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Abstract
Objective—To place imaging—genetics research in the context of child psychiatry.

Method—A conceptual overview is provided, followed by discussion of specific research
examples.

Results—Imaging—genetics research is described linking brain function to two specific genes,
for the serotonin-reuptake-transporter protein and a monoamine oxidase enzyme. Work is then
described on phenotype selection in imaging genetics.

Conclusions—Child psychiatry applications of imaging genetics are only beginning to emerge.
The approach holds promise for advancing understandings of pathophysiology and therapeutics.
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Genetics and imaging have the potential to generate fundamental insights on mental illness
pathophysiology. Studies melding these two approaches, through imaging-genetics, are
particularly promising. This report reviews research applications of imaging—genetics in
child psychiatry. The first section provides a brief conceptual overview, delineating the
promise and limitations of imaging genetics and highlighting topics relevant to child
psychiatry. Next, we review findings from studies that begin by selecting specific genes and
then use imaging to relate these genes to brain function and ultimately to clinical
phenotypes. In this section, we discuss two specific genes, focusing in most depth on the
gene for the serotonin-transporter protein. We necessarily focus on this particular narrow
example so that we can illustrate in some depth the complexities that arise when applying
imaging—genetics to child psychiatry. In the final section, we briefly discuss a
complementary approach, which begins by selecting a clinical phenotype and relating it first
to imaging data and then to genes.

Conceptual Overview

The field of “imaging—genetics” emerged over the past decade, motivated by two forces.
The first reflected technical advances, allowing investigation of increasingly large samples.
1,2 The second related to limits in psychiatric genetics and brain imaging research, where
inconsistent findings continue to accumulate regarding genetic or neural correlates of
individual differences in behavior, due to a host of methodologic factors.1:2 This led to
suggestions that current nosology does not reflect accurately pathophysiologic associations
between behavior and either genetics or brain function.2 The imaging—genetics approach
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attempts to capitalize on technical successes in imaging and genetics to quantify precisely
relations among behavior, genes, and brain activity.

In addition to acknowledging the promise of imaging genetics and other translational
approaches, it is important to consider their limitations. Work in other areas of medicine
reveals the slow pace of progress in translational research.3:# Because imaging—-genetics and
other neuroscience-based strategies are relatively new in psychiatry, it will be years, if not
decades, before these techniques produce anything resembling diagnostic tests. However, for
complex syndromes, such as mental illnesses, history shows quicker progress in translational
work on novel treatments than diagnostic tests.3-> Hence, neuroscience-based strategies may
generate ideas for novel treatments relatively soon. For example, imaging—genetics might
identify genes that contribute to anxiety through their effects on amygdala function. ldeas
for novel treatments then might emerge from research in animal models using
pharmacologic or experiential manipulations that affect these genes and their associated
effects on the amygdala.®

Using Imaging Genetics to Understand Pathophysiology

Psychiatric applications of genetics and imaging share the goal of delineating
pathophysiology. Research in both areas seeks to define causal chains of events that
culminate in manifestations of mental illness. Attempts to identify “ultimate causes”
invariably encounter the “chicken-and-egg” problem because behavioral variation reflects
the end result of a complex interplay among factors intrinsic to the individual, such as genes,
factors in the environment, and interactions between the two, each with reverberating impact
on the other. A focus on genetics at least partly solves this problem because scientists have
agreed that genes represent a useful starting point for understanding these chains of events
when genes are studied in isolation and when they are studied in the context of gene-by-
environment interactions.12:6-9 Figure 1 illustrates the framework from which imaging—
genetics arises. Pathophysiology begins with genes and ends with individual differences in
thought and behavior. Between these points, however, the effects of genes emerge through
circuitous paths. Figure 1 shows the target of imaging—genetics: the arrow connecting genes
to measurements of brain structure and function.

Of course, Figure 1 simplifies complex relations. Genes encode neither individual
differences in behavior nor the constructs assessed by imaging; instead, they encode and
regulate protein expression. Thus, the figure spans many complex nested relations: those
connecting genes to proteins, proteins to neurons, neurons to neural systems, and neural
systems to behaviors manifest in the laboratory or brain scanner, before finally manifesting
as individual differences classifiable as mental illnesses. Moreover, further complications
arise through epigenetics, a particular focus in developmental neuroscience. Work in
epigenetics examines how particular deoxyribonucleic acid (DNA) sequences produce
varied proteins under different circumstances, when they interact with the environment or
features of DNA extending beyond nucleic acid sequences. A focus on such processes in
developmental research reflects the view that epigenetics vitally shapes brain development.

The major advance afforded by imaging—genetics lies in its ability to ground research on the
genetic basis of human behavior in the rich context of neuroscience. By integrating findings
from invasive genetic manipulation experiments in animal models with those from
observational work in humans, neuroscience demonstrates how genes affect brain function,
which in turn affects thought and behavior. Studies in animals link genes to mechanisms
instantiated in neural systems, which can then be linked to behavior. As discussed below,
these features might allow integration of imaging with genetics to capture larger genotype—
phenotype correlations than possible in work relating genes to behavior in the absence of
imaging data. Basic-to-clinical translation thereby emerges from work that measures highly
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similar processes and their relation to genes in humans and other species. Neuroimaging
provides psychiatry with heretofore unseen opportunities to assess such highly similar
processes, because processes assessed in humans with imaging are similar to those assessed
with invasive techniques in rodents and nonhuman primates, i.e., current imaging techniques
assess neural system function in humans with resolution comparable to that in many
invasive techniques used in other species. For example, basic work shows that some forms
of stimulus-reinforcement learning, such as fear conditioning and extinction, are mediated
by functional changes in rodent amygdala-based circuitry. Human imaging studies link
individual differences in amygdala function, studied with temporal and spatial resolutions
similar to those in basic work, to large individual differences in fear-related processes,
thereby allowing basic-to-clinical translation.>

Phenotype—Genotype Orientation

Imaging—genetics studies in child psychiatry can be classified based on their starting point.
Using this approach, the current review summarizes recent imaging—genetics findings
organized into two groups.

One set of studies begins with observations on genetic variation, which then are related to
phenotypes; the other set begins with observations on phenotypes, which then are related to
genes. In many instances, these two approaches are complementary, demonstrating
mutually-reinforcing, reverberating research cycles. For example, when classic Mendelian
syndromes are linked to genes, imaging studies then can map relations between variation in
these genes and brain structure or function. This approach is relevant to child psychiatry
because it is used with developmental syndromes, such as Williams and velocardiofacial
syndromes.5-8

Most common pediatric mental illnesses do not exhibit Mendelian inheritance but rather are
viewed as genetically complex phenotypes, potentially arising from small effects of multiple
genes interacting with environmental risks. The current review focuses on imaging—genetics
of these complex phenotypes, which often use tests of genetic association. With this
approach, genetic associations are mapped onto phenotypes derived from brain imaging.

Imaging Phenotypes

Imaging—genetics maps individual differences in the brain using a variety of techniques,
each with unique advantages and disadvantages in terms of safety, applicability, and spatial
or temporal resolution. Functional magnetic resonance imaging (fMRI), structural MRI
(sMRI), and magnetic resonance spectroscopy are particularly relevant to child psychiatry
due to their noninvasive nature.

Functional Magnetic Resonance Imaging—~Functional MRI capitalizes on the fact
that changes in blood flow alter the magnetic susceptibility properties of tissue, and these
changes are detected as a brightening of the fMRI signal. In this way, the brain is armed
with its own endogenous contrast agent that can be used to map the relation between
changes in psychological processes and changes in blood flow.

Considerable methodologic variation exists in fMRI. A frequently employed imaging—
genetics strategy involves selecting a psychological process whose underlying neural
architecture can be mapped. In essence, this approach requires investigators to link
behavioral variation to specific psychological processes that can be engaged reliably in the
fMRI scanner. The main advantage of fMRI for imaging—genetics relates to the technique's
ability to assess brain functions that, when assessed in rodents and nonhuman primates,
show very large associations with behavior. This creates the potential for identifying
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correspondingly large associations between brain functions and individual differences in
behavior and genes.

Structural Magnetic Resonance Imaging—Structural MRI provides images of brain
structures with precise anatomic detail. This allows investigators to quantify the size and
shape of structures with submillimeter resolution. Because SMRI generates such images with
outstanding reliability, the technique is ideally suited for repeated measurements over
development, charting brain growth trajectories. Because more research in pediatric mental
illness relies on sSMRI than fMRI, methods in SMRI have become more standardized. This in
turn has generated more data on heritability in twin samples and far more longitudinal
research in large samples.10

Magnetic Resonance Spectroscopy—Magnetic resonance spectroscopy quantifies
levels of brain chemicals, capitalizing on the fact that distinct chemicals generate unique
magnetic resonance spectra based on their atomic constituents and configuration. Available
magnetic resonance spectroscopic techniques can quantify an important but relatively
limited set of chemicals, which somewhat decreases its applicability, although chemicals
relevant to child psychiatry can be quantified. In imaging—genetics, the only relevant
pediatric study examines associations in obsessive—compulsive disorder (OCD) between
spectra influenced by glutamate and polymorphisms in genes that regulate glutamate
function,!! a finding that may also relate to morphometric abnormalities in OCD.12 Such
findings could be clinically relevant, because work on glutamate generates insights on novel
therapeutics, including in the pharmacologic treatment of pediatric OCD.13 This in turn
illustrates how basic science advances shape therapeutics relatively early in the phase of
basic-to-clinical translation.

Studying Genes and their Association with Brain Function

One set of imaging—genetics studies begin by selecting particular genes and then relating
them to brain function. The present section discusses research in this area. The section
focuses in most depth on a gene for the serotonin-transporter (SHTT) protein but also briefly
discusses a gene for monamine oxidase (MAOQ). Brain-derived neurotrophic factor is another
protein subjected to considerable work in brain development and imaging—genetics.14 This
section does not discuss brain-derived neurotrophic factor or other relevant proteins, due to
space restrictions, coupled with the need to discuss data on at least one particular gene in
some depth. An in-depth discussion is needed to illustrate the complexities in developmental
applications of imaging genetics.

Serotonin-Transporter Polymorphisms

The 5HTT and Behavior—Primates exhibit polymorphisms in the gene for 5SHTT
(SLC6A4), based on the number of variable repeat sequences appearing in the promoter
region of the gene.1:9:15718 In humans, these polymorphisms include short (S) and long
alleles (L), recognized more than a decade ago, as well as more recently discovered long-
allele variants, based on single-nucleotide A—G substitution yielding two variants (Lg and
La). One variant (Lg) behaves physiologically like the S allele, whereas the other (L)
behaves differently from the other two alleles (S and Lg). Relative to the L allele, the S
and Lg alleles are associated with a decreased capacity for serotonin reuptake, the main
function of the SHTT protein.

Many scientists find the 5SHTT alleles to be of considerable relevance for translational
research on developmental psychopathology. Research reliably demonstrates in vitro
functional differences among SHTT alleles that parallel the effects of selective-serotonin
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reuptake inhibitors. This research in turn reliably extends considerable work linking 5HT to
behavior. For example, manipulations of SHTT function in rodents and nonhuman primates
affect behaviors relevant to psychopathology, such as an organism's response to threats or
rewards.? Specifically, at least in rodents, reducing SHTT activity early in life increases
measurements of fear assessed much later in life; this effect does not occur in mature
rodents, thereby linking SHTT, behavior, and development. However, despite agreement on
the importance of studying 5SHTT, disagreement surrounds some aspects of the research.

One area of disagreement concerns the expected magnitude of associations between
SLC6A4 and psychopathology. Initial findings did relate the 5SHTT gene to marked
variations in neuroticism or harm avoidance, and subsequent studies extended the findings to
other phenotypes, including anxiety and major depressive disorders.® However, recent meta-
analyses suggested that associations are weaker than originally thought.® This supports
conclusions in other work noting that genetically complex phenotypes, such as mood and
anxiety disorders, show small associations with individual genes.19-21 Subsequent work then
suggested that large effects manifest in high-stress environments, due to powerful gene-by-
environment interactions.® However, here, too, recent meta-analyses suggested that this may
not be the case.18

Imaging Genetics, Child Psychiatry, and the 5SHTT—Most scientists agree that
major advances can accrue from research in humans that directly links brain function to
genes. Without measurements of brain function, work attempting to link genetically
mediated variation in SHTT function to behavior is not easily integrated with work in
rodents and nonhuman primates, given inadequacies in animal models of psychopathology.
9:19721 Basic-to-clinical translation is easier when it is based on research in multiple
species, each relating the SHTT to amygdala—prefrontal cortex (PFC) function.1:2:5:21 The
advantage of work in this area reflects the fact that highly similar phenotypes can be studied
in different species. This approach is easier to apply for particular phenotypes, such as fear
conditioning or attention orienting,® where data demonstrate similar brain-behavior
associations in rodents, nonhuman primates, and humans. Other phenotypes, such as those
emphasizing data from verbal reports, are less easily applied across species. Moreover, when
comparable phenotypes are studied, invasive experiments in animal models can probe the
manner in which specific polymorphisms shape brain functions studied in imaging. Using
such invasive techniques, neuroscientists can elucidate the manner in which functionality of
polymorphisms maps onto behaviors and brain functions with precision that is not
achievable in less invasive studies performed with humans.

Controversy has arisen about some aspects of SHTT imaging—genetics.19:20:22 Data in
healthy adults link the SLC6A4 genotype to an amygdala—PFC circuit.1:16:17 The most
consistent finding!? is that healthy adults with low-activity variants of the SHTT gene
manifest greater amygdala threat-related reactivity than do those with high-activity variants.
This led to suggestions that relations between the SLC6A4 genotype and diagnosis are weak
because they are indirect and attenuated by diverse sources of noise. It was further suggested
that the association between the SLC6A4 genotype and amygdala—PFC function is more
direct and, hence, stronger. However, there is controversy about the reasonableness of these
suggestions, specifically with regard to the expected magnitude of associations between
genes and imaging.19-22 Initial work suggested the presence of large effects,! but contrary
views suggest that imaging—genetics is vulnerable to similar weaknesses plaguing other
psychiatric-genetics studies.19-23 These weaknesses are attributed to incorrect assumptions
about the simplicity of gene effects on neuroimaging and other neuroscience-based
phenotypes, which may indeed exhibit genetic architectures that are as complex as clinical
phenotypes, yielding small genotype—phenotype associations.
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Clearly, imaging—genetics has promise and complexity, and important work focuses on
structural and functional correlates of genetic variability in amygdala—PFC circuitry. In
research on 5HTT, one set of complexities concerns interpretations of amygdala-activation
data in adults. Initial interpretations emphasized the role of decreased 5HTT function in
threat hypersensitivity, consistent with work in rodents and nonhuman primates showing
that decreased SHTT function produces threat hypersensitivity through effects on the
amygdala.1:9:16 However, initial fMRI findings in humans were open to other
interpretations, in part because fMRI lacks absolute quantification. Thus, for example,
between-group differences in amygdala activity in response to neutral and threatening faces
can reflect increased responses to one stimulus (e.g., threatening faces) or decreased
responses to the other (e.g., neutral faces). Although the initial studies suggested that low-
activity SHTT alleles predict enhanced threat responsiveness, more recent work used
additional fMRI conditions. These more recent studies showed that low-activity SHTT
alleles predict normal amygdala response to threats, in tandem with reduced response to
neutral stimuli, which could explain the previous findings.242%

These new findings generate novel research opportunities and raise questions about the
comparability of imaging—genomic and basic 5SHTT data on threat responding. Development
further complicates interpretations: fMRI data suggest that the amygdala responds more
strongly to threats in adolescents than adults, at least under some circumstances.26
Therefore, although there may be associations between the SHTT genotype and responses to
neutral stimuli in adults, in youth there may be associations between the 5SHTT genotype and
responses to threat stimuli. Work in rodents finds interrelated developmental differences in
amygdala function, response to 5SHTT manipulations, and threat responding.® As a result, it
is important to establish in humans the degree to which the SLC6A4 genotype specifically
affects responding to neutral or emotional stimuli at various ages. Adding yet further
complexity to this emerging set of findings, studies using positron emission tomography find
no relation between the SLC6A4 genotype and in vivo measurements of SHTT binding
potential in adults.2” Although many explanations could produce such unexpected, negative
findings, some suggest that they result from development: effects of genetic variation in
5HTT may shape behavior early in life in ways that are not reflected in adult measurements
of SHTT binding potential.

Other complexities concern the contexts under which amygdala hypersensitivity manifests.
Early interpretations of imaging—genetics 5-HTT data treated amygdala hyperactivity as a
relatively static phenomenon, correlated with genotype. However, amygdala activity is
plastic, changing with the context of experimental tasks.28 Between-group differences in
amygdala function related to anxiety or age only manifest in specific experimental contexts.
26,29 One would expect a similar context dependency on genetic effects.

Ideally, fMRI experiments designed to elucidate associations between amygdala activity and
genetic predictors of psychopathology should use particular tasks. These tasks should be
selected based on their ability to elicit, in studies in patients and healthy subjects, between-
group differences in task performance or autonomic physiology. This approach generates
research that directly links many of the processes depicted in Figure 1. Unfortunately, most
5HTT imaging—genetics work uses tasks that do elicit strong amygdala responses in
subjects, considered as a group, but do not possess such prior knowledge linking neural
system function, behavior in the laboratory, and clinical features. Thus, clinical applicability
is limited in most published work, because it is does not use tasks sensitive to
psychopathology-related perturbations that manifest on the employed cognitive tasks.
Consideration of experimental context appears particularly important in child psychiatry,
given the powerful effects of context on children's behavior and brain function. As such, the
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experimental context ideally suited for eliciting between-group differences in children may
contrast with that ideally suited for adults.

Only one pediatric fMRI study has examined the relation between the SLC6A4 genotype
and amygdala function.3% Unlike prior studies in adults, this study used an experimental task
where prior independent data demonstrated between-group differences in task performance
relevant to mood and anxiety disorders.3! The study then mapped 5SHTT-related associations
with amygdala function under task conditions previously shown to elicit behavioral
differences between controls and adolescents with familial or personal risk for mood and
anxiety disorders.

Figure 2 shows data from two fMRI studies of amygdala function, i.e., the pediatric
imaging—genetics study of the SLC6A4 genotype discussed above,30 and a study on
adolescent anxiety and major depressive disorders.32 Three findings emerged from these
studies. First, as expected, there was an association between enhanced amygdala response
and the low-activity 5SHTT S or Lg alleles in 33 healthy adolescents (Figure 2a). This
occurred specifically when adolescents rated levels of fear experienced while viewing fear
faces. Second, like healthy adolescent carriers of the low-activity 5SHTT alleles, adolescents
with anxiety or major depressive disorders showed a greater amygdala response than did
healthy adolescents while rating fear levels to fear faces (Figure 2b). Third, genetics and
diagnosis interacted: in the 31 psychiatrically impaired adolescents, genetic associations
with amygdala function exhibited an opposite trend in these patients as had manifested in
healthy adolescents (Figure 2a). Thus, individual differences related to genes and to
diagnosis may shape amygdala response to threats in youth.

These two studies may provide important clues on the modulating effects from
psychopathology in imaging—genetics. Few prior fMRI studies in any age group assessed
such modulation by simultaneously studying healthy and impaired subjects. However, given
the small samples and existing complexities, these data should encourage more definitive
studies in larger samples, studied under experimental conditions where links to
psychopathology have been established through independent studies of information
processing.

Monoamine Oxidase A Polymorphism

Monamine Oxidase and Behavior—Although MAO exists as two isoenzymes, this
review focuses on MAO-A, the isoenzyme subjected to imaging—genetics research. The
MAO-A gene, lying on the X chromosome, has functional variants differing in tandem
repeats or single-nucleotide polymorphisms, which exhibit functional differences in vitro.
33-37 Because MAO-A catabolizes the monoamines, dopamine, noradrenaline, and
serotonin, MAO inhibition raises monoamine levels, which enhances activity in these
neurotransmitter systems and modulates development. Effects on brain function from the
specific functional MAO-A-gene variants are expected to influence behavior through
genetic effects on monoamines, with reverberating effects on the brain acutely and
chronically during brain development.

More than 50 years of research implicates MAO-A inhibition in behavioral and mood
regulation. Interest grew after the discovery of a Dutch family in which male carriers of an
MAO-A gene deletion exhibited a complex psychiatric phenotype with intellectual disability

and impulsive aggression.34 A similar phenotype emerged in the MAO-A knockout mouse.
33

These initial genetic findings implicated developmental factors, based on the early
emergence of aggressive behavior in the above-noted Dutch family and based on
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demonstrable effects of MAO-A inhibition on brain development in the knockout mouse.
This work generated early interest in gene—behavior associations. However, as with the
5HTT gene, particular interest emerged in examining how the environment interacts with the
MAO-A gene. Although gene-association studies implicated MAO-A in various human
behaviors,3°-37 perhaps the most consistent findings emerged for aggressive behavior, where
early maltreatment predicted high risk in male carriers of low-expression MAO-A alleles.36
Evidence seems to support this gene-by-environment interaction more unequivocally than
for the SHTT gene.3’

Recent attempts to extend this work focused on research with girls and intermediate
phenotypes. For example, a recent study found that prenatal nicotine exposure, a
pharmacological/environmental risk factor for aggression, interacted with the MAO-A gene
to predict adolescent antisocial behavior in unique ways in boys and girls.38 Boys exposed
to prenatal nicotine showed the highest risk for antisocial behavior in the presence of low-
activity MAO-A alleles, whereas girls showed the opposite pattern. This study also
demonstrated gene-by-environment interactions for an alternative phenotype, face-emation
labeling, where data exist concerning the underlying mediating neural circuitry. As such, the
work naturally raises questions about mediating neural circuitry, as can be addressed
through genetic-imaging. Moreover, the findings raise particular questions about how
events occurring early in development might modify neural circuit ontogeny through
interactions with genes.

Imaging, Genetics, and Monamine Oxidase A—Questions on neural mediators have
been addressed through imaging—genetics studies. Indeed, considerable cognitive
neuroscience work generates paradigms well suited for explorations of the underlying neural
circuitry of gene—behavior associations manifest in work with MAO-A. So far, imaging—
genetics MAO-A studies only involve adults, where they report evidence of associations
between genotype and prefrontal function. The largest set of studies?:39 examined MAO-A
gene effects on social-emotional function, emotional memory, and inhibition. Predicted
frontal and subcortical brain regions showed activation patterns that differed between
individuals possessing the low- and high-expressing MAO-A variants, with findings being
moderated by sex and temperament. Further imaging—genetics work on temperament and the
MAO-A gene could bring a developmental focus to imaging—genetics in this area, as already
is emerging in work on the 5SHTT gene.

Studying Phenotypes and their Relation to Genes

Selecting Phenotypes

Although one set of studies begins by selecting genes, another set begins by selecting a
phenotype. In this second approach, the phenotype is then related to brain structure or
function before being related to genetic variation. In these studies, selection of the
phenotype is a starting point and is a crucial element of the research design. Indeed, recent
work focuses considerable attention on alternative phenotypes.

The most straightforward approach relies on diagnoses, but it has disadvantages, because
diagnosis is unlikely to map onto dysfunction in specific brain circuits. Moreover, this
categorical approach possesses less statistical power than approaches using dimensions.
Thus, alternative phenotyping approaches have characterized patients with bipolar disorder
(BD) according to age of onset; those with autism by severity of language impairment; and
those with attention-deficity/hyperactivity disorder (ADHD) or BD by level of impulsivity.
40-43 This work can be readily extended through imaging—genetics. For example, a genetic
fMRI study on autism and language impairment could link neural activation during a
language-based task to relevant polymorphisms.
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Another approach relies on behaviors measured with laboratory-based paradigms, as in the
above-noted work on the MAO-A gene, prenatal cigarette exposure, and face-emotion
processing. When such behaviors are heritable, state independent, and associated with
iliness, they are called endophenotypes.*4 Examples include delayed motor inhibition in
ADHD, deficits in prepulse inhibition or anti-saccades in schizophrenia,*6 and deficits in
face-emotion labeling or sustained attention in BD.4”:48 Compared with clinical phenotypes,
such endophenotypes are more easily linked to brain function, particularly when they
examine behaviors that also can be modeled in experimental organisms.

Phenotypes, Genetics, and Child Psychiatry

Few imaging—genetics studies in child psychiatry begin by selecting a phenotype; indeed,
the number of such studies in psychiatry generally is small. Considerable more imaging—
genetics work is needed that selects multiple clinical groups and nonimpaired subjects and
then examines relations in each group between genes and brain imaging measurements. In
this section, we provide examples in ADHD, autism, and BD. In each instance, investigators
used diagnasis as the inclusion criterion and then examined associations between genotype
and structural or functional imaging measurements. As more studies use approaches to link
distinct diagnoses to measurements of brain function and then genes, future reviews on child
psychiatry imaging—genetics will be able to summarize the manner in which gene-brain
relations vary by clinical groupings.

In child psychiatry, the largest number of genetic—imaging studies focus on ADHD, where
four structural and one functional study currently exist.*® Each study first linked ADHD to
imaging measurements, which in turn were then linked to dopamine genes. This is a
reasonable starting point for such work, given dopamine's role in ADHD pathophysiology
and treatment. One study used a longitudinal approach to show that, in the dopamine D4
receptor gene, the dopamine D4 receptor seven-repeat allele was associated with thinner
prefrontal and parietal cortices and better outcome in patients with ADHD.9 There were no
associations with polymorphisms in the dopamine Dy receptor or dopamine transporter
(DAT1) genes.

Durston et al.?1:52 conducted functional genetic—imaging research on ADHD, focusing on
the DAT1 gene in youth with ADHD, their unaffected siblings, and controls. The
investigators tested two hypotheses: that during a cognitive control task, the impact of the
DAT1 genotype on striatal and cerebellar activation would mirror that of methylphenidate;
and that genotype would have a differential impact on activation in those with a familial risk
for ADHD versus low-risk controls. They found that, across groups, striatal and cerebellar
activation varied as a function of genotype, although genotype had a more significant impact
on activation in subjects at risk for ADHD than in low-risk individuals. These data suggest
that striatal dysfunction mediates genetic risk for ADHD, conferred at least partly by DAT1
genotype.

Fewer studies examine autism than ADHD. Nevertheless, considerable imaging work more
broadly examines brain size. Wassink et al.53 drew on this literature and studies on 5HT by
examining associations between cortical gray matter and SLC6A4 genotype. They found an
association between the SHTT short allele and increased cortical gray matter, particularly in
the frontal lobes.

In BD, several candidate behavioral endophenotypes have been suggested, including deficits
in face-emotion labeling. Coupling this line of research with studies on amygdala response
to face-emotion tasks in BD, Liu et al.54 used a genome-wide association scan (GWAS) to
examine genetic associations with amygdala activation in healthy youth and those with BD.
Few studies have coupled GWAS with fMRI;%° such a strategy obviates candidate genes
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but, given the multiple statistical tests employed, ideally should involve a large sample. Liu
et al. found an impact of polymorphisms in the gene DOKS5 (rs2023454), a substrate of
TrkB/C receptors involved in neurotrophin signaling, on amygdala activation while subjects
rated their emotional response to neutral faces. The impact of genotype was nonsignificantly
greater in patients than in controls. Given the small sample of this study, these results should
be considered preliminary.

This work on GWAS addresses limitations in candidate-gene association studies, such as
those reviewed above for the SHTT and MAO-A gene. Compared with such studies, GWAS
examines relatively broad features of the genome. Moreover, as with GWAS, molecular
geneticists currently use other rapidly developing techniques to probe functions manifesting
across the entire genome as opposed to within particular genes. This includes work on copy
number variants, noncoding ribonucleic acid variation, DNA methylation, epistasis, and
other related features.56 As it continues to expand, such work is likely to be highly relevant
to imaging—genetics research in child psychiatry, because brain development might be
shaped by the effects of these broadly influential genetic processes. Nevertheless, as of this
writing, no imaging—genetics research in child psychiatry adopts these genetic approaches.

Imaging genetics has emerged as a technique that combines genetics and imaging to
generate insights on pathophysiology. The main advantage afforded by the technique
pertains to its reliance on noninvasive methods to assess processes in humans that are
examined using more invasive methods in rodents and nonhuman primates. This provides
scientists with heretofore unseen opportunities to directly link genes to neural systems from
a mechanistic point of view. These opportunities then can be translated to generate insights
pertinent to mental illness biomarkers.

The review discusses a range of imaging—genetic approaches and related findings as
generated with diverse techniques. Nevertheless, the review focuses in most depth on one
particular set of examples emerging from imaging—genetics research on 5HT and its relation
to amygdala function. This focus reflects the large body of imaging—genetics and basic work
devoted to related topics, coupled with the fact that the early, limited applications of child
psychiatry imaging—genetics consider these issues in most depth. The complexities of
findings in this area demonstrate the need for a deep, precisely articulated, cross-species
perspective, whereby scientists work in tandem with multiple species to model gene—brain—
behavior associations at particular points in development. Such an approach necessitates a
focus on measurements, such as fear conditioning or attention orienting, which exhibit
cross-species comparability in terms of the underlying circuitry and its relation to behaviors
that can be quantified in laboratory-based studies in diverse species.

The reviewed findings demonstrate the early stage of imaging—genetics research in child
psychiatry. Given this early stage, it is likely to be many years before imaging—genetics
findings directly shape views of diagnosis or classification. Nevertheless, other work in
translational medicine suggests that imaging—genetics research could influence clinical care
in the not-so-distant future. Specifically, much like work on basic mechanisms of
pathophysiology for other illnesses, imaging—genetics research in child psychiatry may
generate novel mental illness treatments relatively soon.
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FIGURE 1.

Conceptual framework from which imaging—genetics emerges. Note: This framework views
pathophysiology as beginning in processes depicted in the upper left-hand corner. These
processes then lead to influences on neurons, depicted in the upper right-hand corner, neural
systems, as depicted in the middle box, and their relations to behaviors expressed in the
laboratory, before manifesting as clinical features, as appears in the lower right-hand side.
These constructs are connected by multiple, complex, nested relationships. The figure
illustrates key processes connecting the constructs, including gene regulation, individual
neuron formation, neural system configuration, and engagement of specific neural systems
through imaging tasks that present emotional faces to children. Imaging—genetics research
focuses relatively narrowly on the arrow connecting the upper left-hand portion of the figure
to the middle box, connecting genes to constructs assessed through imaging.
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FIGURE 2.

5-HTT imaging—genetics in adolescents. Note: Illustrated are findings from two studies on
relations among amygdala function, 5-HTT genotype, and developmental psychopathology.
Amygdala topography is displayed on the left-hand side, in an axial slice. (a) Data from an
imaging—genetics study in adolescents.30 Levels of amygdala activation are shown for six
groups, comprising three groups of healthy adolescents on the left-hand side and three
groups of patients with anxiety disorders or major depressive disorder (MDD) on the right-
hand side. Each of these three groups is formed based on the level of 5-HTT function (low
[S, S], medium [S, L], high [L, L]) associated with the three genotypes, with Lg and S
carriers being classified together. These data are for an functional magnetic resonance
imaging (fMRI) contrast of fear-face—viewing events, viewed while fear levels are rated
compared with a low-level, null-event baseline. Amygdala activity in healthy subjects is
highest for the SS/SL¢ low-activity-allele group, whereas amygdala activity in patients is
highest for the high-activity La/L allele group. (b) Data from an imaging study focused on
adolescent psychopathology,2? which includes the subjects shown in panel a. Levels of
amygdala activation are shown in healthy adolescents, nonanxious adolescents with MDD,
and euthymic adolescents with anxiety for a contrast of fear-face—viewing events, viewed
while fear levels are rated compared with events where these same faces are passively
viewed. Anx = anxiety.
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