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Abstract
Advances in molecular biology, neuroimaging, genetic epidemiology, and developmental psychopathology have
provided a unique opportunity to explore the interplay of genes, brain, and behavior within a translational research
framework. Herein, we begin by outlining an experimental strategy by which genetic effects on brain function can
be explored using neuroimaging, namely, imaging genetics. We next describe some major findings in imaging
genetics to highlight the effectiveness of this strategy for delineating biological pathways and mechanisms by which
individual differences in brain function emerge and potentially bias behavior and risk for psychiatric illness. We
then discuss the importance of applying imaging genetics to the study of psychopathology within a developmental
framework. By beginning to move toward a systems-level approach to understanding pathways to behavioral
outcomes as they are expressed across development, it is anticipated that we will move closer to understanding the
complexities of the specific mechanisms involved in the etiology of psychiatric disease. Despite the numerous
challenges that lie ahead, we believe that developmental imaging genetics has potential to yield highly informative
results that will ultimately translate into public health benefits. We attempt to set out guidelines and provide
exemplars that may help in designing fruitful translational research applications that incorporate a developmental
imaging genetics strategy.

Recent advances in both molecular genetics
and human neuroimaging have begun to pro-
vide the tools necessary to explore how indi-
vidual differences in complex cognitive and
emotional behaviors emerge and how such dif-
ferences may confer vulnerability to psycho-
pathology. With publication of the reference
human genome sequence ~Lander et al., 2001;
Venter et al., 2001!, a major effort is under-

way to exhaustively identify common varia-
tions in this sequence that impact on gene
function ~i.e., functional polymorphisms! and
subsequently to understand how such func-
tional variations alter human biology. Be-
cause approximately 70% of all genes are
expressed in the brain, many of these func-
tional polymorphisms will influence how the
brain processes information and, as a conse-
quence, regulates both cognitive and affective
behaviors. Human neuroimaging ~e.g., func-
tional magnetic resonance imaging @fMRI# ,
EEG0magnetic encephalography @MEG# , pos-
itron emission tomography!, because of its
capacity to assay detailed brain structure and
function within individuals, has unique poten-
tial as a tool for characterizing functional ge-
netics in neural circuitry. The goals of this
paper are to ~a! describe the conceptual basis
for imaging genetics; ~b! outline some major
findings in imaging genetics to highlight the
effectiveness of this strategy in delineating
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biological pathways and mechanisms by which
individual differences in brain function emerge
and potentially bias risk for psychiatric ill-
ness; ~c! discuss the importance of applying
the imaging genetics framework to study de-
velopment and the emergence of psychopa-
thology; ~d! illustrate designs of developmental
imaging genetics studies; and ~e! summarize
the anticipated short- and long-term rewards
of this program of research, with an emphasis
on the translational impact of this approach.

Conceptual Basis of Imaging Genetics

Genes have unparalleled potential impact on
all levels of biology. In the context of disease
states, particularly behavioral disorders, genes
represent the cornerstone of mechanisms that
either directly or in concert with environ-
mental events ultimately result in disease.
Moreover, genes offer the potential to identify
at-risk individuals and biological pathways for
the development of new treatments. Although
most human behaviors cannot be explained by
genes alone, and certainly much variance in
aspects of brain information processing will
not be genetically determined directly, it is
anticipated that variations in genetic sequence
that impact gene function will contribute an
appreciable amount of variance to these resul-
tant complex behavioral phenomena. This con-
clusion is implicit in the results of studies of
twins that have revealed heritabilities ranging
from 40 to 70% for various aspects of cogni-
tion, temperament, and personality ~Plomin,
Owen, & McGuffin, 1994!. In the case of psy-
chiatric illness, genes appear to be the only
consistent risk factors that have been identi-
fied across populations, and the majority of
susceptibility for major psychiatric disorders
is accounted for by inheritance ~Moldin &
Gottesman, 1997!.

Traditionally, the impact of genetic poly-
morphisms on human behavior has been di-
rectly examined using clinical evaluations,
personality questionnaires, and neuropsycho-
logical batteries. Genetic epidemiological
investigations have directly examined the re-
lationship between specific genetic polymor-
phisms and behaviors, and have reported

equivocal results ~Malhotra & Goldman, 1999!.
This is not surprising for at least two reasons.
First, there is considerable individual variabil-
ity in dimensions of observable behavior as
well as subjectivity in the assessment of be-
havior necessitating very large samples, often
exceeding several hundred subjects, to iden-
tify even small gene effects ~Glatt & Freimer,
2002!. Moreover, it is apparent that there are
etiological subgroups within any given dis-
ease that obscure effects at the broader group
level. Second, and perhaps most importantly,
the effects of genes are not expressed directly
at the level of behavior. As discussed in detail
below, gene effects on behavior are mediated
by their molecular and cellular effects on in-
formation processing in brain. Thus, examin-
ing gene effects on brain represents a critical
step in understanding their ultimate contribu-
tion to variability in behavior.

Because genes are directly involved in the
development and function of brain regions sub-
serving specific cognitive and emotional pro-
cesses, functional polymorphisms in genes may
be strongly related to the function of these
specific neural systems, and in turn, mediate0
moderate their involvement in behavioral out-
comes. This is the underlying assumption of
our investigations examining the relation be-
tween genes and neural systems, what we ini-
tially called, “imaging genomics” ~Hariri &
Weinberger, 2003b!, and more recently de-
scribe as “imaging genetics” ~Hariri, Drabant,
& Weinberger, 2006!, because this approach
is utilized to explore variation in specific genes
and not the genome broadly. The potential for
marked differences at the neurobiological level
underscores the need for a direct assay of brain
function. Accordingly, imaging genetics within
the context of a “candidate gene association
approach” provides an ideal opportunity to
further our understanding of biological mech-
anisms potentially contributing to individual
differences in behavior and personality. More-
over, imaging genetics provides a unique tool
with which to explore and evaluate the func-
tional impact of brain-relevant genetic poly-
morphisms with the potential to understand
their impact on behavior. Of course, the rele-
vance of imaging genetics findings for disease
vulnerability will only be made once the vari-
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ants under study are further associated with
disease risk directly or if their impact on brain
function is manifest ~or even exaggerated! in
the diseases of interest.

Neuroimaging techniques, especially those
that are noninvasive like MRI and EEG0
MEG, typically require no more than a few
minutes of subject participation to acquire sub-
stantial data sets, reflecting the acquisition of
many hundreds of repeated measures of brain
structure or function within a single subject.
The efficiency of these techniques allows for
the ability to investigate the specificity of gene
effects by examining their influence on multi-
ple functional systems ~e.g., prefrontal, striatal,
limbic! in a single subject in one experimental
session. This capacity to rapidly assay differ-
ences in brain structure and information pro-
cessing with enhanced power and sensitivity
places neuroimaging at the forefront of avail-
able tools for the in vivo study of functional
genetic variation.

The protocol for imaging genetics typically
involves first identifying a meaningful varia-
tion in the DNA sequence within a candidate
gene. For the variant to be meaningful, it should
have an impact at the molecular and cellular
level in gene or protein function ~i.e., be a func-
tional variant!, and the distribution of such ef-
fects at the level of brain systems involved in
specific forms of information processing should
be predictable. For example, a genetic varia-
tion in the gene for the serotonin transporter
that impacts the availability of synaptic sero-
tonin would be expected to affect amygdala
function because serotonin is important in amyg-
dala physiology ~see below!. Alternatively, re-
cent imaging genetics studies have taken the
lead in exploring the functionality of candidate
variants by first describing in vivo effects at
the level of brain systems ~Brown et al., 2005!.
As such, imaging genetics can provide the ini-
tial impetus for further characterization of
molecular and functional effects of specific
candidate genes in brain systems thought to be
involved in behavior. In this manner, the con-
tributions of abnormalities in these systems to
complex behaviors and emergent phenomena,
possibly including psychiatric syndromes, can
then be understood from the perspective of their
biological origins.

Selected Overview of Imaging
Genetics Findings

Converging evidence from animal and human
studies has revealed that serotonin ~5-hydroxy-
tryptamine @5-HT# ! is a critical neuromod-
ulator in the generation and regulation of
emotional behavior ~Lucki, 1998!. Serotoner-
gic neurotransmission has also been an effica-
cious target for the pharmacological treatment
of mood disorders including depression,
obsessive–compulsive disorder, anxiety, and
panic ~Blier & de Montigny, 1999!. More-
over, genetic variation in several key 5-HT
subsystems, presumably resulting in altered
central serotonergic tone and neurotrans-
mission, has been associated with various as-
pects of personality and temperament ~Munafo,
Clark, & Flint, 2005; Schinka, Busch, &
Robichaux-Keene, 2004; Sen, Burmeister, &
Ghosh, 2004!, as well as susceptibility to af-
fective illness ~Murphy et al., 1998; Reif &
Lesch, 2003!. However, enthusiasm for the
potential of such genetic variation to affect
behaviors and especially disease liability has
been tempered by weak, inconsistent, and failed
attempts at replication of specific associations
with psychiatric syndromes ~Glatt & Freimer,
2002!.

The inability to substantiate such rela-
tionships through consistent replication in
independent cohorts may simply reflect meth-
odological issues such as inadequate control
for population stratification, insufficient power,
and0or inconsistency in the methods applied.
Alternatively, and perhaps more importantly,
such inconsistency may reflect the underlying
biological nature of the relationship between
allelic variants in serotonin genes, each of pre-
sumably small effect, and observable behav-
iors in the domain of mood and emotion that
typically reflect complex functional inter-
actions and emergent phenomena. Given that
the biological impact of variation in a gene
traverses an increasingly divergent path from
cells to neural systems to behavior, the re-
sponse of brain regions subserving emotional
processes in humans ~e.g., amygdala, hippo-
campus, prefrontal cortex, anterior cingulate
gyrus! represents a critical first step in their
impact on behavior. Thus, functional polymor-
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phisms in 5-HT genes may be strongly related
to the integrity of these underlying neural
systems and mediate0moderate their ultimate
effect on behavior ~Hariri & Weinberger,
2003a!.

The 5-HT transporter ~5-HTT! plays an im-
portant role in serotonergic neurotransmis-
sion by facilitating reuptake of 5-HT from the
synaptic cleft. In 1996, a relatively common
polymorphism was identified in the human
5-HTT gene located on chromosome 17q11.1–
q12 ~Heils et al., 1996!. The polymorphism is
a variable repeat sequence in the promoter
region ~5-HTTLPR! resulting in two common
alleles: the short ~S! variant comprising 14
copies of a 20–23 base pair repeat unit, and
the long ~L! variant comprising 16 copies. In
populations of European ancestry, the fre-
quency of the S allele is approximately 0.40,
and the genotype frequencies are in Hardy–
Weinberg equilibrium ~L0L � 0.36, L0S �
0.48, S0S � 0.16!. These relative allele fre-
quencies, however, can vary substantially
across populations ~Gelernter, Kranzler, & Cu-
bells, 1997!.

Following the identification of this poly-
morphism, Lesch et al. ~1996! demonstrated
in vitro that the 5-HTTLPR alters both gene
transcription and level of 5-HTT function.
Cultured human lymphoblast cell lines homo-
zygous for the long allele have higher concen-
trations of 5-HTT mRNA and express nearly
twofold greater 5-HT reuptake in comparison
to cells possessing either one or two copies
of the short allele. Subsequently, both in vivo
imaging measures of radioligand binding to
5-HTT ~Heinz et al., 2000! and postmortem
calculation of 5-HTT density ~Little et al.,
1998! in humans reported nearly identical re-
ductions in 5-HTT binding levels associated
with the short allele as observed in vitro ~but
see Patkar et al., 2004; Shioe et al., 2003; van
Dyck et al., 2004!. These data are consistent
with b-CIT SPECT studies in humans and non-
human primates reporting an inverse relation-
ship between 5-HTT availability and CSF
concentrations of 5-hydroxyindoleacetic acid
~5-HIAA!, a 5-HT metabolite ~Heinz et al.,
1998, 2002!, and indicate that the 5-HTTLPR
is functional and impacts on serotonergic
neurotransmission.

In their initial study, Lesch and colleagues
also demonstrated that individuals carrying the
short allele are slightly more likely to display
abnormal levels of anxiety in comparison to
L0L homozygotes ~Lesch et al., 1996!. Since
their original report, others have confirmed
the association between the 5-HTTLPR short
allele and heightened anxiety ~Du, Bakish, &
Hrdina, 2000; Katsuragi et al., 1999; Maz-
zanti et al., 1998; Melke et al., 2001!, and
have also demonstrated that individuals pos-
sessing the short allele more readily acquire
conditioned fear responses ~Garpenstrand, An-
nas, Ekblom, Oreland, & Fredrikson, 2001!
and develop affective illness ~Lesch & Moss-
ner, 1998! in comparison to those homozy-
gous for the long allele. Recent studies utilizing
pharmacological challenge paradigms of the
5-HT system suggest that these differences in
affect, mood, and temperament may reflect
5-HTTLPR driven variation in 5-HTT expres-
sion and subsequent changes in synaptic con-
centrations of 5-HT ~Moreno et al., 2002;
Neumeister et al., 2002; Whale, Clifford, &
Cowen, 2000!. Furthermore, reduced 5-HTT
availability, as putatively indexed by the
5-HTTLPR short allele, has been associated
with mood disturbances including major de-
pression ~Caspi et al., 2003; Malison et al.,
1998! and the severity of depression and anx-
iety in various psychiatric disorders ~Eggers
et al., 2003; Heinz et al., 2002; Willeit et al.,
2000!. Intriguingly, it appears that exposure
to stressful life events moderates the impact
of the 5-HTTLPR for the development of de-
pression ~Caspi et al., 2003!.

The amygdala is a central brain structure
in the generation of both normal and patho-
logical emotional behavior, especially fear
~LeDoux, 2000!. Furthermore, the amygdala
is densely innervated by serotonergic neurons
and 5-HT receptors are abundant throughout
amygdala subnuclei ~Azmitia & Gannon, 1986;
Sadikot & Parent, 1990; Smith, Daunais,
Nader, & Porrino, 1999!. Thus, the activity of
this subcortical region may be uniquely sen-
sitive to alterations in serotonergic neuro-
transmission, and any resulting variability in
amygdala excitability is likely to contribute to
individual differences in emergent phenom-
ena such as mood and temperament. How-
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ever, it is essential to appreciate the impor-
tance of a distributed and interconnected
network of cortical and subcortical brain re-
gions for the generation, integration, and mod-
ulation of emotional behavior. Results from a
series of landmark imaging studies ~Beaure-
gard, Levesque, & Bourgouin, 2001; Hariri,
Bookheimer, & Mazziotta, 2000; Keightley
et al., 2003; Lange et al., 2003; Nakamura
et al., 1998; Narumoto et al., 2000! suggest
that the dynamic interactions of the amygdala
and prefrontal cortex may be critical in regu-
lating emotional behavior ~Hariri, Mattay, Tes-
sitore, Fera, & Weinberger, 2003!.

Although the potential influence of genetic
variation in 5-HTT function on human mood
and temperament was bolstered by subsequent
studies demonstrating increased anxiety-like
behavior and abnormal fear conditioning in
5-HTT knockout mice ~Holmes, Lit, Murphy,
Gold, & Crawley, 2003!, the underlying neuro-
biological correlates of this functional relation-
ship remain unknown. Because the physiologic
response of the amygdala during the process-
ing of fearful or threatening stimuli tempo-
rally precedes the subjective experience of
emotionality, the 5-HTTLPR may have a more
obvious impact at the level of amygdala
biology.

In 2002, our research group at the National
Institutes of Mental Health utilized an imag-
ing genetics strategy with fMRI to directly
explore the neural basis of the apparent rela-
tionship between the 5-HTTLPR and emo-
tional behavior ~Hariri, Mattay, Tessitore,
Kolachana, et al., 2002!. Specifically, we hy-
pothesized that 5-HTTLPR short allele carri-
ers, who presumably have relatively lower
5-HTT function and higher synaptic concen-
trations of 5-HT ~analogous to the 5-HTT
knockout mice! and have been reported to be
more anxious and fearful, would exhibit greater
amygdala activity in response to fearful or
threatening stimuli than those homozygous for
the long allele, who presumably have lower
levels of synaptic 5-HT and have been re-
ported to be less anxious and fearful ~analo-
gous to the contrasting wild-type mice!.

In our initial study, subjects from two inde-
pendent cohorts ~n �14 in each! were divided
into equal groups based on their 5-HTTLPR

genotype, with the groups matched for age,
gender, IQ and task performance. During scan-
ning, the subjects performed a simple percep-
tual processing task involving the matching of
fearful and angry human facial expressions.
Importantly, this task has been effective at
consistently engaging the amygdala across
multiple subject populations and experimen-
tal paradigms ~Hariri et al., 2000; Hariri,
Mattay, Tessitore, Fera, et al. ., 2002; Hariri,
Tessitore, Mattay, Fera, & Weinberger, 2002;
Tessitore et al., 2002!. Consistent with our
hypothesis, we found that subjects carrying
the less efficient 5-HTTLPR short allele ex-
hibited significantly increased amygdala ac-
tivity in comparison with subjects homozygous
for the L allele ~Hariri, Mattay, Tessitore,
Kolachana, et al., 2002!. In fact, the differ-
ence in amygdala activity between 5-HTTLPR
genotype groups in this study was nearly five-
fold, accounting for 20% of the total variance
in the amygdala response. This initial finding
suggested that the increased anxiety and fear-
fulness associated with individuals possessing
the 5-HTTLPR S allele may reflect the hyper-
responsiveness of their amygdala to relevant
environmental stimuli.

Recently, five independent functional
imaging studies have reported identical
5-HTTLPR S allele driven amygdala hyper-
reactivity in cohorts of healthy German ~Heinz
et al., 2005!, Italian ~Bertolino et al., 2005!
and American ~Canli et al., 2005! adult volun-
teers, as well as Dutch patients with social
phobia ~Furmark et al., 2004! and German
patients with panic disorder ~Domschke et al.,
2005!. Moreover, we have also replicated our
initial finding of 5-HTTLPR S effects on amyg-
dala reactivity in a large, independent cohort
of adult volunteers ~n � 92! who were care-
fully screened to exclude individuals with a
history of psychiatric illness or treatment. This
large sample also allowed for the exploration
of both gender-specific and S allele load ef-
fects on amygdala function and, in turn, di-
mensions of temperament associated with
depression and anxiety ~see below!.

Specifically, we again observed that
5-HTTLPR S allele carriers exhibited signifi-
cantly increased right amygdala activation in
response to our fMRI challenge paradigm
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~Hariri et al., 2005!. In addition, our latest
data revealed that 5-HTTLPR S allele driven
amygdala hyperresponsivity is equally pro-
nounced in both sexes and independent of S
allele load. The equivalent effect of one or
two S alleles on amygdala function is consis-
tent with the original observations of Lesch
et al. ~1996! on the influence of the 5-HTTLPR
on in vitro gene transcription efficiency and
subsequent 5-HTT availability. The absence
of sex differences suggests that the increased
prevalence of mood disorders in females may
be related to factors other than the direct risk
effect of the 5-HTTLPR S allele.

A third study from the NIMH cohort fur-
ther captured the dynamic effects of the
5-HTTLPR on genes, brain, and behavior by
examining effects on brain structure and cor-
ticolimbic functional connectivity ~Pezawas
et al., 2005!. Here, we used a multimodal
neuroimaging strategy to identify mecha-
nisms on the level of neural systems contrib-
uting to behavioral and, potentially, clinical
effects associated with 5-HTTLPR. We used
voxel-based structural MRI techniques in a
large sample ~N � 114! to test for genetic
association with the anatomical development
of limbic circuitry, as might be expected from
neurodevelopmental studies of animals with
altered 5-HT function ~Gaspar, 2004!. We
found that, in comparison to the LL genotype
subjects, S allele carriers showed signifi-
cantly reduced gray matter volume of the peri-
genual anterior cingulate cortex ~pACC! and
amygdala. Moreover, there was a positive cor-
relation ~“structural covariation”! between
amygdala and pACC volume, and S carriers
showed significantly lower structural co-
variation between amygdala and subgenual
anterior cingulate than LL individuals. This
suggests that pACC and amygdala represent a
functional circuit, the morphological develop-
ment of which is modulated by genetic varia-
tion in the serotonergic system.

We next explored the impact of these ob-
served structural effects on the functional in-
teractions of the amygdala and pACC in our
fMRI data set. Independent of 5-HTTLPR
genotype status, we found that the amygdala
and pACC were significantly functionally con-
nected. Two distinct regions of functional con-

nectivity were identified within the pACC, a
positive coupling between the amygdala and
the subgenual cingulate, and a negative cou-
pling between the amygdala and the supra-
genual cingulate. This pattern of functional
connectivity is consistent with anatomical trac-
ing studies in nonhuman primates that have
defined a feedback circuit from amygdala to
rostral cingulate and then from dorsal cingu-
late back to amygdala. These intrinsic cin-
gulate regions also showed strong positive
connectivity with each other, suggesting that
the corticolimbic feedback loop is closed via
local processing within the cingulate cortex.
This intrinsic cingulate connection also is con-
sistent with anatomical studies in nonhuman
primates. Remarkably, 5-HTTLPR S allele
carriers showed a significant reduction of
amygdala-pACC functional connectivity in
comparison to LL homozygotes. This differ-
ence was most pronounced in the coupling of
the amygdala and subgenual ACC. These find-
ings suggest that a disruption of this amygdala–
pACC feedback circuitry could underlie the
earlier observation of increased amygdala ac-
tivity in S carriers during the processing of
biologically salient stimuli ~Hariri et al., 2005;
Hariri, Mattay, Tessitore, Kolachana, et al.,
2002!. More specifically, the data suggest that
the over activation of the amygdala associated
with the 5-HTTLPR short allele may reflect
more a relative failure of regulation of the
amygdala response, than an abnormal primary
response per se. Taken together, these data
show that 5-HTTLPR genotype affects the
structure and putative wiring of a core region
within the limbic system thought to be crucial
for anxiety-related temperamental traits and
depression ~Mayberg, 2003a, 2003b; Phillips,
Drevets, Rauch, & Lane, 2003a, 2003b!. These
findings thus suggest a causal mechanism
linking developmental alterations in 5-HT-
dependent neuronal pathways to impaired in-
teractions in a regulatory network that has been
related to emotional reactivity.

The collective results of these imaging ge-
netics studies reveal that the 5-HTTLPR S
allele has a robust effect on human amygdala
structure and function as well as the func-
tional interactions of corticolimbic circuitry
implicated in both normal and pathological
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mood states. Importantly, the absence of group
differences in age, gender, IQ and ethnicity in
each of these studies indicates that the ob-
served effects are not likely due to a bias re-
sulting from population stratification. Rather,
the data suggest that heritable variation in 5-HT
signaling associated with the 5-HTTLPR re-
sults in structural alterations of the amygdala
and pACC, accompanied by biased amygdala
reactivity and functional coupling with pACC
in response to salient environmental cues. Fur-
thermore, the emergence of these effects in
samples of ethnically matched volunteers care-
fully screened to exclude any lifetime history
of psychiatric illness or treatment argues that
they represent genetically determined biolog-
ical traits that are not altered by the presence
of a psychiatric illness.

In contrast to the striking imaging genetics
findings of 5-HTTLPR short allele effects on
amygdala reactivity and limbic circuitry dy-
namics, initial attempts to link these effects
on brain function with measures of emergent
behavioral phenomena, namely, the personal-
ity trait of harm avoidance, have failed to
detect any significant direct relationships. Spe-
cifically, in both our initial ~Hariri, Mattay,
Tessitore, Kolachana, et al., 2002! and repli-
cation studies ~Hariri et al., 2005! we did not
find any significant 5-HTTLPR genotype as-
sociation with subjective behavioral measures
of anxiety-like or fear-related traits as indexed
by the harm avoidance ~HA! component of
the Tridimensional Personality Questionnaire,
a putative personality measure related to trait
anxiety and 5-HT function ~Cloninger, 1986;
Cloninger, Svrakic, & Przybeck, 1993!. This
failure to find a behavioral association is not
surprising given the relatively small sample
sizes of each study and thus limited power to
detect likely small ~e.g., 1–5%! genetically
mediated differences in behavior as well as
the theses of this paper: that genes do not
directly predict behavior and their effect on
behavior is mediated0moderated by their ef-
fects on distinct brain circuitry.

However, to our surprise, there was an ab-
sence of any predictive relationship between
amygdala reactivity and HA in our initial stud-
ies. Given the critical role for the amygdala in
detecting potential environmental threat and

harnessing available resources for appropri-
ate reactions, one might expect that its reac-
tivity to such stimuli would predict individual
differences in a temperamental trait such as
HA. But, a convergence of evidence from an-
imal and human studies clearly demonstrates
that emotional behaviors, especially those as
complex as HA, are likely influenced by a
densely interconnected and distributed corti-
cal and subcortical circuitry, of which the
amygdala is only one component. Thus, we
were compelled to examine the relationship
between HA and the observed 5-HTTLPR ef-
fects on the functional connectivity of the
amygdala and pACC. We reasoned that if func-
tional uncoupling of the amygdala–pACC af-
fective circuit underlies reported associations
of 5-HTTLPR with emotional phenotypes,
functional connectivity indices between these
regions should predict normal variation in tem-
peramental trait measures related to anxiety
and depression such is HA. These analyses
revealed a striking pattern wherein nearly 30%
of the variance in HA scores was predicted
by our measure of amygdala–pACC func-
tional connectivity ~Pezawas et al., 2005!.
Consistent with our previous studies ~Hariri
et al., 2005; Hariri, Mattay, Tessitore, Kola-
chana, et al., 2002!, functional ~or structural!
measures of single brain regions ~i.e., amyg-
dala or pACC! were of no predictive value.
Thus, 5-HTTLPR-mediated corticolimbic
functional connectivity alterations are mani-
fested in anxiety-related temperamental traits,
possibly reflecting inadequate regulation
and integration of amygdala mediated arousal,
leading to an increased vulnerability for per-
sistent negative affect and eventually de-
pression in the context of accumulating
environmental adversity. Although investiga-
tions of localized structural and functional ab-
normalities have provided insights about
depression, our data underscore the impor-
tance of studying genetic mechanisms of com-
plex brain disorders at the level of dynamically
interacting neural systems. We suggest that
such relationships capture more proximally
the functional consequences of neurodevelop-
mental processes altering circuitry function
implicated in human temperament and psy-
chiatric disorders.
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Importance of Imaging Genetics for
Understanding Development and
Developmental Psychopathology

It is important to emphasize that the
5-HTTLPR S allele effect on amygdala struc-
ture, reactivity, and connectivity in our stud-
ies as well as those by Heinz et al., Bertolino
et al., and Canli et al. exist in samples of
healthy adult volunteers with no history of
affective or other psychiatric disorders. On
the one hand, this is consistent with a recent
fMRI study reporting that, although amyg-
dala hyperexcitability reflects a stable, herita-
ble trait associated with inhibited behavior, it
does not by itself predict the development of
affective disorders ~Schwartz, Wright, Shin,
Kagan, & Rauch, 2003!. On the other hand,
more and more evidence is accumulating which
indicates that the majority of psychopathol-
ogy is rooted early in life first emerging
during childhood and adolescence ~e.g., Kim-
Cohen et al., 2003!. Thus, it is possible that
the relevance of 5-HTTLPR S allele effects
on corticolimbic brain circuitry will be more
manifest during the development of individu-
als predisposed to psychopathology. More-
over, it is likely that exposure to environmental
stressors impacts this gene–brain pathway,
which in turn, increases one’s risk to develop
psychopathology. The hallmark study of Caspi
et al. ~2003! and subsequent replication stud-
ies ~Eley et al., 2004; Kaufman et al., 2004;
Kendler et al., 2005! suggest that the exis-
tence of significant stressors in the environ-
ment of individuals carrying the 5-HTTLPR S
allele is necessary to further tip the balance
towards the development of psychopathology.
Similarly, abnormal social behavior ~Cham-
poux et al., 2002! and 5-HT metabolism ~Ben-
nett et al., 2002! have been reported in rhesus
macaques with the 5-HTTLPR S allele homo-
log, but only in peer-reared, and thus environ-
mentally stressed, individuals. Emerging data
from studies of the 5-HTT knockout mouse
implicate similar early developmental phenom-
ena interacting with genetically driven varia-
tion in 5-HT in shaping the neurobiological
landscape contributing to emotional behav-
iors ~Ansorge, Zhou, Lira, Hen, & Gingrich,
2004; Esaki et al., 2005; Holmes & Hariri,

2003!. It is pertinent to note that in many of
these examples the genetic vulnerability has
manifested as a consequence of environ-
mental stressors that have occurred early in
development.

This shift from normal to pathological be-
haviors, and when during the lifespan this shift
occurs may reflect the effects of cumulative
environmental stress on brain regions, most
notably the prefrontal cortex, critical in the
regulation of amygdala activity ~Hariri et al.,
2003; Keightley et al., 2003; Rosenkranz,
Moore, & Grace, 2003!. For example, re-
peated exposure to environmental insults be-
fore the maturation of relatively late developing
prefrontal regulatory circuits ~Lewis, 1997!
may result in further biased amygdala drive in
S allele carriers. Such relative hyperamygdala
and hypoprefrontal activity has been docu-
mented in affective disorders ~Phillips et al.,
2003b; Siegle, Steinhauer, Thase, Stenger, &
Carter, 2002! and thus, may represent a criti-
cal pathway or predictive biological marker
for the future development of psychopathology.

Recent imaging studies ~Heinz et al., 2005;
Pezawas et al., 2005! demonstrating altered
functional coupling of the amygdala and me-
dial prefrontal cortex during affective process-
ing in adult healthy S allele carriers underscore
that complex dynamic interactions of the amyg-
dala and prefrontal cortex may be critical for
normal behavioral responses in individuals pos-
sessing this risk allele. These results suggest
that individual differences in indices of com-
plex, emergent behaviors, such as harm avoid-
ance, reflect the effects of genetic variation on
a distributed brain system involved in not only
mediating physiologic and behavioral arousal
~e.g., amygdala! but also regulating and inte-
grating this arousal in the service of adaptive
responses to environmental challenges ~e.g.,
prefrontal cortex!.

As Rutter and colleagues suggest, some en-
vironmental adversity during early develop-
ment ~and likely throughout one’s lifetime! is
necessary to enable an individual to cope with
the stresses and challenges of everyday life
~Rutter, Kim-Cohen, & Maughan, 2006;
Rutter, Moffitt, & Caspi, 2006!. However, some
experiences are beyond the range of norma-
tive environmental stress, and continually en-
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countering such experiences may, in the long
run, compromise an individual’s ability to re-
spond to environmental events in an adaptive
way. It is likely that genetic makeup influ-
ences the “fingerprint” of how an individual
reacts to stress as well as determines their
resiliency ~i.e., adaptive functioning in the face
of adversity! to chronic stressors. There have
been calls to incorporate a genetic0biological
perspective to resiliency research that has pre-
dominantly consisted of psychosocial investi-
gations ~Curtis & Cicchetti, 2003!. The
biological fingerprint of resiliency is likely to
vary by disorder as well as a function of envi-
ronmental circumstances ~Luthar, Cicchetti,
& Becker, 2000!. Developmental imaging ge-
netics represents one unique approach by which
resiliency can be investigated within a trans-
lational research paradigm.

As mentioned above, adult psychiatric
disorders rarely arise de novo, without any
warning of childhood problems including full-
blown episodes of psychopathology ~Kim-
Cohen et al., 2003!. Some psychiatric disorders
may lie dormant until a crucial point in devel-
opment or until a critical environmental stressor
is present to precipitate their onset. As such,
an individual may have a vulnerability to a
disorder from birth, but this vulnerability may
only manifest later in life. Depression and
schizophrenia are two disorders that tradition-
ally have not been diagnosed before adoles-
cence or early adulthood, although sufficient
evidence has accumulated to suggest that as-
pects of each originate in early development
~Cicchetti & Cannon, 1999; Kim-Cohen et al.,
2003!. Other adult disorders represent the even-
tual manifestation of a behavioral difficulty
visible since early childhood. Antisocial per-
sonality disorder is an example where one of
the diagnostic criteria includes evidence of
childhood conduct problems. In all cases, it is
vital to understand the developmental course
of psychopathologies that inform our efforts
to understand the etiology, progression, and
treatment of psychiatric disease. As part of
such a broader developmental research pro-
gram, imaging genetics has great potential yield
in identifying component etiologic processes
of psychopathology as well as the emergence
of normal individual differences in behavior.

Accordingly, we speculate that adult imaging
genetics findings represent windows into sys-
tems whose current structure and function re-
sulted from developmental alterations during
unique periods of plasticity, long before the
physiological associations were captured via
neuroimaging in adulthood ~i.e., they repre-
sent “ghosts in the machine”!.

One avenue of potential fruitful research
into these developing systems is the use of
longitudinal studies beginning in childhood.
This approach represents an ideal way to ex-
amine the impact of genetic and environmen-
tal effects on the developing neural circuitry
supporting behavior and conferring risk for
psychopathology. Such an approach will al-
low for the determination of genetically driven
variation on structural and functional brain
development during windows of time that re-
flect critical maturational processes ~e.g., my-
elination, synaptic pruning!. Longitudinal
studies in at-risk populations prior to the de-
velopment of psychopathology will further
allow for a more accurate and rigorous assess-
ment and recording of environmental events
and experiences as well as their interplay with
genetically mediated risks. Moreover, a longi-
tudinal approach will facilitate charting the
behavioral consequences, including risk for
psychopathology, of such genetically and en-
vironmentally driven variation in brain struc-
ture and function. Such studies will serve not
only to collect important baseline structural
and functional data during critical stages of
development but also to enable us to disentan-
gle how genetic and environmental factors con-
verge during development to bias brain systems
and, in turn, mediate risk for psychopathology.

With regard to development in general, al-
though age is broadly considered as an index
of development it may also be one of the most
imprecise as it simultaneously serves as an
index of physical maturation, hormonal state,
cognitive level, social circumstances, and life
experiences ~Rutter, Kim-Cohen, et al., 2006!.
It is therefore crucial to attempt to disentangle
which of these features associated with age is
likely to have an influence with respect to the
development of psychopathology. For some
behaviors, this endeavor will be made easier
by a rich research base that can identify spe-
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cific age-related variables crucial for under-
standing the target developmental change and
its relevance in moderating risk or resiliency
for psychopathology. For other phenomena,
and often for brain function in particular, one
will not have the luxury of a rich empirical
database and will have to start with carefully
formulated biologically constrained hypoth-
eses about genetic influences on normal and
abnormal brain function.

There are, of course, some limitations to
this experimental strategy. For example, im-
aging genetics has only been used to observe
the effects of a few polymorphic genes ~or
large chromosomal deletions; e.g., Meyer-
Lindenberg et al., 2005! on brain structure
and function in humans. However, a number
of nonvarying genes are likely to be very im-
portant in initiating developmental cascades
that have profound impact on brain structure0
function and ultimately behavior. Moreover,
our understanding of the timing and biologi-
cal impact of gene expression is conceptually
simplistic and the interacting influences of
other genes as well as environmental factors
on the temporal and spatial patterns of gene
expression is poorly described. At present,
such effects are only tractable in animal mod-
els ~Meaney & Szyf, 2005!. These types of
genetic effects, which we cannot test for in
developmental imaging genetics studies at
the present time, are likely to provide “back-
ground noise” in our assessments of spe-
cific candidate genes and gene–environment
interactions.

Despite the fact that longitudinal develop-
mental imaging data will naturally require con-
certed and protracted efforts and is unable to
study the effects of nonpolymorphic genes on
human brain development, there remains tre-
mendous value in developmental imaging ge-
netics “here and now.” For example, it is of
interest to investigate whether the 5-HTTLPR
effects on the functional connectivity of the
amygdala and pACC can be seen prior to the
maturation of prefrontal cortex in adoles-
cence, a period of increased risk for mood
disorders, and influence temperament in sim-
ilar ways as in adults. Cross-sectional devel-
opmental data would be adequate in initially
addressing this question.

Developmental Imaging Genetics:
Ongoing Investigations

We will briefly describe two of our ongoing
developmental studies in an effort to illustrate
potential applications of translational research
that incorporates a developmental imaging ge-
netics approach to examine the biological path-
ways to normal and pathological behavior.
These two transcontinental studies are aimed
at ~a! identifying pathways to antisocial be-
havior ~AB! and ~b! elucidating an affective
pathway to the development of alcohol use
disorders ~AUDs! emerging in adolescence.

Development of antisocial behavior

Children with early-onset antisocial behavior
are at risk to develop chronic persistent anti-
social behavior during the course of their life-
time ~Eley, Lichtenstein, & Moffitt, 2003!.
Elucidating different developmental path-
ways to persistent antisocial behavior is of
major importance as individuals with early-
onset antisocial behavior are 10 times more
costly to society compared to controls ~Bai-
ley, 2002; Scott, Knapp, Henderson, &
Maughan, 2001!. In this context, the aim of a
developmental imaging genetics approach
would be to increase our understanding of both
the genetic and neurobiological mechanisms
of vulnerability in antisocial children and ul-
timately to identify pathways for the develop-
mental of extreme behavioral problems.

One risk factor that appears to have predic-
tive importance for life-course persistent anti-
social behavior is the presence of callous-
unemotional ~CU! traits ~e.g., lack of guilt
and empathy!. Adult psychopaths ~individuals
with severe overt antisocial behavior coupled
with CU traits! are chronic, versatile, and se-
rious offenders who have early emerging be-
havioral problems ~Hare, Hart, & Harpur,
1991!. Children with early-onset antisocial be-
havior coupled with CU traits are more likely
to persist with antisocial conduct and commit
more serious acts of antisocial behavior than
their antisocial peers with nonelevated levels
of CU traits ~Frick, Cornell, Barry, Bodin, &
Dane, 2003!. We recently demonstrated that
CU traits delineate an etiologically distinct
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subgroup of children with early-onset anti-
social behavior ~Viding, Blair, Moffitt, & Plo-
min, 2005! as indexed by high heritability
estimates of 81% among the AB children with
elevated levels of CU traits compared to only
30% among the AB children without elevated
levels of CU traits ~Viding et al., 2005!. Given
the level of the genetic contribution to AB
with CU traits and the demonstrated impact of
genetic polymorphisms on neural systems sup-
porting affective behaviors ~e.g., 5-HTTLPR
effects on corticolimbic circuitry!, we rea-
soned that there was a high likelihood that
genetically driven biological systems contrib-
ute to the emergence of these traits.

In short, from our work we know that the
AB � CU subtype is likely to be under genetic
mediation, as evidenced by high heritability
and likely involves alterations in the cortico-
limbic circuitry mediating arousal and vigi-
lance. As such, we reasoned that the selection
of candidate genes on the basis of previous
investigations ~e.g., 5-HTTLPR!would poten-
tially help to elucidate genetic moderation of
alterations in this corticolimbic circuitry. Ac-
cordingly, we have undertaken a developmen-
tal imaging genetics project to ~a! document
whether preadolescent children with AB � CU
have distinct corticolimbic dysfunction, ~b!
whether this dysfunction is heritable, and ~c!
what specific genes ~e.g., 5-HTTLPR! can be
found to be associated with this dysfunction.
Our investigation is being conducted in two
steps. First, children with AB � CU ~N � 12!
are being compared to those who have AB
without CU ~N �12! and ability-matched con-
trols ~N � 12!. This will enable us to deter-
mine whether there is unique brain dysfunction
associated with AB � CU, rather than with
AB in general ~we are predicting that amyg-
dala hyporeactivity to others’ distress will be
a unique marker for CU � AB!. We will then
recruit a larger sample of identical and non-
identical twins ~132 twins in total!, in concor-
dant and discordant AB � CU pairs, as well as
control ~unaffected! pairs. This will enable us
to estimate the net contribution of genes gen-
erally as well as candidate polymorphisms
specifically on brain activation differences be-
tween AB � CU and control children ~herita-
bility!. In this initial investigation, children

aged 10 to 11 years are being assessed cross-
sectionally. However, we will follow these chil-
dren longitudinally to see whether the pattern
of amygdala reactivity will predict later anti-
social behavior and whether this is moderated
by CU traits as well as individual experiences
with environmental stressors0precipitators.

An affective pathway for the
development of AUD

AUD is a multifactorial disorder in which the
environment interacts with genetic predispo-
sition to produce the final level of risk ~Schuc-
kit, 1998!. It has been shown that stress and
affective responses to stress, including depres-
sion, influence alcohol drinking, and relapse
~Kreek & Koob, 1998!. Although the relation
between stress and alcohol drinking in hu-
mans ~Pohorecky, 1991! and laboratory ani-
mals ~Pohorecky, 1990! is complex, it is known
that in some individuals increases in alcohol
consumption are associated with stress. Al-
though such stress-induced alcohol drinking
and relapse behavior apparently have a signif-
icant genetic component ~LaForge, Yuferov,
& Kreek, 2000; Wand et al., 2002!, the neuro-
biological pathways underlying stress-induced
alcohol drinking and relapse behavior are still
obscure.

Adolescence is a crucial period for the de-
velopment of affect regulation, affective dis-
orders, and the onset of alcohol use. Although
the relation between major depressive disor-
der ~MDD! and AUD has been widely ob-
served, there is currently little understanding
of the shared etiology and diathesis of these
two disorders, especially their initial emer-
gence during adolescence. As part of our
ongoing developmental work examining de-
pression, we have recently investigated the
emergence of AUD during adolescence among
subjects initially studied in childhood ~10–14
years old! and followed through early adult-
hood ~16–20 years old!. Analyses revealed that
children with MDD as well as high familial
loading for MDD had increased risk for devel-
oping AUD during adolescence in comparison
with children with low familial loading for
MDD. The risk for developing AUD did not
differ between MDD and high familial-load
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children. In addition to group status effects,
age at intake, gender, and follow-up months
were all significant predictors of time to AUD.
Our preliminary data strongly suggest that de-
pression early in life and having high familial
loading for depression significantly increase
one’s risk to develop AUD during adoles-
cence. Coupled with the existing literature,
these preliminary studies converge to high-
light the need to understand the interplay
between genes and environment on the devel-
opment of neurobiological systems in adoles-
cence as they impact one’s risk to develop
AUD.

As a result of our preliminary work, we
have begun a project to disentangle several
critical risk factors involved in the develop-
ment of AUD this is moderated by preexisting
risk for depression. Neuroimaging, neurobe-
havioral, and genetic measures are being used
to achieve this goal and the study design has
three phases. First, adolescents between the
ages of 12 years and 14 years 11 months who
have high ~n � 150! and low ~n � 150! famil-
ial loading for depression are being recruited.
Initial assessments include measures of genes
~primarily 5-HT subsystems like 5-HTTLPR!,
alcohol use, emotional behavior ~depression0
negative affect, temperament!, environmental
stress ~acute0chronic negative parent–child re-
lationships!, and imaging genetics assess-
ments of brain function ~amygdala reactivity
and prefrontal regulatory control!. A second
phase of the proposed research project will
consist of yearly follow-ups of all subjects to
reassess behavior, environmental stress, and
alcohol use outcomes. The final phase of our
project will investigate the relationship of the
development of AUD on neural circuitry cen-
tral to the generation and regulation of arousal
and affect.

Translational aspects of developmental
imaging genetics

Although imaging genetics in and of itself
provides a powerful new approach to the study
of genes, brain, and behavior, its true potential
will only be realized by aggressively expand-
ing the scope and scale of the experimental
protocols within a developmental framework,

especially one that is focused on examining
the developmental origins of behavior and dis-
ease. Although gene effects on brain function
can be readily documented in samples of
adults, the contributions of these genes act-
ing in response to variable environmental pres-
sures across development ~when these systems
are arguably most malleable! must be as-
sessed to understand the biological pathways
that bias behavior and risk for psychiatric ill-
ness. Combining these different strands of
scientific enquiry ~genetic, brain imaging, de-
velopmental, social! in a way that translates
into public health benefits for affected indi-
viduals is in line with the current NIMH re-
search direction ~http:00www.nimh.nih.gov0
strategic0strategicplanmenu.cfm!. Translational
research will be able to capitalize on devel-
opmental imaging genetics findings, and in
the future, we will be able to document what
constitute truly predictive markers for devel-
opmental outcome and disease progression as
well as allow for the early identification of
individuals at greater risk for emotional reg-
ulatory problems that can have long-term
health related implications.

The short-term rewards of a developmen-
tal imaging genetics program are identifying
the contributions of selected genetic, environ-
mental, behavioral, and neurobiological fac-
tors for the emergence of individual differences
in behavior and risk for disease. Although
such short-term rewards can be realized with
cross-sectional data, the long-term rewards of
this approach, and thus the truly translational
aspects of this work, will depend on longitu-
dinal data. With such data we hope to gain
greater understanding of how the genetic and
environmental effects on circumscribed neuro-
anatomical circuits operate across develop-
ment. Consequently, we can better document
crucial time points for providing interven-
tions targeted to specific neural processes.
These interventions can also be tailored to
take into account individual’s genetic and
environmental risk profiles. Thus, for some
cases pharmacological intervention may be
judged most appropriate, whereas for others,
cognitive and behavioral approaches would
be better suited to counter aberrant neural
development.
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Summary

This article has outlined an experimental strat-
egy by which genetic effects on brain function
can be explored using neuroimaging, namely,
imaging genetics. We discussed the effective-
ness of this strategy for delineating biological
pathways and mechanisms by which individ-
ual differences in brain function emerge and
potentially bias behavior and risk for psychi-
atric illness. The main focus of this article
was to highlight the importance of applying
an imaging genetics framework to the study
of psychopathology within a developmental

framework, what we called developmental im
aging genetics. We argued that by beginning
to move toward a systems-level approach to
understanding pathways to behavioral out-
comes, as well as integrating the developmen-
tal angle, we will move closer to understanding
the complexities of the specific mechanisms
involved in the etiology of psychiatric dis-
ease. Numerous challenges lie ahead for de-
velopmental imaging genetics, but we believe
that this approach has potential to yield highly
informative results that will translate to public
health benefits for people with psychiatric
disorders.
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