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        Rather than resolving the classic debate of nature 
versus nurture, advances in developmental psy-
chopathology have illuminated the complex 
interactions between nature and nurture across 
development. The transactional model of devel-
opment highlights the interdependent nature of 
these interactions; the model proposes that devel-
opment is the product of reciprocal interacting 
infl uences between the child and environment 
over time (Sameroff,  2010 ). The complexity of 
these interactions at the biopsychosocial level is 
delineated in Gottlieb’s theory of probabilistic 
epigenesis (Gottlieb,  2007a ,  2007b ). Rejecting 
the traditional notion that genes lead to psycho-
logical or behavioral outcomes in a unidirectional 
fashion, Gottlieb argued that the environment 
also alters gene expression and that gene– 
environment interactions are fundamental to 
understanding development. 

 Within this framework, the fi eld that encom-
passes the neuroscience of developmental psycho-
pathology must consider the bidirectional 
infl uences between genes, brain, behavior, and 
environment. Genes code for the synthesis of pro-
teins that then infl uence brain development, orga-
nization, structure, and function. However, the 
environment also infl uences neural development 
and alters the infl uence of genes through epi-
genetics (Meaney,  2010 ), a set of biological mech-

anisms that permit the  environment to modify 
gene expression. Importantly, the brain is at the 
intersection of many of these genetic and environ-
mental  infl uences on mental health outcomes and, 
as a mediator of these reciprocal interacting infl u-
ences, provides a unique window into the develop-
ment and treatment of psychopathology (Cicchetti 
& Dawson,  2002 ; Hariri & Weinberger,  2003 ; 
Hyde, Bogdan, & Hariri,  2011 ; Monk,  2008 ). 

 Throughout this chapter, we emphasize that 
the inclusion of the brain as a level of analysis in 
conjunction with genetic, epigenetic, and envi-
ronmental measures can provide important 
insights into the development of psychopathol-
ogy and contribute to the development and test-
ing of novel treatments. In order to illustrate 
the importance of considering brain function in 
developmental psychopathology research, we 
focus our review on two types of psychopathol-
ogy: anxiety disorders and autism spectrum dis-
order (ASD). These disorders share common 
abnormalities in emotion processing and are both 
associated with alterations in neural circuitry 
related to emotion processing and regulation 
(Monk,  2008 ). Anxiety disorders encompass a 
range of conditions characterized by excessive 
fears or anxiety such as social anxiety disorder, 
which involves excessive anxiety in social situa-
tions. ASD is characterized by social interaction 
defi cits, language and communication impair-
ment, and stereotyped or repetitive behaviors. As 
we will discuss, some evidence suggests it may 
also be associated with heightened anxiety in 
response to social stimuli. We begin with a brief 
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review of the current state of knowledge regard-
ing abnormalities in brain function in anxiety dis-
orders and ASD. We then discuss how this 
knowledge of brain abnormalities can be com-
bined with genetic, epigenetic, and treatment 
research to increase progress in our understand-
ing of the development and treatment of these 
disorders. 

    The Role of the Amygdala 
and Ventral Prefrontal Cortex 
in Anxiety Disorders and ASD 

 Anxiety disorders and ASD are associated with 
abnormal activity in multiple neural regions, 
including the amygdala and ventral prefrontal 
cortex. These two regions are implicated in face 
processing, social cognition, and emotion pro-
cessing (Adolphs,  2010 ). The amygdala is a 
bilateral structure located deep inside the brain, 
and the ventral prefrontal cortex encompasses the 
lower portion of the prefrontal cortex (above it is 
the dorsal prefrontal cortex). The amygdala is 
involved in the experience of anxiety and fear 
and may be more broadly involved in detecting 
any positively or negatively valenced social stim-
uli in the environment. The ventral prefrontal 
cortex is associated with a range of functions 
related to receiving and interpreting signals from 
other brain regions about conditions in the exter-
nal environment and internal psychological 
states. In addition, the ventral prefrontal cortex 
can modify or inhibit responses in other regions 
in order to allow an individual to fl exibly respond 
to current contextual or task demands. 

 The amygdala and ventral prefrontal cortex 
communicate with one another through recipro-
cal connections that allow for neural signaling 
between the regions. Signals from the amygdala 
to the ventral prefrontal cortex can communicate 
information regarding the emotional signifi cance 
of stimuli, whereas signals from the ventral pre-
frontal cortex to the amygdala can modify amyg-
dala activation (Ghashghaei, Hilgetag, & Barbas, 
 2007 ; Sarter & Markowitsch,  1984 ; Ray & Zald, 
 2012 ). Research from animal models and human 

neuroimaging data suggests that the ventral 
 prefrontal cortex plays an important role in emo-
tion regulation by regulating amygdala activity via 
signals to the amygdala that inhibit activation. The 
dorsolateral prefrontal cortex may also be involved 
in emotion regulation, but because it has fewer 
direct connections to the amygdala, its role in 
emotion regulation is likely mediated through the 
ventral prefrontal cortex (Ray & Zald,  2012 ). The 
ventral prefrontal cortex can be further divided 
into subregions including the orbitofrontal cor-
tex, the ventromedial prefrontal cortex, the ven-
tral anterior cingulate cortex, and the ventrolateral 
prefrontal cortex. These regions can be associ-
ated with different cognitive functions depending 
on the tasks that participants perform while 
undergoing scanning, but frameworks have sug-
gested that medial regions (the ventromedial pre-
frontal cortex, the subgenual anterior cingulate 
cortex, and the medial orbitofrontal cortex) may 
be involved in more automatic processes (e.g., 
generating expectations of reward or punishment, 
fear extinction) whereas lateral regions (the ven-
trolateral prefrontal cortex and lateral orbitofron-
tal cortex) may be more involved in voluntary 
processes (e.g., inhibiting prepotent responses, 
voluntarily controlling attention) (Phillips, 
Ladouceur, & Drevets,  2008 ; Ray & Zald,  2012 ). 
Because both automatic and voluntary emotion 
regulation processes involve regulation of the 
amygdala by the ventral prefrontal cortex, abnor-
malities in this circuitry likely play an important 
role in psychopathology characterized by distur-
bances in emotion regulation such as anxiety dis-
orders and ASD. It has been proposed that there 
exists a further subdivision within the ventrome-
dial prefrontal cortex: the posterior region of the 
ventromedial prefrontal cortex is posited to be 
involved in amplifying negative affect and amyg-
dala response, whereas more anterior regions are 
involved in inhibiting amygdala response and 
reducing anxiety (Myers- Schulz & Koenigs, 
 2012 ). Thus, psychopathology characterized by 
disturbances in emotion regulation may refl ect a 
combination of under- regulation of negative 
affect and amplifi cation of negative affect by dif-
ferent prefrontal regions. 
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    Examining Neural Activation and 
Functional Connectivity with fMRI 

 Functional magnetic resonance imaging (fMRI) 
is a tool to probe brain function in vivo and can 
be used to relate neural function to specifi c cog-
nitive and emotional tasks performed during 
scanning. FMRI relies on measuring changes in 
oxygenated blood fl ow as an indirect measure of 
neural activity in the brain. In addition to the 
advantage of providing indirect measurement of 
neural activity, fMRI has good spatial resolution 
and the ability to examine activation in subcorti-
cal regions that cannot be localized through other 
methods such as electroencephalography (EEG). 

 One analytic approach of fMRI is functional 
connectivity, which is used to examine the corre-
lation in activation across regions. If two regions 
show correlated increases and decreases in activ-
ity across a task, it is said that they demonstrate 
functional connectivity. Such fi ndings would be 
consistent with the concept that the regions are 
interacting during the performance of the task. As 
highlighted in the conceptual framework above, 
understanding how neural regions communicate 
with one another will likely be crucial to fully 
understanding abnormal neural function in psy-
chopathology. However, it is important to note 
that functional connectivity is limited in that it 
does not directly assess neural signaling and can-
not be used to determine whether signals between 
regions are excitatory or inhibitory. Additionally, 
as with all correlational research, direction of 
causation (i.e., whether one region is modifying 
activity in the other or vice versa) cannot be 
determined. Despite these limitations, functional 
connectivity analyses can provide important 
information regarding differences in the strength 
of connectivity between regions such as the ven-
tral prefrontal cortex and amygdala in patient and 
typically developing populations. This knowl-
edge can be used in the context of research with 
animal models that can more invasively examine 
structural and functional connectivity, and in the 
context of the tasks performed in fMRI experi-
ments, in order to draw inferences regarding the 
functional consequences of differences in con-
nectivity strength between patients and controls. 
In the following sections we briefl y discuss 

fMRI research that has characterized prefrontal 
 cortex-amygdala circuitry in anxiety disorders 
and ASD. For more extended reviews, see Monk 
( 2008 ), Pine ( 2007 ), and Philip et al. ( 2012 ).  

    Theoretical Considerations for 
Developmental Neuroimaging 
Research 

 Three general theoretical principles have been 
put forth for examining development with fMRI 
(Johnson, Halit, Grice, & Karmiloff-Smith, 
 2002 ). First, rather than the notion that develop-
ment may refl ect the maturation of one area spe-
cialized for one cognitive process, current 
research suggests that development also refl ects 
the reorganization and integration of activity 
across distributed networks of regions. Thus, it is 
necessary for researchers to examine how the 
connectivity across different regions changes 
over development. 

 Second, the regions associated with a cogni-
tive task in adults may not correspond to the 
regions recruited by children or adolescents dur-
ing the same task, either because the participants 
use different strategies or because the functional 
organization of neural networks differs from that 
of adults. Therefore, rather than extrapolating 
fi ndings from fMRI studies in clinical adult sam-
ples, it is necessary to conduct research with pedi-
atric samples if we are interested in answering 
questions about how psychopathology develops. 

 Third, in line with Gottlieb’s probabilistic epi-
genesis, theoretical views of the role of neural 
development in psychopathology must move 
beyond a unidirectional infl uence from brain to 
psychopathology and consider that the environ-
ment and behavior (such as symptoms or abnor-
mal cognitive patterns) can also infl uence the 
neural activity observed when scanning clinical 
populations.  

    Prefrontal-Amygdala Function 
in Anxiety Disorders 

 One of the most consistent fi ndings in clinical 
neuroimaging is that anxiety disorders are 
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 associated with heightened amygdala activation 
to threatening stimuli, such as fearful or angry 
faces, both in children and adolescents (Guyer 
et al.,  2008 ; McClure, Monk, et al.,  2007 ; Monk 
et al.,  2008 ; Thomas et al.,  2001 ) and in adults 
(Etkin & Wager,  2007 ). Moreover, there is 
increasing evidence for altered ventral prefrontal 
cortex activation and connectivity with the amyg-
dala in youth with anxiety disorders (Guyer et al., 
 2008 ; McClure, Monk, et al.,  2007    ; Monk et al., 
 2006 ,  2008 ) and adults with anxiety disorders 
(e.g., Etkin, Prater, Hoeft, Menon, & Schatzberg, 
 2010 ), consistent with the hypothesis that ventral 
prefrontal regulation of the amygdala may be 
weaker and amplifi cation of negative affect may 
be stronger in anxiety disorder patients. Because 
the amygdala is associated with arousal and the 
experience of fear, reduced regulation from the 
prefrontal cortex to the amygdala may relate to 
the cognitive and emotional biases posited to 
contribute to the development and maintenance 
of anxiety disorders, including increased fear 
conditioning and diffi culty extinguishing condi-
tioning, heightened attention to threat, and inter-
pretation of ambiguous stimuli as threatening 
(Britton, Lissek, Grillon, Norcross, & Pine,  2011 ; 
Daleiden & Vasey,  1997 ). 

 Developmental frameworks suggest that the 
transition to adolescence and the adolescent 
period may involve heightened risk for the devel-
opment of affective disorders because the bal-
ance between amygdala and prefrontal cortex 
activity is still in fl ux (Casey, Jones, & Hare, 
 2008 ; Steinberg et al.,  2006 ). Specifi cally, 
research examining the function and the structure 
of the prefrontal cortex (including both the vol-
ume of gray matter and the volume of white mat-
ter, representing long-range connections with 
other regions) has indicated that this region and 
its connections may develop along a relatively 
protracted time course across the period of child-
hood through adolescence and into adulthood 
(Giedd & Rapoport,  2010 ; Gogtay et al.,  2004 ; 
Hare et al.,  2008 ; Monk et al.,  2003 ; Rubia et al., 
 2000 ; Yurgelon-Todd & Killgore,  2006 ). During 
this time, the amygdala may be relatively 
 under- regulated, creating a risk for disturbances 
in emotion processing. An important point for 

developmental psychopathologists is that this 
may also be a sensitive period for environmental 
infl uences on the development of this circuitry 
and potentially a window for intervention. 
Understanding genetic and epigenetic infl uences 
on this neural circuitry across the child and ado-
lescent developmental periods as well as how 
treatments during these periods alter this circuitry 
may have the potential to improve preventions 
and treatments for these disorders, with poten-
tially long-lasting results.  

    Prefrontal-Amygdala Function 
in Autism Spectrum Disorders 

 Although many have suggested that the socio- 
emotional impairments of ASD are related to 
abnormal amygdala function (Dawson et al., 
 2005 ; Schultz,  2005 ), the results of fMRI studies 
have been inconsistent regarding the nature of 
this dysfunction. Many studies have found 
decreased amygdala activation in individuals 
with ASD relative to controls (e.g., Ashwin, 
Baron-Cohen, Wheelwright, O’Riordan, & 
Bullmore,  2007 ; Baron-Cohen et al.,  1999 ), 
whereas others have found evidence for amyg-
dala hyperactivation in ASD (Dalton et al.,  2005 ; 
Kliemann, Dziobek, Hatri, Baudewig, & 
Heekeren,  2012 ; Kleinhans et al.,  2009 ; Monk 
et al.,  2010 ; Weng et al.,  2011 ). 

 Whether individuals with ASD exhibit amyg-
dala hypo-activation or hyperactivation to social 
stimuli relative to controls may depend on the 
type of task used during fMRI scanning. Studies 
that found amygdala hypo-activation in ASD 
generally used relatively long presentation times 
of face stimuli. In contrast, those utilizing brief 
presentation times and behavioral tasks to verify 
that subjects were attending to the stimuli pro-
duced evidence for amygdala hyperactivation in 
ASD (Monk et al.,  2010 ; Weng et al.,  2011 ). 
Because individuals with ASD attend away from 
faces (Klin, Jones, Schultz, Volkmar, & Cohen, 
 2002 ), studies with long presentation times afford 
participants the opportunity to attend away from 
faces in the scanner, resulting in amygdala hypo- 
activation due to reduced attention toward the 
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stimuli. In contrast, studies with brief stimulus 
presentation times minimize differences in atten-
tion between participants with ASD and controls, 
producing evidence of amygdala hyperactivation 
to faces. In line with this, an fMRI investigation 
that incorporated eye tracking found a correlation 
between the amount of time spent fi xating on 
eyes and amygdala activation in individuals with 
ASD (Dalton et al.,  2005 ). Similarly, in a study 
that manipulated participants’ initial fi xations on 
either the eye or mouth region, participants with 
ASD showed heightened amygdala response 
when fi xating the eyes relative to controls 
(Kliemann et al.,  2012 ). Based on these results, 
we suggest that individuals with ASD avoid 
social stimuli because these stimuli induce over-
arousal, indexed by amygdala hyperactivation 
(Dalton et al.,  2005 ; Joseph, Ehrman, McNally, 
& Keehn,  2008 ; Kliemann et al.,  2012 ; Kliemann, 
Dziobek, Hatri, Steimke, & Heekeren,  2010 ; 
Monk et al.,  2010 ; Neumman, Spezio, Piven, & 
Adolphs,  2006 ; Weng et al.,  2011 ). Reduced 
attention to social stimuli over the course of 
development could prevent infants and young 
children with ASD from acquiring the same level 
of social experiences as typically developing 
children, which could lead to a cascade of abnor-
mal development of regions associated with 
social processing. 

 Some research has also detected abnormal 
ventral prefrontal cortex activity or ventral pre-
frontal cortex-amygdala connectivity in indi-
viduals with ASD (Dalton, et al.,  2005 ; Monk 
et al.,  2010 ; Swartz, Wiggins, Carrasco, Lord, & 
Monk,  2013 ). For example, Swartz et al. ( 2013 ) 
found evidence for reduced ventromedial pre-
frontal connectivity with the amygdala while 
youth with ASD viewed sad faces, as well as 
heightened amygdala response in the ASD 
group. Therefore, initial evidence suggests that 
amygdala hyperactivation in ASD may be the 
result of or compounded by altered prefrontal 
connectivity. 

 ASD emerges much earlier than anxiety 
 disorders, typically before age 3, sparking 
increased interest in examining neural develop-
ment across infancy and early childhood as well 

as at later ages (Giedd & Rapoport,  2010 ; 
Courchesne et al.,  2007 ). However, because very 
young children cannot typically perform task-
based fMRI studies, much of this research has 
examined changes in brain structure. Overall, 
there is evidence for an altered trajectory of 
brain development characterized by increased 
brain volume, including the amygdala and pre-
frontal cortex, in infancy and early childhood 
compared to typically developing controls and 
then decreases in volume later in development, 
often resulting in smaller volumes of brain struc-
tures such as the amygdala in adolescents and 
adults with ASD compared to controls 
(Courchesne et al.,  2007 ; Schumann et al.,  2004 ). 
A key theme emerging from this research is that 
ASD is associated with differences in the timing 
and trajectory of brain development. For exam-
ple, Carmody and Lewis ( 2010 ) found that 
young children with ASD showed overdevelop-
ment of white matter in the medial prefrontal 
cortex and underdevelopment of white matter in 
the left temporoparietal junction, a region 
 associated with the development of self- 
representation in typically developing children 
(Lewis & Carmody,  2008 ). Moreover, degree of 
deviation from typical levels of development 
associated with ASD symptoms. In older chil-
dren and adolescents, fMRI research has sug-
gested that amygdala activation to emotional 
faces may decrease with age (   Weng et al.,  2011 ). 
Further research will be necessary to examine 
how prefrontal cortex-amygdala connectivity 
changes with age and whether this developmen-
tal pattern relates to changes in ASD symptoms 
across childhood and adolescence. 

 Having outlined the current state of research 
on brain function in anxiety disorders and ASD, 
we now consider how neuroimaging may be used 
to further our understanding of the development 
and treatment of psychopathology. We focus on 
three specifi c examples: imaging genetics, imag-
ing epigenetics, and treatment studies. These 
examples are not meant to be exhaustive, but 
rather to illustrate various areas in which neuro-
imaging research can help achieve advances in 
this fi eld.   
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    The Brain as a Mediator of Genetic 
and Epigenetic Infl uence on the 
Development of Anxiety Disorders 
and ASD 

    Genes and Gene × Environment 
Interactions in Anxiety Disorders 

 Investigators have examined the relation between 
a number of different gene variants and anxiety 
disorders, but some of the most studied genes are 
those regulating serotonin (5-hydroxytryptamine; 
5-HT) levels in the brain. Serotonin-related genes 
have been considered important candidates 
when investigating anxiety disorders for several 
reasons. First, serotonin is a neurotransmitter 
involved in signaling and modulating the signals 
between different neural regions, including the 
ventral prefrontal cortex and amygdala (Nordquist 
& Oreland,  2010 ; Pinto & Sesack,  2003 ) which, 
as we have discussed above, have been shown to 
function abnormally in anxiety disorders. Second, 
a fi rst-line pharmacological treatment for anxiety 
disorders is a class of medications called selec-
tive serotonin reuptake inhibitors (SSRIs), which 
affect serotonin levels in the brain. Thus, sero-
tonin may play a key role in the development of 
anxiety disorders. 

 Serotonin levels within the brain are infl u-
enced by genetic variation. Serotonin is released 
into the synapse to signal other neurons and after-
wards must be cleared from the synapse by sero-
tonin transporters, which reuptake serotonin back 
into the presynaptic neuron. The rate at which 
serotonin is cleared from the synapse can infl u-
ence the strength and duration of serotonin sig-
naling (Daws & Gould,  2011 ). The amount of 
serotonin transporters available for this process is 
regulated by the serotonin transporter gene. 
Genetic variation in the promoter region for this 
gene, referred to as the serotonin transporter- 
linked polymorphic region (5-HTTLPR), results 
in two common functional variants. The variant 
with the short allele leads to less effi cient 
 transcription and therefore reduced availability 
of the serotonin transporter, whereas the long 
allele is associated with increased transcriptional 

effi ciency. There are also two variants of the long 
allele, one of which appears to behave similarly 
to the short allele (Hu et al.,  2006 ). Therefore, we 
will use the terms  low-expressing  allele to refer to 
the variants that result in decreased serotonin 
transporter expression and  high-expressing  allele 
to refer to the variant associated with increased 
serotonin transporter expression. Although we 
focus on the 5-HTTLPR in our review, other 
genes implicated in serotonin signaling, such as 
genes regulating serotonin receptor levels, have 
also been implicated in the development of 
 anxiety disorders. 

 Some research has linked the low-expressing 
alleles of the 5-HTTLPR to increased risk for 
being high on anxiety-related personality traits 
such as neuroticism (Lesch et al.,  1996 ), although 
this link is not always consistent (Munafo et al., 
 2009 ). A meta-analysis also revealed a moderate 
effect size for the low-expressing allele on atten-
tion bias for threat, which is a cognitive pattern 
frequently associated with anxiety disorders 
(Pergamin-Hight, Bakermans-Kranenburg, van 
Ijzendoorn, & Bar-Haim,  2012 ). 

 There has also been support for the involve-
ment of the 5-HTTLPR in gene × environment 
interactions on the development of anxiety disor-
ders or anxiety-related traits including the inter-
action between 5-HTTLPR and low social 
support on the development of PTSD after a hur-
ricane (Kilpatrick et al.,  2007 ), low family social 
support on behavioral inhibition in middle child-
hood (a temperamental pattern associated with 
anxiety disorders) (Fox et al.,  2005 ), and child 
maltreatment on anxiety sensitivity (Stein, 
Schork, & Gelernter,  2008 ). In all of these cases, 
the risk allele of the genotype (the low- expressing 
allele) is only associated with the development of 
psychopathology or personality traits associated 
with risk for psychopathology under conditions 
of environmental risk. In contrast, proponents of 
a differential susceptibility theory have sug-
gested that the low-expressing allele of the 
5-HTTLPR and other “risk-related” gene vari-
ants are better conceptualized as conveying 
increased susceptibility to environmental  context, 
so that susceptible children raised in risky envi-
ronments are at heightened risk for developing 
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psychopathology but susceptible children raised 
in positively enriched environments benefi t more 
from these environments than less susceptible 
children (Ellis, Boyce, Belsky, Bakermans-
Kranenburg, & van Ijzendoorn,  2011 ). 
Understanding the neural mediators of gene × 
environment interactions will help to clarify the 
mechanisms through which genes such as the 
5-HTTLPR confer increased risk or susceptibil-
ity to environmental context. 

 It should be noted that, as in main effect analy-
ses of genetic risk factors, gene–environment 
interaction studies have produced mixed results 
as well. For example, one study found that the 
high-expressing allele of the 5-HTTLPR inter-
acted with environmental risk factors to predict 
depression and anxiety in 19-year-olds (Laucht 
et al.,  2009 ). Because many of these contrary 
gene–environment interaction results have been 
found in adolescent or young adult samples, it 
has been argued that gene–environment interac-
tions may vary at different stages of development 
(although methodological issues such as the rel-
evance of stressful life event questionnaires for 
young participants may also underlie variation in 
fi ndings; Uher & McGuffi n,  2010 ).  

    Genes and Gene × Environment 
Interactions in ASD 

 Although studies examining the heritability of 
ASD suggest a strong genetic component, the 
search for genes associated with ASD has yielded 
inconsistent results. As with anxiety disorders, 
serotonin-related genes are important potential 
candidates because a relatively consistent fi nding 
has been that ASD is associated with increased 
blood platelet serotonin levels, or hyperserotone-
mia (Veenstra-VanderWeele & Blakely,  2012 ). 
Some evidence suggests that increased serotonin 
blood platelet levels may be associated with 
faster rates of serotonin reuptake and reduced 
availability of serotonin in the synapse (Daws & 
Gould,  2011 ). However, despite the similarities 
in altered neural function across anxiety disor-
ders and ASD and the consistent fi nding of 
altered serotonin levels in ASD, the relation 

between 5-HTTLPR variation and risk for ASD 
is less clear than for anxiety disorders. A meta- 
analysis of association studies found no main 
effect of the low-expressing allele of the 
5-HTTLPR on autism status, although there was 
a relation in studies with mixed ethnicity 
American populations (versus European or 
Asian) (Huang & Santengelo,  2008 ). 

 One complication that arises in genetic 
research is that ASD encompasses a heteroge-
neous set of disorders that vary greatly in terms 
of severity and type of symptoms (e.g., from 
little language impairment to severely language 
impaired) across individuals. Given this level of 
heterogeneity, it is perhaps not surprising that 
genetic association studies have been inconsis-
tent. Several investigators have suggested that the 
low-expressing allele may not in fact be associ-
ated with greater risk for ASD, but that variation 
in the 5-HTTLPR may be associated with  specifi c 
ASD symptoms (Mundy, Henderson, Inge, & 
Coman,  2007 ). For example, the low- expressing 
allele is associated with greater impairment in the 
social/communication domain, including nonver-
bal communication, whereas the high-expressing 
allele is associated with greater severity of 
restricted and repetitive behaviors in children 
with ASD (Brune et al.,  2006 ; Tordjman et al., 
 2001 ). The results of these studies suggest that 
variation in the 5-HTTLPR may infl uence the 
severity or type of symptoms in ASD, indicating 
the need to examine potential neural correlates 
that may mediate this relation. 

 Environmental interactions with the 
5-HTTLPR may also play a role in the emergence 
of ASD symptoms. For example, maternal smok-
ing during pregnancy and low birth weight inter-
acted with the 5-HTTLPR to predict ASD 
symptoms in children with attention-defi cit/
hyperactivity disorder (   Nijmeijer et al.,  2010 ). In 
this case, the low-expressing allele led to more 
ASD symptoms with exposure to environmental 
risk factors. 

 Although these studies suggest a relation 
between genetic variation in the 5-HTTLPR, 
environmental risk factors, and anxiety disorders 
or ASD, they are subject to some limitations. 
First, as illustrated through the inconsistent 
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 fi ndings in gene association studies, it can be 
 diffi cult to fi nd direct links between specifi c 
genes and mental disorders (Caspi & Moffi tt, 
 2006 ; Geschwind,  2011 ). Second, these studies 
cannot address the underlying neural processes 
whereby genes and gene × environment interac-
tions infl uence the development of psychopa-
thology.    FMRI has been useful in addressing 
both of these limitations of previous research 
by providing more consistent correlations 
between 5-HTTLPR variation and neural func-
tion and providing a potential neural mechanism 
linking this gene to anxiety disorder and ASD 
symptoms.  

    Imaging Genetics, Imaging Gene × 
Environment Interactions, and 
Imaging Epigenetics 

 Some of the diffi culty involved in fi nding direct 
associations between genes and mental disorders 
may be due in part to the complexity that arises 
from probabilistic epigenesis (Gottlieb,  2007a , 
 2007b ), as it is likely that there is not a one-to- 
one correspondence between genotype and phe-
notype due to gene-gene and gene–environment 
interactions over the course of development. 
fMRI can help to clarify the role of genes in the 
development of psychopathology. Because genes 
are distal from the behavioral phenotypes and 
symptoms observed for a clinical diagnosis, 
using fMRI to consider brain function as a more 
proximal mediating step between genes and psy-
chiatric outcomes may improve our ability to pin-
point important genes involved in the development 
of psychopathology (Hariri & Weinberger,  2003 ). 
This approach of using neural activity as a more 
proximal phenotype to examine genes’ contribu-
tions to psychopathology is termed imaging 
genetics (Hariri & Weinberger,  2003 ). 

 Investigators have also proposed methods for 
examining the neural underpinnings of gene × 
environment interactions using fMRI. One 
approach is to examine a mediation model in 
which neural function mediates the interaction of 
genes and environment on the development of 

psychopathology, which has been called imaging 
gene–environment interactions (Hyde et al., 
 2011 ). This approach can be thought of as an 
extension of imaging genetic research that incor-
porates both genetic and environmental predic-
tors to examine whether their interaction relates 
to neural function, which in turn mediates behav-
ioral symptoms or disorders. 

 Another approach involves incorporating epi-
genetics into fMRI designs. Consistent with the 
predictions of probabilistic epigenesis, it has 
been shown that the environment can alter the 
way that genes are expressed through processes 
that fall under the category of epigenetics 
(Meaney,  2010 ). Epigenetic regulation encom-
passes modifi cations to the structure of DNA 
without changes to the DNA sequence. 
Modifi cations to the structure of the DNA can 
alter its accessibility to transcription factors, 
either preventing or increasing the transcription 
of genes into proteins, which could in turn lead 
to changes in the structure or function of the 
brain. This occurs through many different mech-
anisms. One of the most commonly studied is 
DNA methylation of promoter regions, which 
occurs when methyl groups attach to cytosines at 
cytosine-phosphate- guanosine (CpG) sites on 
the DNA. This epigenetic modifi cation makes 
the promoter region less accessible to transcrip-
tion factors, decreasing the expression of the 
gene (for more extended reviews on this topic 
see Bagot & Meaney,  2010 ; Meaney,  2010 ; van 
Ijzendoorn, Bakermans-Kranenburg, & Ebstein, 
 2011 ). Importantly, DNA methylation can be 
altered by environmental infl uences such as 
quality of parenting during development 
(McGowan et al.,  2009 ; Meaney,  2010 ; Weaver 
et al.,  2004 ). Thus, methylation represents a 
potentially important pathway for the infl uence 
of the environment on gene expression, neural 
function, and the development of psychopathol-
ogy. FMRI can be used to examine the functional 
consequences of these epigenetic infl uences in 
an extension of imaging genetic research termed 
imaging epigenetics (Wiers,  2012 ), in which 
methylation levels of genes of interest are related 
to neural function.  
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    Imaging Genetics in Anxiety 
Disorders 

 The fi rst imaging genetic studies examining the 
5-HTTLPR were performed in adults and dem-
onstrated that the low-expressing allele is associ-
ated with increased amygdala activation (Hariri 
et al.,  2002 ; Munafo, Brown, & Hariri,  2008 ) 
during processing of emotional stimuli. 
Additional research suggested that the low-
expressing allele predicted decreased connectiv-
ity between prefrontal regulatory regions and the 
amygdala (Pezawas et al.,  2005 ), suggesting that 
the low-expressing allele may lead to decreased 
prefrontal regulation, which in turn results in 
heightened amygdala response. Further research 
in adults replicated these fi ndings (Surguladze 
et al.,  2012 ; but see Heinz et al. ( 2005 ) and 
O’Nions, Dolan, and Roiser ( 2011 ) for inconsis-
tent results). 

 In typically developing children and adoles-
cents, the low-expressing allele of the 5-HTTLPR 
is also related to increased amygdala activation 
(Battaglia et al.,  2012 ; Furman, Hamilton, 
Joormann, & Gotlib,  2011 ; Lau et al.,  2009 ) and 
increased activation in frontal and parietal regions 
associated with attention to threat (Thomason 
et al.,  2010 ). These imaging genetic studies dem-
onstrate the utility of fMRI in producing more 
consistent links between genes and neural func-
tion than can be found between genes and behav-
ioral phenotypes. In addition, they suggest a 
potential mechanism through which genetic vari-
ation may lead to risk for psychopathology: low- 
expressing alleles of the 5-HTTLPR are 
associated with reduced coupling between the 
prefrontal cortex and amygdala; this reduced 
connectivity may interrupt important feedback 
and regulatory processes that maintain adaptive 
levels of amygdala activation. Importantly, this is 
the same pattern of activation that has already 
been observed in anxiety disorder patients, as 
described earlier. 

 An apparent paradox in the serotonin trans-
porter literature has been noted (Sibille & 
Lewis,  2006 ). The low-expressing allele of 
the 5-HTTLPR may confer risk for anxiety 

 disorders, but an effective treatment for adults 
is the  administration of selective serotonin 
reuptake inhibitors (SSRIs), which function 
similarly to the low-expressing allele of the 
5-HTTLPR by reducing serotonin transporter 
availability. Results from animal models sug-
gest that developmental processes may underlie 
these seemingly contradictory results. In mice, 
SSRIs administered during early childhood 
(which reduce serotonin transporter availability, 
similar to being a carrier of the low-expressing 
alleles of the 5-HTTLPR) lead to increased 
anxiety-related behaviors when these mice 
reach adulthood (Ansorge, Zhou, Lira, Hen, & 
Gingrich,  2004 ), whereas administering SSRIs 
chronically to adult mice has an anxiolytic 
effect (Troelsen, Nielsen, & Mirza,  2005 ). One 
potential explanation for this discrepancy is 
that serotonin is involved in guiding neural 
development in addition to its role as a neu-
rotransmitter (Nordquist & Oreland,  2010 ). 
Therefore, reduced reuptake of serotonin early 
in development may affect neurodevelopmental 
processes and produce different results on brain 
function than reduced reuptake of serotonin 
later in development, once neurodevelopmental 
processes are complete (Daws & Gould,  2011 ; 
Sibille & Lewis,  2006 ). 

 Furthermore, several fMRI studies have sug-
gested that 5-HTTLPR variation may relate to 
neural function differently depending on devel-
opmental stage. For example, fMRI research with 
typically developing children and adolescents 
has demonstrated an age x genotype interaction 
in which 5-HTTLPR genotype infl uences the 
cross-sectional association between age and 
amygdala activation, as well as functional con-
nectivity (Wiggins et al.,  2012 ,  in press ). 
Although these results are cross- sectional, they 
suggest that the 5-HTTLPR may alter the trajec-
tory of changes in connectivity across childhood 
and adolescence, such that the relation between 
5-HTTLPR and brain function will depend on the 
developmental stage assessed. Indeed, Lau et al. 
( 2009 ) found that, contrary to the adult literature, 
children and adolescents with anxiety disorders 
with the  high-expressing  allele of the 5-HTTLPR 
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had increased amygdala activation compared to 
carriers of the  low-expressing allele. This illus-
trates one of the principles of developmental neuro-
science that fi ndings from adults cannot necessarily 
be extrapolated to pediatric populations, as there 
may be important differences in the gene-brain 
interplay across development. Consideration of 
developmental timing will be critical moving for-
ward in imaging genetic research. 

 Despite the promise of imaging genetic stud-
ies, there are also limitations that should be 
acknowledged. For example, although neural 
function is more proximal to genetic infl uence 
than behavioral phenotypes, there still exists a 
complex path from gene expression to protein 
synthesis to neural function, which may lead to 
weaker relations between genes and neural func-
tion than originally anticipated. Additionally, the 
psychological context or task chosen for investi-
gation may have a large impact on neural func-
tion, such that there will be no straightforward 
relation between genetic variation and neural 
function across every condition, requiring more 
nuanced approaches to task design and careful 
consideration of psychological context.  

    Imaging Gene–Environment 
Interactions and Epigenetics 
in Anxiety Disorders 

 Although not testing a mediation model, several 
studies have approximated an imaging gene–envi-
ronment interaction approach by demonstrating 
that 5-HTTLPR genotype interacts with life stress 
on amygdala responsiveness or amygdala activa-
tion at rest (Canli et al.,  2006 ; Lemogne et al., 
 2011 ; Williams et al.,  2009 ). This could provide 
support for Hyde et al.’s ( 2011 ) synergistic model 
suggesting that the low-expressing allele of the 
5-HTTLPR may interact with environmental 
stress in a cumulative manner to lead to increased 
amygdala activity, which mediates heightened 
vulnerability for anxiety disorders. An additional 
potential mechanism that may underlie or interact 
with the mediation pathway proposed is that envi-
ronmental stress may lead to epigenetic changes 
that alter gene expression and neural function. 

 Preliminary evidence suggests that DNA 
methylation of CpG sites in the promoter region 
of the 5-HTT gene may play a role in the previ-
ously observed gene × environment interactions 
in anxiety disorders. A series of publications 
from the Iowa Adoption Studies    have examined 
the association between 5-HTTLPR genotype, 
history of child abuse, methylation of the sero-
tonin transporter gene, and risk for developing 
depression. They found that a history of child 
abuse is associated with increased methylation in 
the promoter region of the 5-HTT gene (Beach, 
Brody, Todorov, Gunter, & Philibert,  2010 ). In 
another paper, investigators found that the infl u-
ence of methylation of a CpG island in the 5-HTT 
gene on serotonin transporter expression (as 
measured through serotonin transporter mRNA 
levels) was only signifi cant when 5-HTTLPR 
genotype was controlled (Philibert et al.,  2007 ). 
Follow-up analyses revealed a trend for greater 
methylation associated with the low-expressing 
allele compared to the high-expressing allele, 
suggesting that methylation status may interact 
with 5-HTTLPR variation, although it should be 
noted this was marginally signifi cant and not rep-
licated with a larger sample (Philibert et al., 
 2008 ). Finally, greater methylation of the sero-
tonin transporter promoter is marginally associ-
ated with a lifetime history of depression 
(Philibert et al.,  2008 ). 

 Similar results have been reported in research 
on nonhuman primates. For example, Kinnally 
et al. ( 2010 ) found that the low-expressing allele 
of the 5-HTTLPR was associated with increased 
methylation of CpG sites on the 5-HTT gene in 
macaques, which in turn was associated with 
decreased levels of serotonin transporter mRNA, 
suggesting that higher methylation leads to 
reduced serotonin transporter expression. 
Additionally, increased methylation interacted 
with early life stress (separation from mother or 
unpredictable food availability) to predict higher 
scores on a behavioral measure of stress reactiv-
ity (Kinnally et al.,  2010 ,  2011 ). This initial work 
suggests a potential pathway for epigenetic infl u-
ences on the development of psychopathology: 
early environmental stress (e.g., child abuse) 
leads to increased methylation of the serotonin 
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transporter promoter region, but this is stronger 
for individuals with a low-expressing allele of the 
5-HTTLPR (Beach et al.,  2010 ; Kinnally et al., 
 2010 ; Philibert et al.,  2007 ). Increased methyla-
tion of the 5-HTT gene leads to reduced tran-
scription of the serotonin transporter (Kinnally 
et al., 2010), and is associated with increased risk 
for affective disorders such as major depression 
(Philibert et al.,  2008 ) or heightened stress reac-
tivity in nonhuman primates (Kinnally et al., 
 2011 ). This could be one potential mechanism 
for a gene × environment interaction in which 
individuals with the low-expressing allele who 
are exposed to stressful life events are at increased 
risk for developing psychopathology. 

 In contrast to the results reported above, oth-
ers have found that methylation is protective and 
associated with decreased likelihood of develop-
ing PTSD after trauma (Koenen et al.,  2011 ) or 
experiencing unresolved loss of an attachment 
fi gure (in low-expressing 5-HTTLPR allele carri-
ers; van IJzendoorn, Caspers, Bakermans- 
Kranenburg, Beach, & Philibert,  2010 ). Indeed, 
Koenen et al. ( 2011 ) reported an interaction in 
which high methylation levels predicted higher 
rates of PTSD when individuals were exposed to 
a low number of traumatic events whereas when 
individuals were exposed to a high number of 
traumatic events, high methylation levels 
decreased the likelihood of developing PTSD. 
There are many differences in methodology 
across these studies that could underlie the differ-
ences in results including the methods used to 
assess DNA methylation levels and the CpG sites 
on the DNA where signifi cant methylation differ-
ences were observed. Nevertheless, the fi nding 
that increased methylation levels may be protec-
tive in some cases raises this intriguing possibil-
ity proposed by Meaney ( 2010 ): methylation has 
an adaptive function of preparing the organism 
for whatever environment the organism is raised 
in. However, caution must be taken in interpret-
ing results with cross-sectional designs such as 
those discussed above. Although we can assume 
that DNA sequences assessed in adulthood have 
not changed from early development, the same 
may not necessarily be true for epigenetic modi-
fi cations, given that they are subject to environ-

mental infl uence (Houston et al.,  2012 ). Thus, 
prospective longitudinal designs assessing DNA 
methylation levels early in development will be 
necessary in order to examine methylation levels 
preceding the development of psychopathology 
in adulthood. 

 Although the research reviewed above pro-
vides a biologically plausible model for gene–
environment interactions, we are still restricted in 
the conclusions that can be drawn due to several 
limitations. First, these studies reported on 
peripheral levels of DNA methylation, which 
may not be refl ective of methylation levels in the 
brain, as research has shown that methylation 
levels vary by cell type (Houston et al.,  2012 ). 
Incorporating fMRI measures of brain activity, 
although not a substitute for directly measuring 
DNA methylation in brain tissue, could offer a 
complementary approach to help determine 
whether methylation levels measured peripher-
ally alter neural activity in the predicted direc-
tion. This will be an important direction for 
research, as it is not possible to obtain levels of 
DNA methylation in neural cells from human 
participants except in postmortem studies. 
Second, the mechanisms linking increased meth-
ylation of the 5-HTT gene to increased risk for 
psychopathology need to be further delineated. 
Although studies have shown that methylation of 
the 5-HTT gene alters mRNA transcription of the 
serotonin transporter gene, the effect of 5-HTT 
methylation on brain function needs to be exam-
ined. An important candidate for investigation is 
that 5-HTT methylation levels may infl uence the 
development of prefrontal-amygdala circuitry, 
which in turn could lead to decreased emotion 
regulatory abilities and vulnerability to psycho-
pathology. In order to test this hypothesis, how-
ever, imaging epigenetic studies incorporating 
fMRI assessments with measures of peripheral 
DNA methylation will need to be conducted. So 
far, with the exception reported below, relatively 
little work has been done in this area. 

 Although not reporting on the 5-HTTLPR, a 
recent imaging epigenetic study provides an 
example of how fMRI can help to elucidate the 
mechanisms of gene–environment interactions 
and represents what we believe is an important 
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direction for future research. This study examined 
a common functional variant in the gene regulat-
ing Catechol-O-methyltransferase (COMT), an 
enzyme that breaks down dopamine in the 
 prefrontal cortex (Ursini et al.,  2011 ). The COMT 
gene has two functional variants: the Val allele, 
which is associated with greater COMT activity 
and reduced prefrontal effi ciency, and the 
Met allele, which is associated with less COMT 
expression. This gene may be an important candi-
date for gene × environment interactions because 
methylation at the region investigated in this 
study is possible on the Val allele, where there is 
a CpG site, but not on the Met allele (Wiers, 
 2012 ). In this case, unlike with the 5-HTT gene, 
methylation of the Val allele is associated with 
better function, because it reduces expression of 
COMT; reduced expression of COMT increases 
available dopamine levels and prefrontal cortex 
effi ciency. Ursini et al. found that environmental 
stress predicted reduced methylation in Val/Val 
participants. Moreover, reduced methylation was 
associated with reduced working memory perfor-
mance and reduced prefrontal cortex effi ciency. 
Importantly, because methylation can only occur 
on the Val allele, there was a gene × environment 
interaction: greater stress and reduced methyla-
tion predicted less effi cient prefrontal cortex func-
tion in Val/Val participants only. In contrast, this 
effect was not seen for Val/Met or Met/Met allele 
carriers. The results of this study nicely illustrate a 
potential gene × environment interaction mecha-
nism similar to what we have proposed for the 
5-HTTLPR: because Val allele carriers are the 
high expressers of COMT, methylation has a buff-
ering infl uence which leads the COMT gene to 
function more like that of a Met allele carrier. 
However, when environmental stress is intro-
duced, methylation is reduced, which leads to 
increased COMT expression, decreased prefrontal 
cortex effi ciency (theoretically through reduced 
dopamine levels) and decreased working memory 
performance. However, we only see this effect 
when environmental stress and the Val/Val alleles 
are both present, leading to a gene–environment 
interaction. Future imaging epigenetic studies 
such as these will help to clarify the mediating 
neural mechanisms involved in these interactions.  

    Imaging Genetics in ASD 

 One example of how imaging genetic research 
may shed light on the relation between 5-HTTLPR 
variation and symptomatology in ASD is the use 
of proton magnetic resonance spectroscopy 
(measuring levels of certain brain chemicals) in 
children and adolescents with ASD. Endo et al. 
( 2010 ) found that the low-expressing allele of the 
5-HTTLPR was associated with altered chemical 
metabolism in the medial prefrontal cortex, pos-
sibly refl ecting reduced neuronal development. 
Because the medial prefrontal cortex plays an 
important role both in communicating with the 
amygdala and in coordinating signals from the 
amygdala to aid in social cognition, this could be 
a neural pathway through which the low- 
expressing allele of the 5-HTTLPR leads to 
greater severity of social/communication symp-
toms in ASD. Therefore, imaging genetic 
approaches such as these may help us identify 
how genetic variation contributes to the develop-
ment of ASD symptoms and could help disen-
tangle the complications associated with a 
heterogeneous spectrum of disorders by identify-
ing subtypes that share common developmental 
pathways. 

 Further complicating the genetic picture for 
ASD development, rare genetic mutations such 
as copy number variants (either deletion or extra 
copy of a chromosomal region) may have a 
stronger contribution to the development of 
ASD than common genetic variation (such as 
the 5-HTTLPR) observed in the general popula-
tion; although rare genetic mutations and com-
mon genetic variation may interact to infl uence 
developmental outcomes (Geschwind,  2011 ). 
Given that there appears to be a large amount of 
rare de novo (not seen in the parent, but occur-
ring in the gamete or fertilized egg) mutations 
that may contribute to the development of ASD 
(Gilman et al.,  2011 ), Geschwind ( 2011 ) and 
others have argued that it will be necessary to 
identify common developmental pathways at the 
neural systems level whereby a wide array of 
genetic variation may lead to specifi c symptom 
and behavioral phenotypes. For example, a key 
neural feature of ASD may be disruption in 
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functional connectivity such as the connections 
between the prefrontal cortex and the amygdala. 
Imaging genetic studies may therefore help link 
a range of rare mutations in genes involved in 
axonal development and synaptic formation 
with the development of ASD through systems-
level neural mechanisms observable with fMRI.  

    Epigenetics in ASD 

 There are a few lines of evidence suggesting that 
epigenetic regulation may be important to con-
sider when examining genetic infl uences on 
ASD. Investigators have demonstrated altered 
epigenetic profi les of neuronal cells in postmor-
tem brains of individuals with ASD (Shulha 
et al.,  2012 ) and several candidate genes linked to 
ASD that regulate neuronal development are reg-
ulated by DNA methylation or other epigenetic 
mechanisms (Grafodatskaya, Chung, Szatmari, 
& Weksberg,  2010 ). Moreover, environmental 
risk factors that may be linked to the develop-
ment of ASD may operate by altering methyla-
tion levels (LaSalle,  2011 ). Indeed, epigenetic 
infl uences on the development of ASD could 
help explain why it has been diffi cult to identify 
genes linked to ASD through genetic association 
approaches. 

 One example of a potential epigenetic infl u-
ence on ASD is methylation of the oxytocin 
receptor gene. Oxytocin is a neuropeptide that 
increases social behaviors such as trust, empathy, 
emotion recognition, and eye gaze when admin-
istered to healthy controls (particularly men) 
(Meyer-Lindenberg, Domes, Kirsch, & Heinrichs, 
 2011 ). FMRI in adults has demonstrated that the 
effects of oxytocin on social behaviors may be 
mediated through a decrease in amygdala 
response to social stimuli (Kirsch et al.,  2005 ). 
Recent research examining both peripheral DNA 
methylation levels and DNA methylation in post-
mortem human brain tissue has provided evi-
dence of increased methylation of CpG sites on 
the promoter region of the oxytocin receptor gene 
in ASD, which is associated with decreased 
expression of the oxytocin receptor in temporal 
cortex (Gregory et al.,  2009 ). Coupled with what 

we know from fMRI about the infl uence of 
 oxytocin on amygdala function in healthy adults 
and abnormalities in amygdala function in ASD, 
this work is suggestive of a potential pathway for 
epigenetic infl uence on ASD development: meth-
ylation of the promoter region for the oxytocin 
receptor gene reduces expression of the oxytocin 
receptor. This could in turn result in heightened 
amygdala activation to social stimuli, as has been 
observed in ASD (Dalton et al.,  2005 ; Monk 
et al.,  2010 ; Weng et al.,  2011 ). Imaging epigen-
etic approaches such as those we described above 
could be used to test this hypothesis, which illus-
trates the utility of leveraging knowledge of brain 
function in typically developing and atypical 
populations in order to understand processes of 
genetic and epigenetic infl uences on the develop-
ment of psychopathology.   

    The Brain as a Biomarker for 
Treatment Response in Anxiety 
Disorders and ASD 

 In addition to examining pathways through which 
psychopathology develops, fMRI can be a useful 
tool for developing novel treatments and under-
standing their effects on the brain. Neural activa-
tion probed through fMRI may be used as a 
biomarker for examining the effects of pharma-
cological and behavioral treatments as well as 
measuring their effi cacy (Paulus & Stein,  2007 ). 
This could be used, for example, as a preliminary 
examination of novel potential therapies to test 
whether they alter neural activity in a predicted 
direction in a small number of participants before 
conducting multisite large-scale clinical trials 
that are costly and time-consuming. In addition, 
by allowing examination of changes in activation 
in neural circuitry known to relate to specifi c dis-
orders, fMRI has the capability to characterize 
how a particular pharmacological agent has a 
therapeutic effect, compare the effects of differ-
ent classes of drugs on neural activity, and poten-
tially predict therapeutic response or select the 
best pharmacological intervention for a particular 
individual based on their pretreatment patterns of 
neural activity (Paulus & Stein,  2007 ). Thus, the 
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potential applications of fMRI for developing 
new treatments and predicting treatment response 
are promising. 

    Treatment Studies in Anxiety 
Disorders 

 Although there are currently treatments available 
for anxiety disorders including selective sero-
tonin reuptake inhibitors (SSRIs) and cognitive 
behavioral therapy, these treatments are not 
effective for many patients, and SSRIs may have 
adverse side effects. Therefore, fMRI could play 
an important role in identifying new potential 
treatments and in helping to select which treat-
ments are most likely to result in positive treat-
ment response for individual patients. 

 Using fMRI, investigators have demonstrated 
that currently available treatments for anxiety 
disorders alter activity in the same neural regions 
(prefrontal cortex and amygdala) that have been 
shown to function abnormally in anxiety disorder 
patients (Murphy,  2010 ; Strawn, Wehry, 
DelBello, Rynn, & Strakowski,  2012 ). FMRI 
research in healthy adult participants demon-
strated that administration of SSRIs results in 
decreased amygdala activation to emotional faces 
(Harmer, Mackay, Reid, Cowen, & Goodwin, 
 2006 ). Moreover, treatment of anxiety disorder 
patients (either pharmacological or with cogni-
tive behavioral therapy) results in decreased 
amygdala activation (Furmark et al.,  2002 ) and 
increased activation in the ventrolateral prefron-
tal cortex (Maslowksy et al.,  2010 ). In depressed 
patients, SSRIs have also been shown to increase 
connectivity between the amygdala and prefron-
tal regions, suggesting that SSRIs may increase 
communication between the amygdala and pre-
frontal cortex (Chen et al.,  2008 ). Given the 
established role of altered ventral prefrontal cor-
tex-amygdala circuit function in anxiety disorder 
patients, these results suggest that therapeutic 
effects may occur through some combination of 
decreasing amygdala activation and increasing 
prefrontal regulation. It is important to note, 
however, that when changes in neural activity 
occur in the context of symptom improvement in 

patients, we cannot necessarily attribute a causal 
role in symptom improvement to changes in neu-
ral function; instead, it could be that other 
changes (e.g., changes in cognitive processing 
patterns or behavior) cause both changes in 
symptoms and neural activity (Murphy,  2010 ). 

 These results have important implications for 
the development and testing of new medications 
by providing a potential biomarker for measuring 
treatment effectiveness. For example, several 
recent fMRI studies have suggested that pharma-
cological agents not currently prescribed for the 
treatment of anxiety disorders may have similar 
infl uences on neural activity as SSRIs. These 
medications alter the release or reception of neu-
rotransmitters other than serotonin and have been 
demonstrated to affect prefrontal cortex- 
amygdala circuitry, for instance, by decreasing 
amygdala activation or increasing anterior cingu-
late cortex activation (Aupperle et al.,  2011 ; 
Furmark et al.,  2005 ). Additional fMRI studies 
such as these have the potential to help identify 
new treatments for anxiety disorders that may be 
prescribed to individuals who are nonresponsive 
or have adverse side effects to SSRIs. Moreover, 
these studies show that the infl uence of medica-
tions on brain response can be detected with rela-
tively small samples (less than 40 participants in 
each case), supporting Paulus and Stein’s ( 2007 ) 
argument that preliminary fMRI studies of treat-
ment response will be a more cost-effective and 
less time-consuming method of identifying 
promising new treatments before they reach the 
clinical trial phase. 

 Furthermore, it may be possible to use pre-
treatment neural function assessed through fMRI 
as a tool to choose the best treatment for an indi-
vidual. For example, greater pretreatment amyg-
dala activation predicted better response to SSRI 
or cognitive behavioral therapy treatment in pedi-
atric anxiety disorder patients (McClure, Adler, 
et al.,  2007 ), and greater pretreatment anterior 
cingulate cortex activation predicted better 
response to pharmacological treatment in adult 
generalized anxiety disorder patients (Nitschke 
et al.,  2009 ). Future studies such as these have the 
potential to help target treatments for patients by 
predicting which drugs or therapies they will 
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respond to best. For instance, two related SSRIs 
(citalopram and escitalopram) both reduced 
amygdala activation to emotional faces in 
healthy controls, but had different effects on acti-
vation in the ventromedial prefrontal cortex 
(Windischberger et al.,  2010 ). Although this type 
of research is still in its infancy, understanding 
the differences in effects on neural activation of 
different types of SSRIs could help in choosing 
the best one to prescribe based on a patient’s neu-
ral activation.  

    Treatment Studies in ASD 

 Unlike anxiety disorders, there is currently no 
pharmacological treatment available for the core 
symptoms of ASD. Based on the neuroimaging 
data pointing to the infl uence of oxytocin on 
amygdala function and social behavior, investiga-
tors have proposed a potential translational appli-
cation of oxytocin as a treatment for the social 
symptoms of ASD (Meyer-Lindenberg et al., 
 2011 ). Indeed, intranasal administration of oxy-
tocin improved emotion recognition in children 
and adolescents with ASD (Guastella et al., 
 2010 ), suggesting a promising potential for the 
treatment of social symptoms. An important 
question for investigation with fMRI is whether 
the effect of oxytocin on improvement in ASD 
symptoms is mediated through decreased amyg-
dala response to social stimuli and whether the 
effect of oxytocin on amygdala activity varies in 
strength at different stages of development. FMRI 
could also play an important role in helping deter-
mine which individuals will respond to oxytocin 
and in identifying other pharmacological agents 
that have similar effects on neural activation.   

    Future Directions for fMRI Research 
in Developmental Psychopathology 

 Throughout this review we have highlighted areas 
in need of further investigation through imaging 
genetics, imaging epigenetics, and imaging treat-
ment approaches. In the fi nal section, we discuss 
methodological considerations for this research. 

    External Validity of fMRI Tasks 

 FMRI requires close attention to task design in 
order to ensure that the cognitive processes of 
interest are isolated as much as possible and that 
the same cognitive processes are being elicited in 
each participant during scanning. Along these 
lines, further attention to the external validity of 
fMRI tasks will also improve our ability to exam-
ine neural activation in the context of cognitive 
and emotional processes that are more likely to 
represent what occurs in day-to-day life and 
importantly during the experience of symptoms. 
For example, Guyer et al. ( 2008 ) used a chat 
room task in which adolescents were asked to 
rate their desire to have an Internet chat with 
other peers and in which they were informed that 
other peers would be rating their desire to chat 
with the participant. While undergoing fMRI 
scanning, participants were asked to rate how 
interested they thought other peers would be in 
chatting with them. Due to the greater external 
validity of this task, the cognitive processes elic-
ited by this task may more closely approximate 
the social anxiety symptoms related to peer eval-
uation that adolescents experience in everyday 
life. Future research that can better model the 
complex social contexts and relationships charac-
teristic of the adolescent period may thus improve 
the strength of relations between fMRI measures 
and behavioral or self-report measures of symp-
toms that are infl uenced by these social contexts.  

    Longitudinal Designs in fMRI 
and the Use of Younger Samples 

 Structural MRI studies have plotted longitudinal 
changes in gray and white matter volumes over 
development. Similar longitudinal work is 
needed with fMRI in order to examine functional 
changes across development. One potential con-
cern with longitudinal research in fMRI is that it 
is diffi cult to fi nd a task that can be performed 
equally well and elicits the same cognitive strate-
gies at all age levels. A second related concern is 
that infants and very young children generally 
cannot perform task-based fMRI. Resting-state 
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or task-free fMRI (in which participants simply 
lie or sleep in the scanner while imaging data is 
acquired) has the potential to address both of 
these limitations. Because it requires no task, it 
removes the concern that participants of different 
ages may be performing a cognitive task differ-
ently, and it allows for participation of very 
young children who cannot perform tasks. 

 Analysis of resting-state fMRI usually involves 
a functional connectivity approach that examines 
the correlation of low-frequency spontaneous 
fl uctuations in BOLD signal across different neu-
ral regions, which is sometimes referred to as 
intrinsic connectivity (Fox & Raichle,  2007 ). 
Importantly, regions that demonstrate intrinsic 
connectivity at rest also tend to demonstrate func-
tional connectivity while participants perform a 
task (Smith et al.,  2009 ), suggesting that intrinsic 
connectivity can provide similar information 
regarding the strength of integration across neural 
regions or networks related to specifi c cognitive 
or emotional processes. The ability to collect lon-
gitudinal data starting with infants or potentially 
even prenatally is especially important in light of 
the research mentioned earlier suggesting that 
genetic and epigenetic infl uences on psychopa-
thology may occur very early in development. 
Thus, the ability to examine neural function at 
these earlier developmental stages with resting- 
state fMRI could be used as a complementary 
approach to task-based fMRI in order to gain a 
more complete picture of the developmental tra-
jectories of neural networks and to examine this 
development prospectively before symptoms of 
psychopathology may be apparent.  

    Large-Scale fMRI Studies 

 Recognition of the complexity of gene–environ-
ment interactions indicates the requirement of 
large samples to yield the statistical power neces-
sary to examine these effects in imaging gene–
environment interaction designs (Hyde et al., 
 2011 ). Resting-state fMRI data could be useful in 
this regard because it allows for the combination 
of data sets across different research groups 
 without the requirement that participants all 

 performed the same task (Biswal et al.,  2010 ). 
Another example of a large-scale fMRI approach 
is the IMAGEN group’s multisite collaborative 
prospective longitudinal study designed to have 
suffi cient power to examine imaging gene–envi-
ronment interactions (Schumann et al.,  2010 ). By 
collecting genotype and fMRI data on an esti-
mated 2,000 participants, this study will have 
increased power to detect gene–gene and gene–
environment interactions and their relation to 
neural function compared to previous studies 
with smaller sample sizes.   

    Conclusion 

 Current fMRI research in developmental psycho-
pathology has helped establish patterns of altered 
neural function in pediatric psychopathology and 
linked dysfunction in these regions with cogni-
tive and emotional processes related to the symp-
toms and behavioral profi les of specifi c disorders. 
These studies have highlighted the role of pre-
frontal cortex-amygdala circuitry in both anxiety 
disorders and ASD. Imaging genetic studies have 
linked variation in genes regulating serotonin lev-
els to altered functioning of this circuit, indicat-
ing a potential developmental pathway for the 
infl uence of genetic variation on neural function 
and laying the foundation for examination of epi-
genetic infl uences on this circuitry. Treatment 
studies have suggested that currently available 
treatments and potential novel treatments for 
anxiety disorders and ASD alter activity in this 
same neural circuitry, either by increasing pre-
frontal regulation or dampening amygdala 
responsiveness. These studies have paved the 
way for future imaging genetic and imaging epi-
genetic studies to examine how prefrontal- 
amygdala cortex circuitry (and, through extension 
of these methods, other neural circuitry and net-
works implicated in these disorders) is involved 
in the development of psychopathology and is 
infl uenced through genetic and epigenetic fac-
tors. This will help establish critical knowledge 
necessary to develop novel preventions and treat-
ments, one of the major goals of the fi eld of 
developmental psychopathology.     
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