economo neurons are neural targets of

epigenetic moderation may be subject to an interaction between psychosocial

adversity and 5-HTTLPR genotype (Canli and Lesch 2007).
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Fig. 6 Social defeat increases proximal length of apical dendrites in the medial prefrontal cortex

(mPFC) (a), while both 5-Htt genotype and social defeat modify spine density in the amygdala

(b) (modified from Nietzer et al., in press).
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Future psychophysiological and morphofunctional imaging studies in both

the animal model and the humans will have to address whether an interaction of

5-HTTLPR and life stress moderates neural activation during imitation or social

processing tasks. As investigations have begun to refine the methodologies for

capturing epigenetic effects on the brain, we may better understand the mechanisms

that render some individuals susceptible and others resilient to depression and other

affective spectrum disorders.

6 “To Be or Not to Be”: 5-HTT � Psychosocial Adversity

Interaction Is Subject to Evolutionary Pressure

Recently, a series of studies have emerged showing that the short 5-HTTLPR

variant is associated with improved cognitive functions. Therefore, these factors

may counteract or completely offset the negative consequences of the anxiety and

depression-related traits (for review: Homberg and Lesch in press). For instance, it

has been shown that carriers of the 5-HTTLPR short-allele exhibited increased

emotionally cued startle responses (Brocke et al. 2006) and a stronger attentional

Fig. 7 The molecular cycle of epigenetics in the susceptibility of depression and related co-

morbid disorders: Gene variation affecting transcriptional control is permissive for environmental

adversity moderating epigenetic mechanisms that involve methylation of DNA and acetylation of

histones which, in turn, impacts regulation of gene expression. Silencing chromatin by DNA

methylation and histone deacetylation switches genes off, whereas activation of chromatin by

DNA demethylation and histone acetylation switches genes on
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bias for anxious word stimuli (Beevers et al. 2007) along with greater difficulty

disengaging their attention from stimuli with strong negative or positive valence

(Beevers et al. 2009), and a bias to focus on positive images (Beevers et al. 2010). It

has also been shown that in depression carriers of the short variant benefit most

from social support (Brummett et al. 2008), indicating that sensitivity to positive

stimuli can alleviate the negative consequences of sensitivity to adverse events. In a

social context, short-allele carriers display more aggressive behaviours (Schwandt

et al. 2010) and are characterized by an increased vulnerability to the adverse

effects of psychosocial stress associated with subordinate status (Jarrell et al. 2008).

An analogous attentional bias in rhesus monkeys is particularly striking: The

short variant of the rh5-HTTLPR has been associated with a reduction in time spent

gazing at images of faces compared to non-face images, less time looking in the eye

regions of faces and larger pupil diameters when gazing at photos of a high versus

low status male macaques (Watson et al. 2009). The reluctance of rhesus macaques

carrying the short allele to gaze directly at the eyes and faces of con-specifics, as

well as their enhanced sympathetic response to the images of high-status males,

suggests that these individuals experience greater anxiety than those homozygous

for the long variant when viewing potential social threats. The greater pupil

diameter indicates that the short-allele carrying monkeys found images of high-

status male faces to be more arousing, which is in harmony with the observations of

Beevers and associates (Beevers et al. 2010) that humans carrying the short-allele

tend to exhibit a bias to focus on positive images and thus may experience more

arousal when viewing rewarding pictures.

At the level of cognitive flexibility, it was found that the 5-HTTLPR short-allele

is associated with improved performance in trials of attentional set shifting (Borg

et al. 2009), which is in accord with increased attention towards task parameters

(Roiser et al. 2007). The cognitive enhancement is also consistent with the obser-

vation that short-allele carriers show increased processing of negative feedback

(Althaus et al. 2009). In rhesus monkeys, the short-allele of the rh5-HTTLPR was

associated with superior performance on an array of cognitive tasks: the probability

discounting task, the delay discounting task, the reversal learning task and the

delayed match-to-sample task (Jedema et al. 2009). The better performance in the

probability discounting task is consistent with the increased attention to high and

low probabilities in the risky decision-making task in humans carrying the short

5-HTTLPR variant (Roiser et al. 2006) and may be explained by augmented

cortico-limbic activation (Fallgatter et al. 1999, 2004) and superior ability to

integrate feedback information over time to guide behaviour on subsequent choices

(Althaus et al. 2009).

Connected to the medial prefrontal cortex-amygdala circuitry, other brain

regions implicated in allelic 5-HTT function-mediated behavioural responses are

the orbitofrontal cortex (OFC), the pulvinar nucleus of the thalamus and the bed

nucleus stria terminalis. The OFC shows prominent morphological alterations and

differential functional activation in response to environmental manipulation in

rhesus monkeys carrying the short allele (Kalin et al. 2008). The OFC signals

representations of expected outcomes and compares an expected with the actual
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outcome of behaviour. When incongruent, it modulates the activity of downstream

brain areas that are involved in response selection and action, such as the amygdala

and striatum. In that way, increased OFC activity may allow short-allele carriers

to flexibly adapt behaviour when a mismatch is detected between the expected

and actual outcome of behaviour, for instance during reversal learning in rhesus

macaques (Jedema et al. 2009).

Taken together, the studies in non-human primates complement the findings

in human on emotionality in social settings and suggest that the 5-HTTLPR short-

variant is associated with increased attention (Roiser et al. 2007) to task parameters

and may contribute to improved decision making and improved cognitive flexibility

(Borg et al. 2009; Jedema et al. 2009; Roiser et al. 2006, 2009). Moreover, it may be

linked with heightened social vigilance and, generally, sensitivity to environmental

cues per se, which could result in maladaptive responsiveness when danger or social

threats are absent. However, it may also be highly adaptive in distinct contexts

or circumstances and consequently subject to positive selective pressure. That is,

seizing opportunities and the simultaneous avoidance of potential harmful antago-

nistic interactions may lead to social (and thus, reproductive) success.

Heightened vigilance, i.e. high attentional biases directed towards motivation-

ally relevant stimuli, may be the common denominator in the high emotionality

and cognitive enhancement associated with allelic variation of 5-HTT function

(Homberg and Lesch in press). The challenge is now to understand how the brain

determines when to respond either emotionally or cognitively depending on environ-

mental stimuli. Integration of these findings will provide novel hypotheses for the

understanding of the mechanisms underlying the co-occurrence of anxiety-related

traits and enhanced cognitive function in association with 5-HTT � E interaction.

7 Molecular Mechanisms of Epigenetic Programming

The molecular mechanisms by which early stress increases risk for disorders of

emotional regulation in adulthood is not known, but is presumed to include epige-

netic programming of gene expression (see Bountra et al. 2011; Weaver et al. 2004,

2006). Identifying the molecular mechanisms behind the long-term behavioural

effects of altered rearing environments is a major goal of research in the field of

developmental programming. Persistent changes in the expression of several genes

have been documented in adult animals exposed to altered rearing environments.

Decreased expression and function of the glucocorticoid receptor (GR) has been

associated with a low maternal care environment and has been the subject of several

studies (for review: Seckl and Meaney 2004). Decreased GABA-A receptor binding

and subunit expression as well as increased corticotropin-releasing hormone (CRH)

mRNA have been documented in the amygdala of offspring of low licking and

grooming mothers and is proposed to be required for their increased anxiety-related

and stress response behaviour, respectively (Calatayud et al. 2004; Caldji et al.

1998). Changes in hippocampal expression of NMDA receptor subunits, BDNF,
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neural cell adhesion molecule (NCAM), synaptophysin and acetylcholine esterase

have also been reported in offspring of low versus high licking and grooming

mothers (Liu et al. 2000). Recent work in rats has suggested that changes in the

activity of the GR promoter play a critical role in the epigenetic programming of

adult stress response by rearing environment. Decreased methylation and increased

histone 3 acetyl-K9 binding of the GR I7 promoter was found in hippocampus of

adult rats receiving low licking and grooming (Weaver et al. 2004). Treatment of

these rats in adulthood with the histone deacetylase inhibitor (HDAC), tricostatin

A, reversed the effects of low licking and grooming on GR expression. Remarkably,

tricostatin treatment also reversed the effects of rearing environment on stress

hormone responses, demonstrating a role for chromatin remodelling in maintaining

the long-term effects of rearing environment. In a parallel study by the same group,

supplementing the diet of high licking and grooming mothers with methionine in

adulthood increased GR promoter methylation and stress response, suggesting that

epigenetic programming of GR can be pharmacologically adjusted either up or

down with corresponding changes in stress response activity (Weaver et al. 2005).

8 Conclusions and Outlook

Modest advances in behavioural genetics are contrasted by giant leaps in an

epigenomic era still in its infancy. The application of paradigms novel to neuroge-

netic approaches including generation of genetically modified mice, validation of

G � E models in non-human primates and rodents, application of functional

neuroimaging and next-generation sequencing technologies in the quest for rare

genetic variants with high effect size but variable penetrance and inclusion of a

more extensive phenotypic spectrum (e.g. higher cognitive functions, social com-

petence, resilience) have strengthened the connection between 5-HTT, (social)

cognition and emotionality and continue to enable a more profound understanding

of how common and rare genetic variation modulates human behaviour.

In this overview I have attempted to integrate findings from studies in G � E

animal models which underscore the central role of 5-HT and its fine-tuning by

5-HTT functionality in embryonic patterning events, brain development, and syn-

aptic plasticity, particularly in neural circuits related to (social) cognitive and

emotional processes. Increasing evidence suggests that epigenetic mechanisms

may play a crucial role in neurodevelopmental programming of behavioural

abnormalities. Among a number of environmental cues, social environment can

act as a primary risk for the development of anxiety and depression-related pheno-

types (Fig. 8). The best evidence derives from findings of developmental outcomes

associated with institutional deprivation that consistently highlight the increased rates

of disorders of emotional regulation. Further support comes from the risk-attenuating

role of alternative social environments through resilience-focused therapeutic

intervention. Moreover, the social environment has been shown to determine the

extent to which patients with affective disorders develop co-morbidity. Through
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modification of DNA and associated histones, epigenetic mechanisms translate

environmental stimuli into changes in gene expression as neural correlates of epige-

netic programming. Epigenetically influenced behavioural modifications are accom-

panied by changes in gene expression. Thus, these mechanisms are hypothesized to

play an essential role in the interplay of genetic and environmental cues in determining

anxiety and depression-related phenotypes. Epigenetic markers identified by

genome-wide expression, DNA methylation, and histone modification profiles are

dynamic and reversible and may also provide powerful targets for pharmacological

intervention strategies. Therefore, deeper insight into the role of epigenetic regula-

tion in the process of neurodevelopmental programmes, in particular in relation to

depression and co-morbid disorders, will contribute to the establishment of early

diagnosis and the development of innovative treatments targeting neural pathways

that foster resilience.

Finally, anxiety disorders and depression are known to be influenced not only by

environmental stressors but also by each individual’s unique genetic background.

The mouse models also permit analysis of synthetic mutant phenotypes or
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Fig. 8 Changes in mRNA expression of novel candidate genes associated with altered rearing

environment and/or 5-Htt genotype may be identified by microarray-based expression profiling of

mRNA extracted from brain region-specific tissue and laser-guided dissection of homogeneous

neuron populations in mice from G � E paradigms. Whole-genome expression screening methods

combined with high-throughput methylation and histone acetylation profiling microarray techni-

ques both genome-wide and of selected genes in mice from stress-specific G � E paradigms

promise to identify genes that are epigenetically regulated by 5-Htt � E interaction in the mouse.

These genes are likely novel candidate susceptibility genes for disorders of emotion regulation and

will serve as potential diagnostic and therapeutic targets
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polygenic characteristics based on epistatic interaction and pleiotropy. Epistasis

with genes with strong evidence-based rationale, such as BDNF, has a potential to

further refine the concept and indicate mechanisms underlying the observed G � E

interaction (Ren-Patterson et al. 2005). However, the majority of neural substrates

and circuitries that regulate emotional processes or cause affective disorders remain

remarkably elusive. Among the reasons for the lack of progress are remaining

conceptual deficiencies regarding the genetic and neural architecture of emotional-

ity and behavioural despair, which make it difficult to develop and validate reliable

models of depression. As analyses of epigenomes in non-human primates and

rodents will likely contribute fundamentally to our understanding how humans

have evolved, the next stage of complexity concerns the nature of genetic variation,

either common or rare, and epigenetic programming among humans and its influ-

ence on inter-individual differences at the level of physiology and disease patho-

genesis, as well as the relative impact of genetic and environmental determinants on

cognition, emotion and, ultimately, behaviour.
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