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Abstract

The NIMH Research Domain Criteria (RDoC) initiative aims to describe key dimensional
constructs underlying mental function across multiple units of analysis—from genes to observable
behaviors—in order to better understand psychopathology. The acute threat (“fear”) construct of
the RDoC Negative Valence System has been studied extensively from a translational perspective,
and is highly pertinent to numerous psychiatric conditions, including anxiety and trauma-related
disorders. We examined genetic contributions to the construct of acute threat at two units of
analysis within the RDoC framework: 1) neural circuits and 2) physiology. Specifically, we
focused on genetic influences on activation patterns of frontolimbic neural circuitry and on startle,
skin conductance, and heart rate responses. Research on the heritability of activation in threat-
related frontolimbic neural circuitry is lacking, but physiological indicators of acute threat have
been found to be moderately heritable (35-50%). Genetic studies of the neural circuitry and
physiology of acute threat have almost exclusively relied on the candidate gene method and, as in
the broader psychiatric genetics literature, most findings have failed to replicate. The most robust
support has been demonstrated for associations between variation in the serotonin transporter
(SLC6A4) and catechol-O-methyltransferase (COMT) genes with threat-related neural activation
and physiological responses. However, unbiased genome-wide approaches using very large
samples are needed for gene discovery, and these can be accomplished with collaborative
consortium-based research efforts, such as those of the Psychiatric Genomics Consortium (PGC)
and Enhancing Neuro Imaging Genetics through Meta-Analysis (ENIGMA) Consortium.
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Psychiatric disorders are heritable (Kendler and Eaves, 2005), and studying their genetic
basis has the potential to increase our understanding of risk for these conditions and inform
intervention efforts. Over the years, the literature on the genetics of psychiatric syndromes
has grown dramatically, particularly within the past decade (see Sullivan et al., 2012, for a
review). Although replicable genetic findings have been detected for schizophrenia and
bipolar disorder (e.g., Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013;
Psychiatric GWAS Consortium Bipolar Disorder Working Group, 2011; Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014), mapping the complex
genetic architecture of psychiatric conditions is far from complete. Additional research is
needed, and there have been calls for developing approaches that go beyond examining
psychiatric diagnoses as defined by the current nosology in order to facilitate discovery of
genetic mechanisms of psychiatric risk (e.g., Meyer-Lindenberg and Weinberger, 2006).

The Research Domain Criteria (RDoC) Project

The Research Domain Criteria (RDoC) project, spearheaded by the National Institute of
Mental Health (NIMH), represents one such alternative approach. The RDoC research
framework postulates that psychiatric conditions are disorders of brain circuits, and it
emphasizes the study of neurobiological mechanisms that cut across psychiatric disorders as
defined by current diagnostic classification systems (Morris and Cuthbert, 2012). With the
RDoC approach, psychopathology is classified based on underlying dimensions of function
that can be defined at multiple units of analysis, ranging from genes to molecules to neural
circuits to physiology to observable behaviors (Cuthbert and Insel, 2013). These dimensions
(or constructs) are grouped into major domains of functioning that reflect key aspects of
motivation, cognition, and social behavior (e.g., Negative Valence Systems, Cognitive
Systems). One of the ultimate goals of the RDoC initiative is to use the neurobiological data
that characterize these dimensions to develop “biosignatures” of psychopathology that can
then be utilized to guide clinical interventions (Morris and Cuthbert, 2012).

By focusing on the identification and characterization of neurobiological intermediate
phenotypes that underlie psychiatric syndromes, the RDoC framework has promise for
furthering our understanding of the genetic basis of psychopathology. Psychiatric disorders
are complex phenotypes that are influenced by the contributions of multiple genetic variants
of small effects (Sullivan et al., 2012). The effects of genes are not expressed directly at the
level of the behavioral manifestations of psychiatric syndromes (Fisher et al., 2008), which
limits the detection of associations with risk variants. In contrast, neurobiological
intermediate phenotypes are proposed to lie closer to the underlying genetic architecture
than more distal clinical outcomes, and thus it may be easier to identify links between
genetic loci and intermediate phenotypes due to higher penetrance (Meyer-Lindenberg and
Weinberger, 2006). Nevertheless, effect sizes observed for individual single nucleotide
polymorphisms (SNPs) on intermediate phenotypes are likely to be modest (e.g., Stein et al.,
2012) and still require large sample sizes to be adequately powered. In addition, researchers
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have postulated that intermediate phenotypes should be observable in genetically vulnerable
individuals who do not exhibit the symptoms of a psychiatric disorder (Meyer-Lindenberg
and Weinberger, 2006). Studying genetic influences on quantitative traits that are related to
clinical phenotypes and index underlying biological processes more directly than disorders
thus has potential for mapping the genetic architecture of psychopathology.

Aims of the Review

Although the RDoC project is a relatively recent initiative that aims to guide future research
efforts, a number of findings in the extant literature can be organized in terms of this
framework. As noted above, RDoC emphasizes several systems, which comprise different
constructs. The acute threat (“fear”) construct of the Negative Valence System has been
studied extensively from a translational perspective, with research conducted in both
animals and humans. Not only is the acute threat construct highly pertinent to numerous
psychiatric conditions, including various anxiety and trauma-related disorders, but it is also
directly relevant to exposure therapy, the most effective treatment at present for fear and
anxiety (Briscione et al., 2014; Institute of Medicine, 2008). Therefore, studying acute threat
has the potential to impact understanding of various manifestations of psychopathology and
inform clinical applications.

In this review, we focus on genetic contributions to the construct of acute threat at two units
of analysis of the RDoC framework: 1) neural circuits and 2) physiology. First, we introduce
relevant paradigms for the study of acute threat. Next, we summarize findings on the
heritability of and molecular genetic influences on the neural and physiological bases of
acute threat, focusing on findings from functional neuroimaging and physiology studies in
humans. Finally, we make recommendations for future studies in order to address gaps in
the extant literature, and we link the existing research base to the goals of the RDoC
initiative.

The literatures on the neural and physiological bases of acute threat are closely related, and
much research on the physiology of acute threat has focused on understanding how it aligns
with underlying neural circuitry. Furthermore, neural and physiological indicators of acute
threat have been shown to have substantial inter-individual variability (Baas, 2013), thereby
permitting investigations along the entire range of these quantitative measures. Thus,
studying genetic influences on the neural circuits and physiology of acute threat offers a
prime opportunity for conducting a cross-cutting examination of dimensions of threat
responses that can help to shed light on biological mechanisms of risk for and resilience to
mental illness.

In the current paper, we survey papers on genetic influences on the neural and physiological
underpinnings of acute threat that were published between 1995 and December 31, 2014.
The following keywords were used in our literature search: genetics - fear - physiology -
circuits - neural - brain - conditioning - extinction. Several relevant reviews on this topic
have been published in recent years (e.g., Lonsdorf and Kalisch, 2011; Murphy et al., 2013).
Although the current paper is comprehensive, it is not an exhaustive review, and we refer the
reader to those papers for additional coverage of this topic. As described below, and
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summarized in Table I, the vast majority of studies have examined biologically plausible
candidate genetic variants that are thought to have neurochemical effects on the acute threat
system or that have been associated with psychiatric disorders characterized by acute threat.
Furthermore, consistent with the notion that intermediate phenotypes should be observable
in genetically vulnerable individuals who do not exhibit the symptoms of a psychiatric
disorder (Meyer-Lindenberg and Weinberger, 2006), almost all investigations have been
conducted in individuals without a history of psychopathology (some exceptions are noted,
however). Although the studies reviewed differ in the samples, genetic variants, and
paradigms examined, they are united by the common goal of identifying the biological
intermediates that translate genetic risk into behavior.

Paradigms for the Study of Acute Threat

The acute threat construct has been investigated predominantly in the context of two
particular scientific paradigms: 1) fear conditioning paradigms and 2) aversive picture
processing paradigms. Fear conditioning paradigms are based on the principles of Pavlovian
conditioning (Maren, 2001; Pavlov, 1927). Specifically, they involve the pairing of a neutral
stimulus with an aversive unconditioned stimulus (US). With repeated pairings, the neutral
stimulus elicits the same type of response as the US and becomes a conditioned stimulus
(CS). The response evoked by the CS is termed the fear-conditioned response (CR), whereas
the response evoked by the US is the unconditioned response (UR). Fear conditioning
paradigms permit the study of several threat-related processes, including fear acquisition,
fear inhibition, fear generalization, and fear extinction. Fear acquisition refers to the extent
to which levels of fear responding to the CS are greater than those during baseline or inter-
trial intervals (Lissek et al., 2005). Simple conditioning paradigms traditionally employ only
one CS. In contrast, differential fear conditioning paradigms generally use two CSs: the CS+
is paired with the US and functions as a “danger signal,” whereas the CS- is not paired with
the US and is a “safety signal” (Lissek et al., 2005). Comparing the CRs in response to the
CS+ vs. the CS- permits an examination of whether individuals can discriminate between
predictors of danger and safety. Fear inhibition is thought to occur when a fear response is
suppressed in the context of safety cues (Lissek et al., 2005). Inhibition can be assessed by
examining discrimination to the CS+ vs. CS- or by presenting the CS+ in conjunction with a
neutral, safe stimulus. A recent meta-analysis of fear in anxiety disorders reported that
heightened fear responses to safety cues is a robust finding in these patients (Duits et al.,
2015). Fear generalization refers to when stimuli that are similar to the CS+ also come to
elicit the CR (Lissek et al., 2010; Norrholm et al., 2014). Fear extinction represents new
learning that occurs when a previously reinforced CS+ is presented repeatedly without the
US. This new extinction learning is thought to co-exist with the original fear memory
(Sotres-Bayon and Quirk, 2010). High levels of fear during early extinction learning are
thought to reflect persistent excitation, whereas high levels of fear during late extinction
learning are thought to reflect deficits in fear inhibition (Norrholm et al., 2011).

The other major paradigm employed in studies of acute threat is aversive picture processing.
In this task, individuals are presented with aversive pictures, often emotional faces (e.g.,
fearful or angry faces) or standardized unpleasant images from the International Affective
Picture System (IAPS; Lang et al., 1999). Individuals typically passively view these images
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(e.g., Stevens et al., 2014; Whalen et al., 2001), match the affect of an image with a target
image (e.g., Hariri et al., 2002), or rate their fear in response to the images (e.g., Lau et al.,
2010). Responses to the aversive pictures are compared to responses to control stimuli (e.g.,
neutral images).

Whereas fear conditioning paradigms permit an examination of influences on multiple
aspects of fear responding, including acquisition of fear, generalization of fear to other
stimuli, and extinction of fear, aversive picture processing paradigms primarily provide a
window on how individuals respond to aversive stimuli. That is, unlike aversive picture
processing paradigms, fear conditioning paradigms offer more of an opportunity to
understand associative learning as it underlies threat responses. In addition, fear
conditioning paradigms have frequently been employed in animal studies of acute threat,
thereby permitting greater comparison of findings from animal models and investigations in
humans.

Neural Circuitry of Acute Threat

The neural basis of acute threat has been studied extensively, and our understanding of fear
circuitry in humans stems, in large part, from work conducted in animals (Shin and
Liberzon, 2010). Based on this work, frontolimbic circuitry has been identified as playing a
key role in threat responses. Critical components of this circuitry include the amygdala,
hippocampus, anterior cingulate cortex (ACC), insula, and ventromedial prefrontal cortex
(PFC; see Shin and Liberzon, 2010, for a review). For example, the amygdala is integral for
the acquisition of fear, and activation of the ACC, insula, and hippocampus have also been
implicated in fear conditioning. The ventromedial PFC plays an important role in extinction
learning, and research suggests that the hippocampus may be involved in the contextual
modulation of extinction (Milad et al., 2007). Furthermore, connections between these brain
regions have important implications for responses to acute threat. For example, the medial
PFC and ACC have an inhibitory influence on subcortical regions, such as the amygdala,
and this regulatory effect is thought to occur during fear extinction (e.g., Milad et al., 2007).

Genetic Influences on the Neural Circuitry of Acute Threat

Heritability

Although findings from twin studies suggest that brain volume is heritable, with meta-
analytic evidence indicating that brain structure is under strong genetic control (Blokland et
al., 2012), the heritability of functional imaging phenotypes has received relatively little
empirical investigation. As reviewed by Blokland et al. (2012), a few investigations have
examined the heritability of task-related brain activity, although results across studies have
been mixed. Functional activation in brain areas related to working memory circuits,
including frontal areas and the middle cingulate cortex, has been found to be moderately
heritable, with estimates ranging from 40-65% (Blokland et al., 2011; Koten et al., 2009),
and there is initial evidence demonstrating the heritability of brain connectivity patterns
(Shen et al., 2014). However, heritability estimates for activation in a number of regions of
interest (ROIs) relevant to acute threat neural circuitry (e.g., the amygdala) in humans are
lacking. Some functional neuroimaging work in monozygotic twins has examined
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frontolimbic regions (Miskowiak et al., 2014; Wolfensberger et al., 2008), and reactivity in
ROIls implicated in acute threat (e.g., the amygdala) has been found to be stable and trait-
like (e.g., Manuck et al., 2007). Nevertheless, behavioral genetics research is needed that
directly addresses the heritability of activation in these areas.

Molecular genetics findings: Candidate gene studies

There is a growing body of work demonstrating associations between variation in candidate
genes and activation of the neural circuitry related to acute threat responses. As shown in
Table I, most studies by far have examined the 5-HTTLPR polymorphism in the promoter
region of the serotonin transporter (SLC6A4) gene and the Val158Met polymorphism of the
catechol-O-methyltransferase (COMT) gene, although additional genes have been
considered as well. Even though we present all candidate gene findings in Table I, we limit
our discussion in the text to only those that have been investigated in two or more
independent studies. We first focus on serotonergic- and dopaminergic-related genes more
broadly and then discuss results from some additional genes that have been investigated.

Serotonin has been identified as an important modulator of the corticolimbic circuit
underlying acute threat (Fisher and Hariri, 2013), and several serotonergic-related genes
have been studied with respect to the neural basis of acute threat, including the serotonin
transporter (SLC6A4), tryptophan hydroxylase 2 (TPH2), monoamine oxidase A (MAOA),
and serotonin 1A receptor (HTR1A) genes. As noted above, the 5-HTTLPR polymorphism of
S_C6A4 has received the greatest empirical attention. SLC6A4 is involved in the regulation
of reuptake of serotonin to the presynaptic neuron (Homberg and Lesch, 2011), and 5-
HTTLPR is a functional 44-base pair insertion/deletion polymorphism in the promoter
region of the gene. 5-HTTLPR has two common alleles: short (S) and long (L). Compared to
the L allele, the S allele has been associated with reduced serotonin transporter protein
availability and function and, consequently, higher synaptic serotonin concentrations
(Homberg and Lesch, 2011). Some research also suggests that an A/G single SNP (rs25531)
upstream of 5-HTTLPR may modify the function of L alleles, such that the L allele is
associated with decreased transcriptional efficiency that is similar to that of the S allele (e.g.,
Hu et al., 2006). Whereas some research has examined a biallelic classification of 5-
HTTLPR (i.e., S vs. L alleles), other work has considered a triallelic classification whereby S
and L alleles are compared to L alleles. Although we refer to the S and L alleles below
for simplicity, we note that some of this research is based on comparisons of the S/Lg vs. La
alleles.

Across numerous studies, there is evidence that, compared to the L allele, the S allele of 5-
HTTLPR is associated with greater activation in several frontolimbic areas implicated in
acute threat, including the amygdala, hippocampus, cingulate gyrus, medial PFC, and ACC,
in response to processing of aversive vs. neutral stimuli (e.g., Bertolino et al., 2005; Hariri et
al., 2002; Heinz et al., 2005; Lonsdorf et al., 2011; Smolka et al., 2007; Surguladze et al.,
2008; Williams et al., 2009). Furthermore, research suggests that 5-HTTLPR genotype is
also characterized by differential patterns of brain connectivity in frontolimbic neural
circuitry (e.g., Heinz et al., 2005; Pezawas et al., 2005; Surguladze et al., 2008). The
association between 5-HTTLPR genotype and amygdala activation has been especially well-
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supported. A recent meta-analysis of 34 independent samples demonstrated support for a
statistically significant association between 5-HTTLPR genotype and both left (Hedge's g =
0.22) and right (Hedge's g = 0.21) amygdala activation in response to affective stimuli
(Murphy et al., 2013). However, effect sizes were small; approximately 1% of the variance
in amygdala activation was estimated to be accounted for by 5-HTTLPR genotype. This
estimate is smaller than the percentage of amygdala activation explained by 5-HTTLPR
variation (10%) in a previous meta-analysis (Munafo et al., 2008). Interestingly, differences
in study design (e.g., imaging method, task requirements, stimulus type) or sample
composition (e.g., ancestry, patient vs. non-patient population) were not found to account for
the between-study heterogeneity observed in effect sizes, although statistical power was
often low for these comparisons (Murphy et al., 2013). Murphy et al. (2013) suggested that
inadequate sample sizes most likely contributed to variability in effect size across
investigations. Indeed, all published studies to date were found to be statistically
underpowered to demonstrate an association between 5-HTTLPR genotype and amygdala
activation.

Although small in effect size, the association between 5-HTTLPR genotype and amygdala
activation appears to be robust. However, what drives the S allele-amygdala activity relation
is not entirely clear. For example, some research suggests that the link between 5-HTTLPR
genotype and amygdala response is due to differences in activation to neutral or control
stimuli, rather than to increased reactivity to aversive stimuli (e.g., Canli et al., 2005b; Canli
et al., 2006), although findings are somewhat inconsistent across studies. More research is
needed to better understand what underlies the association between 5-HTTLPR genotype and
amygdala activation. Additional research is also needed to better comprehend the time
course of 5-HTTLPR-related differences in frontolimbic activation, as initial evidence
suggests a lack of amygdala habituation to aversive faces over time for S allele carriers but
not L allele homozygotes (Lonsdorf et al., 2011).

Most research has examined the link between 5-HTTLPR genotype and neural activation
during aversive picture processing, but a handful of studies have investigated 5-HTTLPR
genotype and neural responses to fear conditioning paradigms. In this work, compared to the
L allele, the S allele has been associated with greater reactivity in fear network regions (e.g.,
amygdala, insula, thalamus, occipital cortex, dorsomedial PFC) during fear conditioning
(Klucken et al., 2013; Klucken et al., 2014; Klumpers et al., 2014), elevated amygdala-
insula coupling during fear conditioning (Klucken et al., 2014), and stronger late
conditioned and unconditioned responses in the right insula during fear conditioning
(Hermann et al., 2012).

As is characteristic of the broader literature on genetic influences on the neural circuitry of
acute threat, the vast majority of research on 5-HTTLPR genotype and acute threat neural
response has been conducted in adults without a history of psychopathology (e.g., Klucken
etal., 2013; Klucken et al., 2014; Murphy et al., 2013). However, there is some evidence
that the S allele is associated with increased amygdala activation to clinically relevant
triggers in individuals with psychopathology. For example, in one study, S allele carriers
with social phobia exhibited greater amygdala activation in response to a public speaking
task than L allele homozygotes (Furmark et al., 2004). Furthermore, initial findings in
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healthy children and adolescents indicated that S allele carriers exhibited greater activation
in limbic, parietal, and frontal regions in response to negative stimuli compared to L allele
homozygotes, which suggests that the association between 5-HTTLPR genotype and
frontolimbic neural activation is present earlier in development (Thomason et al., 2010).

Some studies have also begun to examine whether the association between 5-HTTLPR
genotype and neural activation is moderated by the environment. There is some initial
support that S allele carriers who also report high levels of life stress exhibit the greatest
levels of reactivity in acute threat-related neural regions during processing of emotional
stimuli and fear conditioning (e.g., Klucken et al., 2013; Williams et al., 2009). However,
not all studies have demonstrated this pattern of results (e.g., Canli et al., 2006). Differences
in the environmental variables examined across these few investigations (e.g., early life
stress vs. lifetime stressful life events) and variation in the paradigms and comparisons used
make it difficult to draw conclusions. More research is needed, but there is at least initial
support for the presence of Gene x Environment interactions for 5-HTTLPR variation and
neural activity related to acute threat.

Although the literature on other serotonergic-related genes and the neural circuitry of acute
threat is smaller than the body of work on 5-HTTLPR, there is some support for associations
with TPH2, MAOA, and HTR1A. Specifically, a SNP (rs4570625) in the promoter region of
the TPH2 gene, which encodes a rate-limiting enzyme involved in the synthesis of serotonin
in the brain (Walther et al., 2003; Zill et al., 2004), has been linked to amygdala reactivity to
emotional stimuli, such that T allele carriers exhibit greater amygdala activation to
emotional stimuli than G allele homozygotes (Brown et al., 2005; Canli et al., 2005a; Canli
et al., 2008). Furthermore, the association between the T allele of rs4570625 with greater
amygdala activation during fear conditioning was potentiated among individuals reporting a
higher number of traumatic events (Hermann et al., 2012).

Variation in MAOA, a gene involved in the degradation of serotonin, has also been linked to
threat-related neural activation. A variable number tandem repeat (VNTR) polymorphism in
the promoter region of MAOA has been identified that has higher expression (i.e., associated
with increased transcription and therefore greater breakdown of serotonin) and lower
expression variants (Deckert et al., 1999; Sabol et al., 1998). Compared to the higher
expression variant, the lower expression variant has been associated with increased limbic
activation to aversive stimuli in individuals without a history of psychopathology (Meyer-
Lindenberg et al., 2006). Additionally, in a sample of patients with panic disorder with
agoraphobia, those with the low expression variant showed increased neural responses to the
CS+ vs. CS- during fear acquisition in the ACC, precuneus, and left parahippocampus
compared to individuals with the high expression variant (Reif et al., 2014). Furthermore,
the low expression group also showed patterns of neural activation consistent with improved
discrimination between the CS+ and CS- after completing 12 weeks of cognitive behavioral
therapy (CBT). In contrast, the high expression group did not exhibit such evidence of
differential neural responses to the CS+ vs. CS- after CBT, which may reflect fear
overgeneralization processes at the neural level.
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Components of the neural circuitry of fear (e.g., the amygdala and ACC) are also influenced
by serotonin 1A receptor-mediated serotonergic signaling. The serotonin 1A receptor is a
major inhibitory serotonergic receptor in the brain, with high density of the receptor in
cortical and subcortical regions, including limbic areas (Varnas et al., 2004). Compared to
the C allele, the G allele of a functional SNP in the promoter region of HTR1A (rs6295) has
been associated with reduced serotonergic signaling (Lemonde et al., 2003), and there is
initial evidence linking HTR1A variation to amygdala activation. In healthy individuals, C
allele homozygotes exhibited increased amygdala activation to emotional faces vs. shapes
compared to G allele carriers (Fakra et al., 2009). However, in a sample of patients with
panic disorder with agoraphobia, G allele homozygotes exhibited greater amygdala activity
to threat and safety cues during early acquisition of fear conditioning (Straube et al., 2014).
In addition, patients homozygous for the G allele showed diminished effects of 12 sessions
of CBT on neural correlates of fear conditioning, whereas C allele homozygotes exhibited
changes in neural responses in these areas after CBT consistent with differential
conditioning (Straube et al., 2014). Differences in the nature of the samples (i.e., individuals
with vs. without psychopathology) and paradigms (i.e., emotional processing vs. fear
conditioning tasks) make it challenging to compare the results of these two studies.
Nevertheless, these investigations provide preliminary evidence that HTR1A variation may
influence threat-related processes at the neural level, although additional work is needed to
better understand this association.

Dopaminergic-related genes have also been of interest when examining genetic influences
on the neurocircuitry of acute threat given that dopamine has been shown to play a key role
in fear conditioning, especially with respect to fear memory stabilization (Fadok et al., 2009;
Pezze and Feldon, 2004). The COMT gene is involved in the degradation of dopamine,
particularly in the prefrontal cortex (Mannisto and Kaakkola, 1999). Several studies have
examined patterns of acute threat-related neural activation that are associated with a
functional A/G SNP in COMT (rs4680) that results in the substitution of valine (Val) by
methionine (Met) at codon 158 (the Val158Met polymorphism). Compared to the Val allele,
the Met allele is associated with lower enzymatic activity and, consequently, higher
dopamine levels (Mannisto and Kaakkola, 1999), and it has been characterized by greater
activation in frontolimbic regions (e.g., the amygdala, hippocampus, cingulate gyrus, and
dorsal and ventrolateral PFC) in response to aversive stimuli (Drabant et al., 2006; Lonsdorf
etal., 2011; Smolka et al., 2005; Smolka et al., 2007; Williams et al., 2010). There is also
initial evidence of increased functional coupling between limbic and prefrontal regions in
Met allele homozygotes (Drabant et al., 2006).

One exception to this overall body of work comes from a study by Kempton et al. (2008),
which found a different pattern of association between COMT genotype and neural

reactivity to fearful faces when considering interactions with gender (given that estrogen
reduces COMT activity). In this investigation, the Val/Val genotype was associated with
increased limbic response during fearful affect recognition compared to the Met/Met
genotype, primarily in females. Most research has been conducted in adults without a history
of psychopathology, but in one study of patients with panic disorder, Val allele carriers
(compared to Met allele homozygotes) exhibited greater amygdala activation to fearful faces
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(Domschke et al., 2008). Although preliminary, the findings of Kempton et al. (2008) and
Domschke et al. (2008) suggest that differential associations between COMT genotype and
activation of acute threat neural circuitry may emerge when considering gender and
psychopathology as potential moderators.

Several additional genes have been explored with respect to acute threat-related neural
circuitry, often based on preclinical findings that hold promise for understanding threat-
related processes in humans. For example, genes related to memory consolidation and
stabilization have emerged as candidates of interest given their roles in processes related to
fear memory formation. One such gene is the brain-derived neurotrophic factor (BDNF)
gene, which codes for the BDNF growth-factor protein. The BDNF growth-factor protein
plays an important role in neuronal survival and learning and memory via its regulatory
influence on synaptic plasticity (Bath and Lee, 2006). A SNP in the BDNF gene (rs6265)
that results in a valine to methionine amino acid substitution at codon 66 (the Val66Met
polymorphism) has been found to alter the intracellular processing of BDNF, with the Met
allele associated with less secretion of BDNF and reduced hippocampal synaptic activity
compared to the Val allele (Egan et al., 2003). Growing evidence suggests that carriers of
the Met allele exhibit greater activation of limbic fear circuitry (e.g., the amygdala,
hippocampus, insula) during fear conditioning and extinction compared to Val allele
homozygotes (Lonsdorf et al., 2014; Soliman et al., 2010). Furthermore, there is an initial
finding that the Met allele is associated with reduced vmPFC activation during extinction
compared to the Val allele (Soliman et al., 2010), a pattern of neural activation suggestive of
weaker fear extinction. However, the incorporation of a reversal learning phase prior to
extinction training complicates interpretation of this extinction finding.

Additional work is also needed regarding the time course by which variation in BDNF
influences neural activation during extinction, as some initial research has found that BDNF
genetic variation is differentially associated with neural activation during extinction
primarily during early extinction trials (Lonsdorf et al., 2014). Furthermore, although prior
research has detected associations between the Val66Met polymorphism and neural
activation during threat-related processing in adults without any history of psychopathology
(Lonsdorf et al., 2014; Soliman et al., 2010), one study in adolescents found that Met allele
carriers (compared to Val allele homozygotes) exhibited increased amygdala and
hippocampal activation during emotional processing only in individuals with anxiety
disorders or unipolar depression (Lau et al., 2010). This finding suggests that associations
between BDNF Val66Met genotype and activation of acute threat-related neural circuitry
may be more pronounced in individuals with psychopathology, although more research is
needed to better understand this issue.

Translational work has also suggested a role for neuropeptide S (NPS) and its G-protein
coupled receptor (NPSR1) in fear responding, with findings from animal models indicating
that NPS has anxiolytic effects on the central nervous system (Pape et al., 2010). As a result,
researchers have been interested in whether variation in the neuropeptide S receptor 1
(NPSR1) gene is associated with acute threat-related neural circuitry. Compared to the A
allele, the T allele of the rs324981 SNP in NPSR1 is characterized by greater NPSR
expression and NPS efficacy at the receptor, although binding affinity is not affected
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(Reinscheid et al., 2005). Interestingly, in contrast to animal research suggesting an
anxiolytic effect of NPS, in humans, the T allele has been associated with exaggerated fear
responses at the neural level. Specifically, the T allele has been linked to stronger ACC and
dorsomedial PFC activation to the CS+ during fear acquisition (Raczka et al., 2010) and to
greater amygdala responsiveness to negative faces (vs. shapes; Dannlowski et al., 2011). In a
sample of individuals with panic disorder, the T allele was associated with decreased
dorsolateral PFC, lateral orbitofrontal cortex, and ACC activation when processing fearful
faces (vs. a control shape stimulus), although no significant differences were observed for
amygdala activation (Domschke et al., 2011). Tupak et al. (2013) also examined rs324981
variation with respect to activation in the medial and dorsolateral PFC during an emotional
Stroop task. Only A allele homozygotes, and not T allele carriers, exhibited increased
activation to fear-relevant (vs. neutral) stimuli in the medial and dorsolateral PFC during the
task (i.e., only those homozygous for the A allele showed an emotional Stroop effect). These
results may reflect an adaptive inhibitory emotional regulation response to threat that was
present in those with the A/A genotype but was less efficient in T allele carriers. Despite
differences in the paradigms employed (e.g., fear conditioning vs. processing of emotional
stimuli), overall findings from these studies begin to suggest that the T allele of the
rs324981 SNP may be associated with heightened neural reactivity to fearful stimuli, as
reflected by greater amygdala activation and less prefrontal inhibitory activity.

Preclinical work has also implicated the endocannabinoid system in threat-related processes,
with the endocannabinoid anandamide in the amygdala implicated in fear extinction in
particular (Gunduz-Cinar et al., 2013). Anandamide is degraded by fatty acid amide
hydrolase (FAAH; Spradley et al., 2010), which is encoded by the FAAH gene. Two studies
have linked the lower-expressing A allele of the rs324420 SNP in FAAH to threat-related
amygdala activation, with one investigation demonstrating blunted amygdala reactivity to
threatening faces (Hariri et al., 2009) and another indicating quicker habituation of the
amygdala to aversive faces (Gunduz-Cinar et al., 2013).

Gene x Gene interactions—Most studies have examined the association between
variation in a single candidate gene with acute threat-related neural activation, but a few
studies have considered the contributions of multiple genes in a single investigation. The
influence of genes is rarely limited to a single biological system, and there is often cross-talk
between genes and/or systems that may, in turn, contribute to acute threat-related processes.
Examining the joint contributions of genetic variants from multiple biological systems is
thus of interest, and this approach is consistent with the notion that activation of the neural
circuitry underlying threat processes is polygenic. Two studies found support for additive
effects of variation in two serotonergic-related genes (TPH2 and 5-HTTLPR) on neural
activity. Canli et al. (2008) detected additive effects of the TPH2 T allele and 5-HTTLPR S
allele on putamen and amygdala activation to emotional stimuli, such that effects were
amplified when both genotypes, rather than just a single gene, were examined. In addition,
Hermann et al. (2012) found a combined effect of the TPH2 T allele and 5-HTTLPR S allele
on increased activation of the dorsal ACC during extinction, which may suggest prolonged
fear expression. Even though formal tests of Gene x Gene interactions were not significant
in these studies, these findings nevertheless suggest that considering the contributions of
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multiple genetic variants, including those related to the same family of neurotransmitters,
may increase our understanding of genetic influences on the neural circuitry of acute threat
and shed light on underlying mechanisms.

Physiology of Acute Threat

As noted above, the neural circuitry of acute threat is aligned with physiological processes,
and several physiological metrics have been used to assess the construct of acute threat,
including startle, skin conductance, and heart rate responses. The startle response is a
frequently used translational methodology for measuring learned fear and basic defensive
physiology in response to threat (Briscione et al., 2014). Two distinct, yet interrelated,
circuits underlie the startle response: 1) a basic reflex response that is initiated by the
nucleus reticularis pontis caudalis (Davis et al., 1982), and 2) a modulatory influence on the
reflex by the amygdala (Davis et al., 1997). Startle is typically assessed by measuring the
strength of the eye blink (as indexed by electromyographic activity from the orbicularis
oculi muscle) in response to a startle probe (e.g., a loud noise or air puff; e.g., Norrholm et
al., 2013; Vaidyanathan et al., 2014). The overall startle response provides a baseline index
of startle reactivity, and startle can be modulated by the presence of emotional stimuli. For
example, potentiation of the startle response occurs in the presence of aversive stimuli, and
this response (known as fear-potentiated startle) is of particular interest with respect to
threat-related processes. This potentiation is influenced by the amygdala, and it occurs
independently of cortical influences, thereby providing a measure of threat responding that
is distinct from cognition (Davis, 1992). A variety of threatening cues have been found to
potentiate the startle response in humans, including aversive images (e.g., Klauke et al.,
2012; Lang et al., 1990) and darkness (e.g., Grillon and Ameli, 1998).

Skin conductance response reflects the extent to which the electrical conductance of the skin
is altered by a state of arousal via increased sweat gland activity (e.g., Lykken and Venables,
1971). Threat-related increases in skin conductance response have been observed, and these
have been found to co-occur with engagement of components of the neurocircuitry of threat,
including the amygdala and medial PFC (e.g., Williams et al., 2001), although dissociation
of skin conductance and neural fear network activation during fear conditioning has been
observed (Tabbert et al., 2006). Many studies have incorporated skin conductance response
as a physiological indicator of acute threat, but some research suggests that it may be a more
nonspecific measure of arousal that is not as closely tied to threat-related neurocircuitry as
other physiological indicators, such as fear-potentiated startle (e.g., Lonsdorf et al., 2014).
Furthermore, differential skin conductance responses in fear conditioning are thought to
require an awareness of contingencies related to the conditioning paradigm (Hamm and
Weike, 2005; Tabbert et al., 2006). These differences may explain, at least in part,
discrepancies in associations between genetic predictors and different physiological
indicators.

Although not investigated as frequently as fear-potentiated startle or skin conductance
response, heart rate is a third physiological measure that has been employed in some studies
of acute threat-related processes. Heart rate, generally measured with pulse oximetry,
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provides an index of autonomic arousal that parallels brain activity in response to emotional
stimuli in several regions, including the amygdala and insula (e.g., Critchley et al., 2005).

Genetic Influences on the Physiology of Acute Threat

Heritability

Evidence from twin studies suggests that physiological measures of acute threat are
heritable. Heritability of fear conditioning based on skin conductance responses has been
estimated to range between 35-45% (Hettema et al., 2003). Resting heart rate and stress-
induced heart rate reactivity have also been shown to be heritable, with heritability estimates
of 63% and 52%, respectively, in a sample of middle-aged twins (de Geus et al., 2007).
Substantial heritability has been demonstrated for overall startle response as well, with
estimates ranging, on average, from 50-70% (Anokhin et al., 2003; Anokhin et al., 2007;
Vaidyanthan et al., 2014). However, findings regarding the heritability of emotional
modulation of the startle response (e.g., fear potentiation of startle) are less consistent. In an
initial study, Carlson et al. (1997) demonstrated that affectively-modulated startle responses
showed greater concordance for monozygotic than dizygotic twins, suggesting that
emotional modulation of startle may be mediated, in part, by genetic factors. However,
subsequent investigations (Anokin et al., 2007; Vaidyanthan et al., 2014) have found little
support for heritability of difference scores reflecting affective modulation of startle.

Molecular genetics findings: Candidate gene studies

As with the literature on genetic influences on the neural circuitry of acute threat, nearly all
of the studies investigating the genetics of acute threat-related physiology have employed
the candidate gene approach. Lonsdorf and Kalisch (2011) provided a comprehensive
review of genetic association studies of physiological indicators of fear conditioning and
extinction. We build on the research discussed in that paper here, discussing candidate genes
that were investigated in two or more investigations in the text (as above) and emphasizing
studies that were published in the time since that review (see Table I). The vast majority of
research has focused on the 5-HTTLPR, COMT Val158Met, and BDNF Val66Met
polymorphisms, although some additional genes have been examined as well.

Similar to the literature on neural circuits of acute threat, several serotonergic-related genes
have been examined with respect to threat-related physiology. The 5-HTTLPR
polymorphism has been the subject of the most research, and, of the different serotonergic
variants examined, it has received the most robust support for a role in physiological threat
responses. Across numerous studies, the S allele has been associated with greater
physiological responding to fearful stimuli compared to the L allele. Findings are most
robust for startle responses (Armbruster et al., 2009; Klumpers et al., 2012; Klumpers et al.,
2014; Lonsdorf et al., 2009; Wendt et al., 2014; Williams et al., 2009; although see Heitland
etal., 2013; Larson et al., 2010; Pauli et al., 2010, for exceptions) and less consistent for
skin conductance response (Crisan et al., 2009; Garpenstrand et al., 2001; Glotzbach-Schoon
et al., 2013; Hartley et al., 2012; Hermann et al., 2012; Klucken et al., 2014; Klumpers et al.,
2014; Lonsdorf et al., 2009). Some evidence also supports greater emotional task-elicited
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heart rate among S allele carriers compared to L allele homozygotes (Williams et al., 2009;
although see Gatt et al., 2009, for an exception).

Greater startle among S allele carriers (vs. L allele homozygotes) has been observed during
several phases of fear conditioning paradigms, including fear acquisition, reconditioning,
and extinction (Lonsdorf et al., 2009; Wendt et al., 2014). Additionally, greater resistance to
extinction has been documented based on skin conductance response in S allele carriers
compared to those with the L/L genotype (Agren et al., 2012). There is also initial evidence
that 5-HTTLPR genotype may be linked to fear reacquisition after extinction. Extinction
training that occurs inside (i.e., 10 minutes), but not outside (i.e., 6 hours), the
reconsolidation interval has been associated with weakened return of fear (Schiller et al.,
2010). Compared to L allele homozygotes, S allele carriers exhibited greater reacquisition of
fear (as indicated by skin conductance response) when fear was extinguished outside, rather
than inside, the reconsolidation interval (Agren et al., 2012). This research provides an
initial demonstration of 5-HTTLPR allelic differences on fear memory reconsolidation.

Although most investigations have examined the main effect of 5-HTTLPR genotype on
acute threat physiology, three studies investigated whether 5-HTTLPR genotype might
interact with life stress to contribute to physiological measures of threat responsivity.
Williams et al. (2009) found support for a significant 5-HTTLPR Genotype x Early Life
Stress interaction in predicting heart rate during nonconscious processing of fearful faces,
such that S allele carriers who reported high levels of early stress exhibited the greatest
increase in heart rate when subliminally presented with fearful vs. neutral faces.
Additionally, Hermann et al. (2012) demonstrated that, compared to L allele homozygotes, S
allele carriers who reported a higher number of traumatic events exhibited stronger skin
conductance responses during late fear acquisition trials. However, Armbruster et al. (2009)
failed to find that 5-HTTLPR genotype significantly interacted with multiple measures of
life stress, including early stress, cumulative lifetime stress, and recent (past 18 months)
stress, to impact startle response when viewing emotional pictures. Differences between
these investigations (e.g., emotional stimuli presentation, physiological outcome measure)
make it challenging to draw conclusions, and thus more research is needed to better
understand whether 5-HTTLPR genotype is differentially associated with the physiology of
acute threat as a function of environmental experience.

Nevertheless, overall, a growing literature suggests that the S allele of 5-HTTLPR is
associated with heightened fear responding at the physiological level. However, some
inconsistencies in findings across studies may reflect differences in study design and
measure selection. For example, several studies that used aversive pictures to modulate the
startle response failed to find an association between 5-HTTLPR genotype and fear-
potentiated startle (e.g., Armbruster et al., 2009; Brocke et al., 2006; Larson et al., 2010;
Pauli et al., 2010), even though genotype was often related to overall startle response
(Armbruster et al., 2009; Brocke et al., 2006). In contrast, the S allele of 5-HTTLPR was
more consistently linked to augmented physiological indicators of threat in studies that used
Pavlovian fear conditioning paradigms with aversive US (e.g., unpleasant, but not painful,
electrical stimulation; e.g., Lonsdorf et al., 2009; Wendt et al., 2014). These findings suggest
that Pavlovian fear conditioning paradigms may produce more robust affective modulation
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of the startle response. In addition, the greater consistency of findings of 5-HTTLPR
genotype modulation for startle responses than for skin conductance responses may reflect
differences in the nature of these two physiological outcomes. As mentioned above, some
researchers have noted that fear-potentiated startle may be a stronger indicator of amygdala-
driven defensive responding than skin conductance response, which is influenced by
additional factors that are not specific to reactions to threat, such as cognitive factors related
to contingency awareness (Lonsdorf et al., 2009; Wendt et al., 2014). Therefore, this pattern
of results suggests that even though several measures may reflect physiological processes,
various indicators may tap into different underlying neurobiological pathways and thus show
different degrees of association with genetic markers. These findings demonstrate the
importance of conducting cross-cutting research that investigates connections across
multiple units of analysis in order to better understand the factors that contribute to a given
outcome measure.

Three studies have also examined variation in MAOA with respect to the physiology of acute
threat. Compared to the T allele of the rs6323 SNP of MAOA, the G allele has been
associated with higher MAOA enzyme activity (Hotamisligil and Breakefield, 1991). In one
investigation, women with the G/G genotype showed greater startle potentiation to
emotional stimuli than T carriers (Larson et al., 2010). Similarly, among patients with panic
disorder with agoraphobia, those with the higher expression variant of the VNTR
polymorphism in the promoter region of MAOA had higher heart rates during a behavioral
avoidance task designed to provoke anxiety compared to patients with the lower expression
variant (Reif et al., 2014). These findings provide some initial evidence that higher MAOA
activity levels may be associated with increased physiological responses to threat, although
no significant differences in skin conductance response during fear conditioning and
extinction were observed in another study as a function of MAOA promoter VNTR genotype
(Garpenstrand et al., 2001).

COMT is also one of the most-studied genes with respect to the physiology of acute threat,
however findings regarding associations between COMT Val158Met genotype and startle
response to aversive pictures have been mixed. Montag et al. (2008) found that Met allele
homozygotes of the Val158Met polymorphism exhibited exaggerated startle to aversive
pictures compared to Val allele carriers, whereas Klauke et al. (2012) found that Met allele
homozygotes had a blunted startle response to aversive pictures when compared to Val allele
carriers. Pauli et al. (2010) failed to detect a significant association between COMT
genotype and startle responses in an affective picture startle paradigm.

A more cohesive set of findings has emerged from studies employing fear conditioning
paradigms. Across several investigations, the Val158Met polymorphism has not been
associated with differential responding during fear acquisition, but Met allele homozygotes
have been found to show deficits in fear inhibition and extinction and/or greater fear
memory consolidation. For instance, compared to Val allele carriers, Met allele
homozygotes showed pronounced startle response during a conditional discrimination
paradigm despite the presence of a safety signal (Wendt et al., 2014), as well as a greater
startle response to the CS+ during extinction (Lonsdorf et al., 2009). With respect to fear-
related psychopathology, the Met/Met genotype was associated with increased startle
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response during fear inhibition trials in individuals with posttraumatic stress disorder
(PTSD), suggesting that trauma and trauma-related psychopathology may exacerbate these
genetic deficits (Norrholm et al., 2013). Researchers have suggested that the increased
dopamine availability among Met allele carriers may underlie deficits in learning safety cues
(Wendt et al., 2014). Initial evidence from fear reacquisition studies after extinction also
suggests that Val allele homozygotes may maintain and update fear memories more
effectively than Met allele carriers. Compared to carriers of the Met allele, individuals with
the Val/Val genotype responded differentially to a reconsolidation manipulation on
reacquisition such that they exhibited greater reacquisition of fear (as indicated by skin
conductance response) when fear was extinguished outside (i.e., 6 hours) rather than inside
(i.e., 10 minutes) the reconsolidation interval (Agren et al., 2012). Finally, preliminary
support for a Gene x Environment interaction of COMT genotype with childhood trauma
was provided by Klauke et al. (2012), who found that, only among Val allele homozygotes,
greater childhood trauma was associated with increased potentiation of the startle response
to unpleasant stimuli during an affective picture-startle paradigm.

Most work on dopaminergic-related genes has examined COMT variation, but two studies
investigated variation in dopamine receptor genes with respect to the physiology of acute
threat. A VNTR polymorphism in the dopamine receptor D4 (DRD4) gene has been
associated with dopamine function, with the long repeat variant linked to reduced
dopaminergic efficiency compared to the short repeat variant (Asghari et al., 1995). Some
evidence suggests that the long variant of DRD4 was associated with blunted startle
response to unpleasant stimuli (Pauli et al., 2010) and delayed extinction based on skin
conductance response (Garpenstrand et al., 2001). However, there was no significant
difference as a function of DRD4 genotype when comparing good vs. poor fear acquisition
participants as defined by skin conductance response (Garpenstrand et al., 2001). Initially
believed to be located in the dopamine receptor D2 (DRD2) gene, the TaglA restriction
fragment length polymorphism has also been studied with respect to acute threat physiology.
Although it has since been determined to be located in the nearby ankyrin repeat and kinase
domain containing 1 (ANKKZ1) gene, it is in linkage disequilibrium with DRD2 variants, and
the Al allele has been associated with low DRD2 density (Munafo et al., 2007). However,
no significant associations between ANKK1 TaqlA genotype with startle or skin
conductance responses during fear conditioning or emotional startle paradigms have been
detected to date (Huertas et al., 2010; Montag et al., 2008).

Overall, there have been mixed findings regarding BDNF variation and physiological
measures of acute threat, although some evidence suggests that the Met allele of the
Val66Met polymorphism is associated with deficient fear-related physiology. For example,
compared to the Val/Val genotype, the Met allele has been associated with slower or
impaired extinction based on skin conductance response (Soliman et al., 2010), slower
learning of safety cues based on skin conductance response (Soliman et al., 2010), a lack of
fear-potentiated startle responses during late acquisition and early extinction (Lonsdorf et
al., 2010), and attenuated startle to the CS+ (relative to the CS-) during differential
conditioning (Hajcak et al., 2009). These findings may, in part, reflect enhanced fear
memory retrieval. In addition, using a novel paradigm to examine generalization of cued
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fear across contexts, Muhlberger et al. (2014) observed that only Met allele carriers—and
not Val allele homozygotes—exhibited potentiated startle responses to the CS+ (vs. the CS-)
in a novel context (indicative of generalization of fear). There was also a trend for Met allele
carriers to show worse discrimination of fear vs. safety contexts during acquisition
compared to Val allele homozygotes based on startle responses. These findings suggest that
the Met allele may be associated with diminished learning of associations between context
and conditioned fear. Despite this body of evidence, other studies, including those with large
sample sizes, have failed to detect significant associations between BDNF Val66Met
genotype and startle or skin conductance responses during several stages of fear
conditioning (Lonsdorf et al., 2014, Torrents-Rodas et al., 2012). Furthermore, there is
preliminary evidence that BDNF genotype in interaction with early life stress may contribute
to task-elicited increases in heart rate: Among Met allele carriers, high (vs. low) levels of
early life stress were associated with greater task-elicited heart rate increases (Gatt et al.,
2009).

As in the literature related to the neural circuitry of acute threat, variation in the NPRSR1
gene and the physiology of acute threat has been investigated as well. No significant
associations between NPSR1 rs324981 genotype and skin conductance response were found
in individuals without a history of psychopathology during fear conditioning paradigms
(Glotzbach-Schoon et al., 2013; Raczka et al., 2010), although an initial finding suggests
that a link between NPSR1 genotype and threat-related physiology may emerge in
individuals with panic disorder. In a sample of patients with panic disorder who underwent a
behavioral avoidance test of being locked in a small dark chamber for up to 10 minutes, T
allele carriers exhibited greater heart rate compared to A allele homozygotes during
anticipation of the behavioral avoidance test, exposure, and recovery (Domschke et al.,
2011).

In addition, some sex-specific findings for candidate genes relevant to threat responsivity
have emerged for physiological measures of acute threat. Variation in the gene coding for
the pituitary adenylate cyclase-activating polypeptide (PACAP) receptor (ADCYAP1R1),
which plays a key role in regulating prolonged stress circuit activation (Ressler et al., 2011),
has been linked to differential startle response in adult women, although the sex-specific
nature of the association has been found to vary with developmental stage. Specifically,
compared to G allele carriers, adult women with the C/C genotype of rs2267735 were less
able to discriminate danger from safety signals (as measured with startle response) during
late acquisition of fear, and they showed greater dark-enhanced startle (Ressler et al., 2011).
These genotype-related differences in startle response were not observed in adult men. In an
investigation of children, C allele homozygotes exhibited greater dark enhanced startle
compared to G allele carriers, but this finding was detected in both males and females
(Jovanovic et al., 2013). The finding that C allele homozygote status was associated with
potentiated startle in both male and female children, but only in adult women, suggests that
ADCYAP1RI1-related vulnerability for acute threat may only be present in females after
adolescence due to changes in estrogen levels. This is consistent with the location of
rs2267735 in an estrogen response element, in addition to the finding that ADCYAP1R1
gene expression is influenced by estrogen (Ressler et al., 2011).
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Gene x Gene interactions—Some research on the physiology of acute fear has also
begun to investigate the joint contributions of multiple genetic variants. For example,
several studies have suggested that the combination of the S allele of the 5-HTTLPR
polymorphism and homozygosity of the Met allele of the COMT Val158Met polymorphism
is associated with particularly heightened physiological fear responsivity that is resistant to
extinction and the presence of safety cues (Lonsdorf et al., 2009; Lonsdorf et al., 2011;
Wendt et al., 2014). Although not studied as extensively as the potential interaction of 5-
HTTLPR with COMT genotype, there is some evidence that the 5-HTTLPR S allele may also
interact with variation in the corticotropin releasing hormone receptor 1 (CRHRL; the G
allele of rs878886) and NPSR1 (the T allele of rs324981) genes to contribute to heightened
startle responses to threatening contexts (Glotzbach-Schoon et al., 2013; Heitland et al.,
2013). Finally, one study detected a significant three-way interaction between early life
stress and variation in two genetic variants implicated in biological systems that have been
shown to modulate one another (i.e., the BDNF and serotonergic systems; Homberg et al.,
2014). Specifically, Gatt et al. (2010) found that individuals who were carriers of the Met
allele of the BDNF Val66Met polymorphism and homozygous for the C allele of the
rs1062613 SNP in the serotonin receptor 3A (HTR3A) gene who also reported high levels of
early life stress showed the greatest increases in heart rate in response to an emotional faces
task. Although highly preliminary, the results of this study suggest that it may be promising
to consider the joint contributions of related genetic variants and environmental factors
when trying to elucidate the genetic underpinnings of the acute threat construct.

Molecular genetics findings: Genome-wide association studies (GWAS)

All of the work discussed thus far on molecular genetic influences on both the neural circuits
and physiology of acute threat has utilized a candidate gene approach. Although some
findings from this literature have been detected across independent investigations, relatively
few meet a precise definition of replication (the same SNP, phenotype, and direction of
association; Sullivan, 2007). Furthermore, there are significant limitations to this
methodology. For one, with the candidate gene approach, genes are selected for study based
on their involvement in biological pathways that are hypothesized to be implicated in acute
threat. Even though the biological underpinnings of acute threat have been studied
extensively from a translational perspective, with research conducted in animals and humans
(Shin and Liberzon, 2010), our understanding is far from complete. This thus restricts the
genes examined to those implicated in a limited number of biological systems. Another
limitation is that many of the candidate gene studies are characterized by small sample sizes
and vulnerable to Type I error. Indeed, in their meta-analysis of studies on 5-HTTLPR
variation and amygdala activation, Murphy et al. (2013) concluded that all the published
research on this topic has been statistically underpowered.

In recent years, GWAS have become increasingly feasible with the mapping of the human
genome and advances in high throughput genotyping. In contrast to the candidate gene
approach, a GWAS implements an agnostic approach that tests for associations between
variation in hundreds of thousands to millions of SNPs across the genome and a phenotype
of interest. To date, one GWAS has been published with respect to the physiology of acute
threat. Vaidyanathan et al. (2014) conducted the first GWAS of startle response in a sample
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of over 3,000 twins and their parents. Over 527,000 SNPs across the genome were
examined, but no variants exceeded the threshold for genome-wide statistical significance (p
< 5 x 10°8) for either overall startle response or emotion-modulated startle. Vaidyanathan et
al. (2014) also conducted a genome-wide scan that analyzed associations between more than
17,000 autosomal genes with startle responses. These analyses aggregated the contributions
of all SNPs in a single gene; this is a more powerful approach when there are multiple causal
variants within a gene. One gene emerged as statistically significant in the analysis of
aversive modulated startle: the poly (ADP-ribose) polymerase family, member 14 (PARP14)
gene on chromosome 3, which codes for a protein that aids in injured cell survival (Amé et
al., 2004). PARP14 has not been implicated in prior work on startle. Thus, notably, the
genome-wide approach identified a variant in a novel pathway that would not have been
examined using the biologically-driven candidate gene methodology, thereby highlighting
the promise of using genome-wide methods for hypothesis generation. Vaidyanathan et al.
(2014) also examined candidate SNPs that have been associated with startle response in the
extant literature, and it is noteworthy that none of these SNPs was statistically significant
after Bonferroni correction in their sample of over 3,000 individuals. The lack of significant
candidate SNP-based findings in this sample, which far exceeds the sample sizes of studies
in the candidate gene literature, thus raises some concerns regarding whether published
findings represent true associations.

Conclusions and Recommendations for Future Research

Even though the RDoC project was only launched in 2009, it has already begun to influence
the field's conceptualization of psychopathology. Indeed, research aimed at defining
dimensions of observable behavior and neurobiological measures—across multiple units of
analysis—that are proposed to cut across diagnostic categories has been accumulating in the
years since RDoC was initiated. As summarized in this paper, in particular, there is a
growing body of literature on the genetic influences on the neural circuitry and physiology
of acute threat. The translational nature of this research is a major strength, as related
processes have been observed across human and non-human species (Briscione et al., 2014).
Furthermore, although some genetic variants and outcomes have only been investigated by
one or (at most) a handful of studies, some findings have emerged that have been observed
across independent investigations. Specifically, support in the extant literature is most robust
for associations between the 5-HTTLPR and COMT Val158Met polymorphisms with threat-
related responses across both neural and physiological units of analysis. The 5-HTTLPR S
and COMT Met alleles have been associated with heightened activation in several
frontolimbic areas, especially the amygdala, in response to aversive stimuli and with threat-
related physiological responding, particularly potentiated fear acquisition (5-HTTLPR) and
deficits in fear inhibition or extinction and/or greater fear memory consolidation (COMT). It
is worth noting, though, that many studies have been statistically underpowered and that
these two polymorphisms are some of the most widely-studied polymorphisms in all of
psychiatric genetics. The robustness of findings for different genes thus needs to be
considered in light of potential publication bias.

Despite these initial findings, our knowledge of the genetic architecture underlying acute
threat remains limited, and further research is needed to better elucidate this construct across
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multiple levels of analysis. Here, we make five recommendations for future research that
aim to extend the growing body of work on this topic and ultimately improve our
understanding of risk for psychopathology:

1. Test how genetic influences on acute threat-related neural circuitry and physiology
contribute to the development of psychopathology

The vast majority of the extant literature on genetic influences on the neural and
physiological bases of acute threat has been conducted in individuals without a history of
psychopathology, which suggests that the detected associations between genetic variants and
neural and physiological processes are not dependent upon fear or threat-related
psychopathology. However, research in samples of individuals with psychiatric conditions is
needed to better understand how these relations may result in functioning at the extreme end
of the dimension of acute threat. Longitudinal studies, such as prospective high-risk cohort
designs, are critical for testing how neural and physiological intermediate phenotypes may
mediate the association between genetic vulnerability and the development of threat-related
psychiatric conditions.

2. Continue to study acute threat at multiple levels of analysis

The research on the genetics of the neural and physiological bases of acute threat highlights
some advantages to examining genetic influences on biological intermediate phenotypes.
For example, in several studies, studying neural and physiological measures permitted
detection of associations with genetic variants that did not emerge when investigating self-
report clinical outcomes, such as subjective ratings of fear (e.g., Glotzbach-Schoon et al.,
2013; Heitland et al., 2012; Heitland et al., 2013; Lonsdorf et al., 2009; Klumpers et al.,
2012; Mihlberger et al., 2014; Pauli et al., 2010). Thus, incorporating more objective
intermediate phenotypes that may lie closer to the underlying biological substrate may prove
fruitful in elucidating the genetic architecture of dimensions of functioning, like acute threat,
that are relevant to psychopathology. Moreover, some studies have found that genetic
variations were significantly associated with neural activation patterns but not with more
distal measures of symptoms of psychopathology (e.g., Stevens et al., 2014). In addition,
some research suggests that genotype effect sizes on neural activation patterns are larger
than effect sizes associated with psychopathology (e.g., Stevens et al., 2013; Stevens et al.,
2014). It is worth noting that some researchers have questioned whether the contributions of
specific genes to intermediate phenotypes are larger than they are to more complex
phenotypes, such as psychiatric disorders (e.g., Flint and Munafd, 2007). However, even if
the genetic architecture underlying intermediate phenotypes does not prove to be simpler
than that for psychiatric illness, the existing research suggests that studying genetic
influences on acute threat across multiple units of analysis is advantageous for providing a
more comprehensive understanding of the factors that contribute to this construct.

Moreover, research that investigates the genetics of acute threat-related processes at multiple
units of analysis and that examines links across these units in a single investigation has been
especially encouraging, and more work of this nature is needed. For example, Klumpers et
al. (2014) demonstrated that increased dorsomedial PFC responses to threat (vs. neutral)
cues was associated with increased psychophysiological responding to threat, and this neural
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activation mediated the relation between 5-HTTLPR genotype and both skin conductance
and startle responses to threat. This kind of research has particular promise for delineating
how genetic vulnerability translates into behavior.

3. Use genome-wide methods and collaborative consortium efforts

Despite the growing findings on the genetics of acute threat-related neural circuits and
physiology, the majority of studies have investigated variants of a single candidate gene, and
this approach has been widely discredited (e.g., Kendler, 2013). Additional GWAS of acute
threat-related neural circuits and physiology are of interest, particularly for hypothesis
generation and identifying genetic variants that can then be explored with more targeted
biological investigations. As described above, Vaidyanathan et al. (2014) provide an
excellent model for how to comprehensively study variation across the genome with respect
to a physiological outcome that is relevant to acute threat. Furthermore, GWAS of brain
activation patterns have been conducted (e.g., Potkin et al., 2009), although not with respect
to acute threat neural networks.

GWAS have produced fundamental knowledge about the genetic basis of psychiatric
disorders (along with the methods to extract such knowledge; Sullivan et al., 2012),
including the landmark paper in Nature which reported on the discovery of 108 genome-
wide significant loci for schizophrenia in ~36,000 cases and ~113,000 controls (one of
NIMH Director Insel's top five findings for 2014; Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014). This knowledge needs to be extended to the
genetics of acute threat-related neural circuits and physiology. However, GWAS require
very large sample sizes for signal detection. Indeed, Vaidyanathan et al. (2014) noted that
their sample of over 3,000 individuals—the largest study of genetic influences on acute
threat-related physiology to date—uwas statistically underpowered for their GWAS.
Collaborative consortium-based efforts, such as that of the Psychiatric Genomics
Consortium (PGC; e.g., Sullivan et al., 2012) and the Enhancing Neuro Imaging Genetics
through Meta-Analysis (ENIGMA) Consortium (e.g., Thompson et al., 2014), provide
encouraging models for combining data from multiple samples and how this can be fruitful
for identifying genetic variants. The PGC has demonstrated the potential for identifying
genetic loci that show robust and replicable associations with psychopathology (particularly
with respect to schizophrenia and bipolar disorder) with sufficiently powered GWAS. There
are also working groups within the PGC, such as the genetics and imaging group within the
PTSD working group of the PGC (Logue et al., 2015), focused on studying genetic
influences on intermediate phenotypes that are relevant to psychopathology, such as neural
structure and function. In addition, the ENIGMA Consortium is a network of researchers
working collaboratively to conduct GWAS of brain imaging phenotypes. As part of this
recently established collaborative effort, these scientists have already begun to identify
genetic variants associated with brain structures (Hibar et al., 2015; Stein et al., 2012).
Furthermore, both the PGC and ENIGMA have developed data processing pipelines that
offer standardized methods for data preparation and analysis that can be used by different
investigators. We believe that it is critical to employ these kinds of collaborative efforts for
genome-wide investigations of loci implicated in the neural and physiological bases of acute
threat. However, GWAS identify genetic variants that are associated with a phenotype, but
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they do not necessarily identify causal variants or underlying mechanisms. Findings from
GWAS thus need to be followed up with further investigations, such as deep sequencing and
functional studies, in order to elucidate biological mechanisms.

4. Move beyond common genetic variation and single genetic loci

Both candidate gene and GWAS research have typically studied common genetic variation,
and developing a diverse collection of genomic assessments, including copy number
variants (a type of structural variant) and rare variants (both structural and exonic), may also
deepen understanding of the different factors that comprise genetic contributions to the
neural and physiological bases of acute threat. Recent methodological advances (e.g., in
sequencing methods) will contribute to increased feasibility of these pursuits. In addition,
incorporating the effects of multiple “-omics” data (e.g., GWAS, DNA methylation, and
gene expression data), rather than only focusing on one level of genetic data, may help to
shed light on underlying biological mechanisms.

It is also of interest to consider the influence of multiple genetic loci on the neural circuits
and physiology of acute threat. Intermediate phenotypes are likely to be polygenic in nature,
and a number of the candidate gene systems investigated in the literature thus far (e.g., the
serotonergic and BDNF systems; Homberg et al., 2014) have been found to act
synergistically. Some studies have begun to examine epistatic effects by testing Gene x
Gene interactions (e.g., Heitland et al., 2013; Wendt et al., 2014), and more research is
needed, particularly with increased understanding of the underlying biological systems.
However, sample sizes need to be sufficiently large to have adequate statistical power to
detect interactions. In addition, polygenic scores for neural and physiological indicators of
acute threat that aggregate the effects of multiple genetic loci are of interest, particularly as
more GWAS findings accumulate. Polygenic scores are based on the notion that the role of
multiple common variants in an outcome may be observed when considered collectively,
and promising findings based on polygenic scores have emerged in the broader psychiatric
genetics literature (e.g., International Schizophrenia Consortium, 2009).

5. Consider Gene x Environment interactions

Additional research investigating Gene x Environment interactions has potential for
enhancing our understanding of the acute threat construct as well. Relatively few studies in
the extant literature have considered environmental influences on neural and physiological
measures of acute threat responses in interaction with genetic influences, despite evidence of
environmental contributions to these outcomes. Research on Gene x Environment
interactions may be especially helpful for elucidating how genetic vulnerability translates
into pathological dysfunction of the acute threat dimension. As described in this review, a
few studies have demonstrated evidence for Gene x Environment interactions in
contributing to neural and physiological manifestations of acute threat (e.g., Canli et al.,
2006; Gatt et al., 2009). However, further research, particularly work that goes beyond
cross-sectional study designs, is needed to better understand how mechanisms of risk unfold.
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Returning to the Aim of the RDoC Initiative

A sizeable, and growing, literature has begun to delineate genetic contributions to the neural
circuits and physiology of acute threat, one of the key constructs of the RDoC framework
that is relevant to various forms of psychopathology, particularly anxiety and trauma-related
disorders. In concluding this review, we return to the aim of the RDoC initiative, which is to
“accelerate the pace of research that translates basic science into clinical settings by
understanding the multi-layered systems that contribute to mental function” (Chiodo, 2014).
RDoC is still a relatively nascent initiative, and “biosignatures” of psychopathology that can
be used to inform clinical intervention efforts remain far off. Nevertheless, we are optimistic
that research on genetic influences on the neural and physiological bases of acute threat may
influence the development of precision medicine in the future.

Indeed, initial results in the area of “therapygenetics” suggest that genetic variation may
influence an individual's response to psychotherapy, and findings related to the genetic bases
of the neural and physiological bases of acute threat in particular may prove useful for
informing which patients receive certain therapeutic interventions in the future. For
example, growing findings suggest that variation in some of the genes discussed in this
review may inform which patients with panic disorder with agoraphobia are most likely to
respond to CBT. Patients with panic disorder with agoraphobia with the higher expression
variant of MAOA showed less of a response to CBT than those with the lower expression
variant, and this was mirrored at the level of neural responses such that only carriers of the
lower expression variant showed patterns of neural activation that were indicative of
improved discrimination between danger and safety signals following completion of CBT
(Reif et al., 2014). In addition, patients with panic disorder with agoraphobia with the risk
genotype of HTR1A rs6295 (G/G) participated in fewer self-initiated exposure practices
during the course of CBT treatment compared to those with the C/C genotype (Straube et al.,
2014). G allele homozygotes also exhibited less of a neural response to CBT, such that CBT
only impacted the neural correlates of fear learning in C allele, and not G allele,
homozygotes. These neural changes in C allele homozygotes may have resulted from the
greater number of exposure practices, although additional research is needed to better
understand the underlying mechanisms.

Furthermore, research suggests that examining genetic influences on intermediate
phenotypes, including at the neural level, may be particularly useful for understanding
individual differences in treatment response. For instance, Lueken et al. (2015) examined 5-
HTTLPR as a predictor of response to CBT in patients with panic disorder with agoraphobia.
No significant main effect of 5-HTTLPR genotype on treatment response emerged but
significant associations were detected when neural responsivity during fear conditioning
prior to the start of treatment was taken into consideration. Lueken et al. (2013) previously
demonstrated that a negative correlation between ACC and amygdala activation during fear
conditioning was predictive of responding to CBT, and the authors found that among
treatment responders, only L allele homozygotes exhibited a negative ACC-amygdala
coupling. Thus, 5-HTTLPR genotype appeared to modulate a neural pattern of connectivity
implicated in fear extinction and predictive of treatment response. The findings of this study
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indicate that particular patterns of neural activity may be relevant for understanding
treatment response in individuals with a certain genotype.

Together, these findings begin to suggest that information about one's genetic background,
in addition to individual differences at the neural and physiological levels, may one day be
utilized to tailor intervention efforts. With its emphasis on studying dimensions of
functioning across multiple units of analysis, the RDoC initiative encourages the rich
characterization of psychological processes. We believe that this approach holds promise for
studying mechanisms of risk for, and resilience to, psychopathology, and that this
knowledge can ultimately be used to design more targeted and effective mental health
treatment.

Acknowledgments

We thank the National Institutes of Health for supporting this work (R21 MH098212 to Dr. Jovanovic and F32
MH102890 to Dr. Powers).

References

1. Agren T, Furmark T, Eriksson E, Fredrikson M. Human fear reconsolidation and allelic differences
in serotonergic and dopaminergic genes. Transl Psychiatry. 2012; 2:e76. [PubMed: 22832813]

Amé JC, Spenlehauer C, de Murcia G. The PARP superfamily. Bioessays. 2004; 26:882—-893.
[PubMed: 15273990]

2. Andero R, Brothers SP, Jovanovic T, Chen YT, Salah-Uddin H, Cameron M, Bannister TD, Almli
L, Stevens JS, Bradley B, Binder EB, Wahlestedt C, Ressler KJ. Amygdala-dependent fear is
regulated by Oprl1 in mice and humans with PTSD. Sci Transl Med. 2013; 5:188ra73.

Anokhin AP, Golosheykin S, Heath AC. Genetic and environmental influences on emotion-modulated
startle reflex: a twin study. Psychophysiology. 2007; 44:106-112. [PubMed: 17241146]

Anokhin AP, Heath AC, Myers E, Ralano A, Wood S. Genetic influences on prepulse inhibition of
startle reflex in humans. Neurosci Lett. 2003; 15:45-48. [PubMed: 14642434]

3. Armbruster D, Moser DA, Strobel A, Hensch T, Kirschbaum C, Lesch K-P, Brocke B. Serotonin
transporter gene variation and stressful life events impact processing of fear and anxiety. Int J
Neuropsychopharmacol. 2009; 12:393-401. [PubMed: 18925984]

Asghari V, Sanyal S, Buchwaldt S, Paterson A, Jovanovic V, Van Tol HH. Modulation of intracellular
cyclic AMP levels by different human dopamine D4 receptor variants. J Neurochem. 1995;
65:1157-1165. [PubMed: 7643093]

Baas JM. Individual differences in predicting aversive events and modulating contextual anxiety in a
context and cue conditioning paradigm. Biol Psychol. 2013; 92:17-25. [PubMed: 22342768]

4. Baas JM, Heitland I. The impact of cue learning, trait anxiety and genetic variation in the serotonin
1a receptor on contextual fear. Int J Psychophysiol. [published online ahead of print November 6,
2014]. 10.1016/j.ijpsycho.2014.10.016

Bath KG, Lee FS. Variant BDNF (val66met) impact on brain structure and function. Cogn Affect
Behav Neurosci. 2006; 6:79-85. [PubMed: 16869232]

Bertolino A, Arciero G, Rubino V, Latorre V, De Candia M, Mazzola V, Blasi G, Caforio G, Hariri A,
Kolachana B, Nardini M, Weinberger DR, Scarabino T. Variation of human amygdala response
during threatening stimuli as a function of 5’HTTLPR genotype and personality style. Biol
Psychiatry. 2005; 57:1517-1525. [PubMed: 15953488]

5. Bilkei-Gorzo A, Erk S, Schiirmann B, Mauer D, Michel K, Boecker H, Scheef L, Walter H, Zimmer

A. Dynorphins regulate fear memory: from mice to men. J Neurosci. 2012; 32:9335-9343.
[PubMed: 22764240]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al. Page 25

Blokland GAM, de Zubicaray GI, McMahon KL, Wright MJ. Genetic and environmental influences
on neuroimaging phenotypes: a meta-analytical perspective on twin imaging studies. Twin Res
Hum Genet. 2012; 15:351-371. [PubMed: 22856370]

Blokland GAM, McMahon KL, Thompson PM, Martin NG, de Zubicaray Gl, Wright MJ. Heritability
of working memory brain activation. J Neurosci. 2011; 31:10882-10890. [PubMed: 21795540]

Briscione MA, Jovanovic T, Norrholm SD. Conditioned fear associated phenotypes as robust,
translational indices of trauma-, stressor-, and anxiety-related behaviors. Front Psychiatry. 2014;
5:88. [PubMed: 25101010]

6. Brocke B, Armbruster D, Miiller J, Hensch T, Jacob CP, Lesch K-P, Kirschbaum C, Strobel A.

Serotonin transporter gene variation impacts innate fear processing: acoustic startle response and
emotional startle. Mol Psychiatry. 2006; 11:1106-1112. [PubMed: 17033630]

7. Brocke B, Lesch K-P, Armbruster D, Moser DA, Miller A, Strobel A, Kirschbaum C. Stathmin, a
gene regulating neural plasticity, affects fear and anxiety processing in humans. Am J Med Genet B
Neuropsychiatr Genet. 2010; 153B:243-251. [PubMed: 19526456]

8. Brown SM, Peet E, Manuck SB, Williamson DE, Dahl RE, Ferrell RE, Hariri AR. A regulatory
variant of the human tryptophan hydroxylase-2 gene biases amygdala reactivity. Mol Psychiatry.
2005; 10:884-888. [PubMed: 16044172]

9. Cacciaglia R, Nees F, Pohlack ST, Ruttorf M, Winkelmann T, Witt SH, Nieratschker V, Rietschel
M, Flor H. A risk variant for alcoholism in the NMDA receptor affects amygdala activity during
fear conditioning in humans. Biol Psychol. 2013; 94:74-81. [PubMed: 23693003]

10. Canli T, Congdon E, Constable RT, Lesch KP. Additive effects of serotonin transporter and
tryptophan hydroxylase-2 gene variation on neural correlates of affective processing. Biol Psychol.
2008; 79:118-125. [PubMed: 18314252]

11. Canli T, Congdon E, Gutknecht L, Constable RT, Lesch KP. Amygdala responsiveness is
modulated by tryptophan hydroxylase-2 gene variation. J Neural Transm. 2005a; 112:1479-1485.
[PubMed: 16245070]

Canli T, Omura K, Haas BW, Fallgatter A, Constable RT, Lesch KP. Beyond affect: a role for genetic
variation of the serotonin transporter in neural activation during a cognitive attention task. Proc
Natl Acad Sci USA. 2005b; 102:12224-12229. [PubMed: 16093315]

Canli T, Qui M, Omura K, Congdon E, Haas BW, Amin Z, Herrmann MJ, Constable RT, Lesch KP.
Neural correlates of epigenesis. Proc Natl Acad Sci USA. 2006; 103:16033-16038. [PubMed:
17032778]

Carlson SR, Katsanis J, lacono WG, McGue M. Emotional modulation of the startle reflex in twins:
preliminary findings. Biol Psychol. 1997; 46:235-246. [PubMed: 9360775]

Chiodo, K. NIMH creates new unit to support its research domain criteria initiative. National Institute
of Mental Health; http://www.nimh.nih.gov/news/science-news/2014/nimh-creates-new-unit-to-
support-its-research-domain-criteria-initiative.shtml Published October 30, 2014 [February 28,
2015]

12. Crisan LG, Pana S, Vulturar R, Heilman RM, Szekely R, Druga B, Dragos N, Miu AC. Genetic
contributions of the serotonin transporter to social learning of fear and economic decision making.
SCAN. 2009; 4:399-408. [PubMed: 19535614]

Critchley HD, Rotshtein P, Nagai Y, O'Doherty J, Mathias CJ, Dolan RJ. Activity in the human brain
predicting differential heart rate responses to emotional facial expressions. Neuroimage. 2005;
24:751-762. [PubMed: 15652310]

Cross-Disorder Group of the Psychiatric Genomics Consortium. Identification of risk loci with shared
effects on five major psychiatric disorders: a genome-wide analysis. Lancet. 2013; 381:1371-
1379. [PubMed: 23453885]

Cuthbert BN, Insel TR. Toward the future of psychiatric diagnosis: the seven pillars of RDoC. BMC
Med. 2013; 11:126. [PubMed: 23672542]

13. Dannlowski U, Kugel H, Franke F, Stuhrmann A, Hohoff C, Zwanzger P, Lenzen T, Grotegerd D,
Suslow T, Arolt V, Heindel W, Domschke K. Neuropeptide-S (NPS) receptor genotype modulates
basolateral amygdala responsiveness to aversive stimuli. Neuropsychopharmacology. 2011;
36:1879-1885. [PubMed: 21525857]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.


http://www.nimh.nih.gov/news/science-news/2014/nimh-creates-new-unit-to-support-its-research-domain-criteria-initiative.shtml
http://www.nimh.nih.gov/news/science-news/2014/nimh-creates-new-unit-to-support-its-research-domain-criteria-initiative.shtml

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al.

Page 26

Davis M. The role of the amygdala in fear-potentiated startle: implications for animal models of
anxiety. Trends Pharmacol Sci. 1992; 13:35-41. [PubMed: 1542936]

Davis M, Gendelman D, Tischler M, Gendelman P. A primary acoustic startle circuit: lesion and
stimulation studies. J Neurosci. 1982; 2:791-805. [PubMed: 7086484]

Davis M, Walker D, Lee Y. Roles of the amygdala and bed nucleus of the stria terminalis in fear and
anxiety measured with the acoustic startle reflex. Possible relevance to PTSD. Ann N 'Y Acad Sci.
1997; 821:305-331. [PubMed: 9238214]

de Geus EJ, Kupper N, Boomsma DI, Snieder H. Bivariate genetic modeling of cardiovascular stress
reactivity: does stress uncover genetic variance? Psychosom Med. 2007; 69:356-364. [PubMed:
17510291]

Deckert J, Catalano M, Syagailo YV, Bosi M, Okladnova O, Di Bella D, Néthen MM, Maffei P,
Franke P, Fritze J, Maier W, Propping P, Beckmann H, Bellodi L, Lesch KP. Excess of high
activity monoamine oxidase A gene promoter alleles in female patients with panic disorder. Hum
Mol Genet. 1999; 8:621-624. [PubMed: 10072430]

14. Domschke K, Ohrmann P, Braun M, Suslow T, Bauer J, Hohoff C, Kersting A, Engelien A, Arolt
V, Heindel W, Deckert J, Kugel H. Influence of the catechol-O-methyltransferase val158met
genotype on amygdala and prefrontal cortex emotional processing in panic disorder. Psychiatry
Res. 2008; 163:13-20. [PubMed: 18440204]

15. Domschke K, Reif A, Weber H, Richter J, Hohoff C, Ohrmann P, Pedersen A, Bauer J, Suslow T,
Kugel H, Heindel W, Baumann C, Klauke B, Jacob C, Maier W, Fritze J, Bandelow B,
Krakowitzky P, Rothermundt M, Erhardt A, Binder EB, Holsboer F, Gerlach AL, Kircher T, Lang
T, Alpers GW, Strohle A, Fehm L, Gloster AT, Wittchen HU, Arolt V, Pauli P, Hamm A, Deckert
J. Neuropeptide S receptor gene-converging evidence for a role in panic disorder. Mol Psychiatry.
2011; 16:938-948. [PubMed: 20603625]

16. Drabant EM, Hariri AR, Meyer-Lindenberg A, Munoz KE, Mattay VS, Kolachana BS, Egan MF,
Weinberger DR. Catechol O-methyltransferase val158met genotype and neural mechanisms
related to affective arousal and regulation. Arch Gen Psychiatry. 2006; 63:1396-1406. [PubMed:
17146014]

17. Drabant EM, Ramel W, Edge MD, Hyde LW, Kuo JR, Goldin PR, Hariri AR, Gross JJ. Neural
mechanisms underlying 5-HTTLPR-related sensitivity to acute stress. Am J Psychiatry. 2012;
169:397-405. [PubMed: 22362395]

Duits PM, Cath DC, Lissek S, Hox JJ, Hamm AO, Engelhard 1M, van den Hout MA, Baas JM.
Updated meta-analysis of classical fear conditioning in the anxiety disorders. Depress Anxiety.
2015; 32:239-253. [PubMed: 25703487]

Egan MF, Kojirna M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, Zaitsev E, Gold B,
Goldman D, Dean M, Lu B, Weinberger DR. The BDNF val66met polymorphism affects activity-
dependent secretion of BDNF and human memory and hippocampal function. Cell. 2003;
112:257-269. [PubMed: 12553913]

Fadok JP, Dickerson TMK, Palmiter RD. Dopamine is necessary for cue-dependent fear conditioning.
J Neurosci. 2009; 29:11089-11097. [PubMed: 19741115]

18. Fakra E, Hyde LW, Gorka A, Fisher PM, Mufioz KE, Kimak M, Halder I, Ferrell RE, Manuck SB,
Hariri AR. Effects of HTR1A C(-1019)G on amygdala reactivity and trait anxiety. Arch Gen
Psychiatry. 2009; 66:33-40. [PubMed: 19124686]

Fisher PM, Hariri AR. Identifying serotonergic mechanisms underlying the corticolimbic response to
threat in humans. Philos Trans R Soc Lond B Biol Sci. 2013; 368:20120192. [PubMed: 23440464]

Fisher PM, Mufioz KE, Hariri AR. Identification of neurogenetic pathways of risk for
psychopathology. Am J Med Genet Part C Semin Med Genet. 2008; 148C:147-153. [PubMed:
18412103]

Flint J, Munafd MR. The endophenotype concept in psychiatric genetics. Psychol Med. 2007; 37:163-
180. [PubMed: 16978446]

Furmark T, Tillfors M, Garpenstrand H, Marteinsdottir I, Langstrém B, Oreland L, Fredrikson M.
Serotonin transporter polymorphism related to amygdala excitability and symptom severity in
patients with social phobia. Neurosci Lett. 2004; 362:189-192. [PubMed: 15158011]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al. Page 27

19. Garpenstrand H, Annas P, Ekblom J, Oreland L, Fredrikson M. Human fear conditioning is related
to dopaminergic and serotonergic biological markers. Behav Neurosci. 2001; 115:358-364.
[PubMed: 11345960]

20. Gatt JM, Nemeroff CB, Dobson-Stone C, Paul RH, Bryant RA, Schofield PR, Gordon E, Kemp
AH, Williams LM. Interactions between BDNF Val66Met polymorphism and early life stress
predict brain and arousal pathways to syndromal depression and anxiety. Mol Psychiatry. 2009;
14:681-695. [PubMed: 19153574]

21. Gatt JM, Nemeroff CB, Schofield PR, Paul RH, Clark CR, Gordon E, Williams LM. Early life
stress combined with serotonin 3A receptor and brain-derived neurotrophic factor valine 66 to
methionine genotypes impacts emotional brain and arousal correlates of risk for depression. Biol
Psychiatry. 2010; 68:818-824. [PubMed: 20728877]

22. Glotzbach-Schoon E, Andreatta M, Reif A, Ewald H, Tréger C, Baumann C, Deckert J,
Muhlberger A, Pauli P. Contextual fear conditioning in virtual reality is affected by SHTTLPR and
NPSR1 polymorphisms: effects on fear-potentiated startle. Front Behav Neurosci. 2013; 7:31.
[PubMed: 23630477]

Grillon C, Ameli R. Effects of threat of shock, shock electrode placement and darkness on startle. Int J
Psychophysiol. 1998; 28:223-231. [PubMed: 9545658]

23. Gunduz-Cinar O, MacPherson KP, Cinar R, Gamble-George J, Sugden K, Williams B, Godlewski
G, Ramikie TS, Gorka AX, Alapafuja SO, Nikas SP, Makriyannis A, Poulton R, Patel S, Hariri
AR, Caspi A, Moffitt TE, Kunos G, Holmes A. Convergent translational evidence of a role for
anandamide in amygdala-mediated fear extinction, threat processing and stress-reactivity. Mol
Psychiatry. 2013; 18:813-823. [PubMed: 22683188]

24. Hajcak G, Castille C, Olvet DM, Dunning JP, Roohi J, Hatchwell E. Genetic variation in brain-
derived neurotrophic factor and human fear conditioning. Genes Brain Behav. 2009; 8:80-85.
[PubMed: 19220486]

Hamm AO, Weike Al. The neuropsychology of fear learning and fear regulation. Int J Psychophysiol.
2005; 57:5-14. [PubMed: 15935258]

25. Hariri AR, Gorka A, Hyde LW, Kimak M, Halder I, Ducci F, Ferrell RE, Goldman D, Manuck SB.
Divergent effects of genetic variation in endocannabinoid signaling on human threat- and reward
related brain function. Biol Psychiatry. 2009; 66:9-16. [PubMed: 19103437]

Hariri AR, Mattay VS, Tessitore A, Kolachana B, Fera F, Goldman D, Egan MF, Weinberger DR.
Serotonin transporter genetic variation and the response of the human amygdala. Science. 2002;
297:400-403. [PubMed: 12130784]

26. Hartley CA, McKenna MC, Salman R, Holmes A, Casey BJ, Phelps EA, Glatt CE. Serotonin
transporter polyadenylation polymorphism modulates the retention of fear extinction memory.
Proc Natl Acad Sci USA. 2012; 109:5493-5498. [PubMed: 22431634]

Heinz A, Braus DF, Smolka MN, Wrase J, Puls |, Hermann D, Klein S, Griisser SM, Flor H,
Schumann G, Mann K, Biichel C. Amygdala-prefrontal coupling depends on a genetic variation of
the serotonin transporter. Nat Neurosci. 2005; 8:20-21. [PubMed: 15592465]

27. Heitland I, Groenink L, Bijlsma EY, Oosting RS, Baas JM. Human fear acquisition deficits in
relation to genetic variants of the corticotropin releasing hormone receptor 1 and the serotonin
transporter. PL0oS One. 2013; 8:63772. [PubMed: 23717480]

28. Heitland I, Klumpers F, Oosting RS, Evers DJJ, Kenemans JL, Baas JMP. Failure to extinguish
fear and genetic variability in the human cannabinoid receptor 1. Transl Psychiatry. 2012; 2:162.
[PubMed: 23010766]

29. Hermann A, Kupper Y, Schmitz A, Walter B, Vaitl D, Hennig J, Stark R, Tabbert K. Functional
gene polymorphisms in the serotonin system and traumatic life events modulate the neural basis of
fear acquisition and extinction. PL0oS One. 2012; 7:e44352. [PubMed: 22957066]

Hettema JM, Annas P, Neale MC, Kendler KS, Fredrikson M. A twin study of the genetics of fear
conditioning. Arch Gen Psychiatry. 2003; 60:702—708. [PubMed: 12860774]

Hibar DP, Stein JL, Renteria ME, Arias-Vasquez A, Desrivieres S, Jahanshad N, Toro R, Wittfeld K,
Abramovic L, Andersson M, Aribisala BS, Armstrong NJ, Bernard M, Bohlken MM, Boks MP,
Bralten J, Brown AA, Mallar Chakravarty M, Chen Q, Ching CR, Cuellar-Partida G, den Braber
A, Giddaluru S, Goldman AL, Grimm O, Guadalupe T, Hass J, Woldehawariat G, Holmes AJ,

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al. Page 28

Hoogman M, Janowitz D, Jia T, Kim S, Klein M, Kraemer B, Lee PH, Olde Loohuis LM, Luciano
M, Macare C, Mather KA, Mattheisen M, Milaneschi Y, Nho K, Papmeyer M, Ramasamy A,
Risacher SL, Roiz-Santianez R, Rose EJ, Salami A, Samann PG, Schmaal L, Schork AJ, Shin J,
Strike LT, Teumer A, van Donkelaar MM, van Eijk KR, Walters RK, Westlye LT, Whelan CD,
Winkler AM, Zwiers MP, Alhusaini S, Athanasiu L, Ehrlich S, Hakobjan MM, Hartberg CB,
Haukvik UK, Heister AJ, Hoehn D, Kasperaviciute D, Liewald DC, Lopez LM, Makkinje RR,
Matarin M, Naber MA, Reese McKay D, Needham M, Nugent AC, Putz B, Royle NA, Shen L,
Sprooten E, Trabzuni D, van der Marel SS, van Hulzen KJ, Walton E, Wolf C, Almasy L, Ames
D, Arepalli S, Assareh AA, Bastin ME, Brodaty H, Bulayeva KB, Carless MA, Cichon S, Corvin
A, Curran JE, Czisch M, de Zubicaray Gl, Dillman A, Duggirala R, Dyer TD, Erk S, Fedko 10,
Ferrucci L, Foroud TM, Fox PT, Fukunaga M, Raphael Gibbs J, Goring HH, Green RC, Guelfi S,
Hansell NK, Hartman CA, Hegenscheid K, Heinz A, Hernandez DG, Heslenfeld DJ, Hoekstra PJ,
Holsboer F, Homuth G, Hottenga JJ, Ikeda M, Jack CR Jr, Jenkinson M, Johnson R, Kanai R, Keil
M, Kent JW Jr, Kochunov P, Kwok JB, Lawrie SM, Liu X, Longo DL, McMahon KL, Meisenzahl
E, Melle I, Mohnke S, Montgomery GW, Mostert JC, Muhleisen TW, Nalls MA, Nichols TE,
Nilsson LG, Nothen MM, Ohi K, Olvera RL, Perez-Iglesias R, Bruce Pike G, Potkin SG,
Reinvang I, Reppermund S, Rietschel M, Romanczuk-Seiferth N, Rosen GD, Rujescu D, Schnell
K, Schofield PR, Smith C, Steen VM, Sussmann JE, Thalamuthu A, Toga AW, Traynor BJ,
Troncoso J, Turner JA, Valdes Hernandez MC, van 't Ent D, van der Brug M, van der Wee NJ, van
Tol MJ, Veltman DJ, Wassink TH, Westman E, Zielke RH, Zonderman AB, Ashbrook DG, Hager
R, Lu L, McMahon FJ, Morris DW, Williams RW, Brunner HG, Buckner RL, Buitelaar JK, Cahn
W, Calhoun VD, Cavalleri GL, Crespo-Facorro B, Dale AM, Davies GE, Delanty N, Depondt C,
Djurovic S, Drevets WC, Espeseth T, Gollub RL, Ho BC, Hoffmann W, Hosten N, Kahn RS, Le
Hellard S, Meyer-Lindenberg A, Muller-Myhsok B, Nauck M, Nyberg L, Pandolfo M, Penninx
BW, Roffman JL, Sisodiya SM, Smoller JW, van Bokhoven H, van Haren NE, Volzke H, Walter
H, Weiner MW, Wen W, White T, Agartz |, Andreassen OA, Blangero J, Boomsma DI, Brouwer
RM, Cannon DM, Cookson MR, de Geus EJ, Deary 1J, Donohoe G, Fernandez G, Fisher SE,
Francks C, Glahn DC, Grabe HJ, Gruber O, Hardy J, Hashimoto R, Hulshoff Pol HE, Jonsson EG,
Kloszewska I, Lovestone S, Mattay VS, Mecocci P, McDonald C, McIntosh AM, Ophoff RA,
Paus T, Pausova Z, Ryten M, Sachdev PS, Saykin AJ, Simmons A, Singleton A, Soininen H,
Wardlaw JM, Weale ME, Weinberger DR, Adams HH, Launer LJ, Seiler S, Schmidt R, Chauhan
G, Satizabal CL, Becker JT, Yanek L, van der Lee SJ, Ebling M, Fischl B, Longstreth WT Jr,
Greve D, Schmidt H, Nyquist P, Vinke LN, van Duijn CM, Xue L, Mazoyer B, Bis JC, Gudnason
V, Seshadri S, Arfan Ikram M, The Alzheimer's Disease Neuroimaging I; The CC, Epigen,
Imagen, Sys. Martin NG, Wright MJ, Schumann G, Franke B, Thompson PM, Medland SE.
Common genetic variants influence human subcortical brain structures. Nature. 2015; 520:224—
229. [PubMed: 25607358]

Homberg JR, Lesch KP. Looking on the bright side of serotonin transporter gene variation. Biol
Psychiatry. 2011; 69:513-519. [PubMed: 21047622]

Homberg JR, Molteni R, Calabrese F, Riva MA. The serotonin-BDNF duo: developmental
implications for the vulnerability to psychopathology. Neurosci Biobehav Rev. 2014; 43:35-47.
[PubMed: 24704572]

Hotamisligil GS, Breakefield XO. Human monoamine oxidase A gene determines levels of enzyme
activity. Am J Hum Genet. 1991; 49:383-392. [PubMed: 1678250]

Hu XZ, Lipsky RH, Zhu G, Akhtar LA, Taubman J, Greenberg BD, Xu K, Arnold PD, Richter MA,
Kennedy JL, Murphy DL, Goldman D. Serotonin transporter promoter gain-of-function genotypes
are linked to obsessive-compulsive disorder. Am J Hum Genet. 2006; 78:815-826. [PubMed:
16642437]

30. Huertas E, Ponce G, Koeneke MA, Poch C, Espafia-Serrano L, Palomo T, Jiménez-Arriero MA,
Hoenicka J. The D2 dopamine receptor gene variantC957T affects human fear conditioning and
aversive priming. Genes Brain Behav. 2010; 9:103-109. [PubMed: 19900188]

Institute of Medicine. Treatment of posttraumatic stress disorder: an assessment of the evidence.
Washington, DC: The National Academies Press; 2008.

International Schizophrenia Consortium. Purcell SM, Wray NR, Stone JL, Visscher PM, O'Donovan
MC, Sullivan PF, Sklar P. Common polygenic variation contributes to risk of schizophrenia and
bipolar disorder. Nature. 2009; 460:748-752. [PubMed: 19571811]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al. Page 29

31. Jovanovic T, Norrholm SD, Davis J, Mercer KB, Almli L, Nelson A, Cross D, Smith A, Ressler
KJ, Bradley B. PACL1 receptor (ADCYAP1R1) genotype is associated with dark-enhanced startle
in children. Mol Psychiatry. 2013; 18:742—743. [PubMed: 22776899]

32. Kempton MJ, Haldane M, Jogia J, Christodoulou T, Powell J, Collier D, Williams SC, Frangou S.
The effects of gender and COMT Val158Met polymorphism on fearful facial affect recognition: a
fMRI study. Int J Neuropsychopharmacol. 2008; 12:371-381. [PubMed: 18796186]

Kendler K. What psychiatric genetics has taught us about the nature of psychiatric illness and what is
left to learn. Mol Psychiatry. 2013; 18:1058-1066. [PubMed: 23628988]

Kendler, K.; Eaves, LJ. Psychiatric genetics (review of psychiatry). Washington, DC: American
Psychiatric Press; 2005.

33. Klauke B, Winter B, Gajewska A, Zwanzger P, Reif A, Herrmann MJ, Dlugos A, Warrings B,
Jacob C, Mihlberger A, Arolt V, Pauli P, Deckert J, Domschke K. Affect-modulated startle:
interactive influence of catechol-O-methyltransferase VVal158Met genotype and childhood trauma.
PL0S One. 2012; 7:€39709. [PubMed: 22745815]

34. Klucken T, Alexander N, Schweckendiek J, Merz CJ, Kagerer S, Osinsky R, Walter B, Vaitl D,
Hennig J, Stark R. Individual differences in neural correlates of fear conditioning as a function of
5-HTTLPR and stressful life events. Soc Cogn Affect Neurosci. 2013; 8:318-325. [PubMed:
22258800]

35. Klucken T, Schweckendiek J, Blecker C, Walter B, Kuepper Y, Hennig J, Stark R. The association
between the 5-HTTLPR and neural correlates of fear conditioning and connectivity. Soc Cogn
Affect Neurosci. 2014; 10:700-707. [PubMed: 25140050]

36. Klumpers F, Heitland I, Oosting RS, Kenemans JL, Baas JM. Genetic variation in serotonin
transporter function affects human fear expression indexed by fear-potentiated startle. Biol
Psychol. 2012; 89:277-282. [PubMed: 22061270]

37. Klumpers F, Kroes MC, Heitland I, Everaerd D, Akkermans SE, Oosting RS, van Wingen G,
Franke B, Kenemans JL, Fernandez G, Baas JM. Dorsomedial prefrontal cortex mediates the
impact of serotonin transporter linked polymorphic region genotype on anticipatory threat
reactions. Biol Psychiatry Advance online publication. 201410.1016/j.biopsych.2014.07.034

Koten JW Jr, Wood G, Hagoort P, Goebel R, Propping P, Willmes K, Boomsma DI. Genetic
contribution to variation in cognitive function: an FMRI study in twins. Science. 2009; 323:1737-
1740. [PubMed: 19325117]

Lang PJ, Bradley MM, Cuthbert BN. Emotion, attention, and the startle reflex. Psychol Rev. 1990;
97:377-395. [PubMed: 2200076]

Lang, PJ.; Bradley, MM.; Cuthbert, BN. The International Affective Picture System (IAPS).
Gainesville, FL: Center for Research in Psychophysiology, University of Florida; 1999.

38. Larson CL, Taubitz LE, Robinson JS. MAOA T941G polymorphism and the time course of
emotional recovery following unpleasant pictures. Psychophysiology. 2010; 47:857-862.
[PubMed: 20374544]

39. Lau JYF, Goldman D, Buzas B, Hodgkinson C, Leibenluft E, Nelson E, Sankin L, Pine DS, Ernst
M. BDNF gene polymorphism (Val66Met) predicts amygdala and anterior hippocampus responses
to emotional faces in anxious and depressed adolescents. Neuroimage. 2010; 53:952-961.
[PubMed: 19931400]

Lemonde S, Turecki G, Bakish D, Du L, Hrdina PD, Bown CD, Sequeira A, Kushwaha N, Morris SJ,
Basak A, Ou XM, Albert PR. Impaired repression at a 5-hydroxytryptamine 1A receptor gene
polymorphism associated with major depression and suicide. J Neurosci. 2003; 23:8788-8799.
[PubMed: 14507979]

Lissek S, Powers AS, McClure EB, Phelps EA, Woldehawariat G, Grillon C, Pine DS. Classical fear
conditioning in the anxiety disorders: a meta-analysis. Behav Res Ther. 2005; 43:1391-1424.
[PubMed: 15885654]

Lissek S, Rabin S, Heller RE, Lukenbaugh D, Geraci M, Pine DS, Grillon C. Overgeneralization of
conditioned fear as a pathogenic marker of panic disorder. Am J Psychiatry. 2010; 167:47-55.
[PubMed: 19917595]

Logue MW, Amstadter AB, Baker DG, Duncan L, Koenen KC, Liberzon I, Miller MW, Morey RA,
Nievergelt CM, Ressler KJ, Smith AK, Smoller JW, Stein MB, Sumner JA, Uddin M. The

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al. Page 30

Psychiatric Genomics Consortium posttraumatic stress disorder workgroup: posttraumatic stress
disorder enters the age of large-scale genomic collaboration. Neuropsychopharmacology. 2015
Advance online publication. 10.1038/npp.2015.118

40. Lonsdorf TB, Golkar A, Lindstém KM, Fransson P, Schalling M, Ohman A, Ingvar M. 5-HTTLPR
and COMTval158met genotype gate amygdala reactivity and habituation. Biol Psychol. 2011;
87:106-112. [PubMed: 21356267]

41. Lonsdorf TB, Golkar A, Lindstrom KM, Haaker J, Ohman A, Schalling M, Ingvar M.
BDNFval66met affects neural activation pattern during fear conditioning and 24h delayed fear
recall. Soc Cogn Affect Neurosci. 2014; 10:664-671. [PubMed: 25103087]

Lonsdorf TB, Kalisch R. A review on experimental and clinical genetic associations studies on fear
conditioning, extinction and cognitive-behavioral treatment. Transl Psychiatry. 2011; 1:e41.
[PubMed: 22832657]

42. Lonsdorf TB, Weike Al, Golkar A, Schalling M, Hamm AO, Ohman A. Amygdala-dependent fear
conditioning in humans is modulated by the BDNFval66met polymorphism. Behav Neurosci.
2010; 124:9-15. [PubMed: 20141276]

43. Lonsdorf TB, Weike Al, Nikamo P, Schalling M, Hamm AO, Ohman A. Genetic gating of human
fear learning and extinction: possible implications for gene-environment interactions in anxiety
disorder. Psychol Sci. 2009; 20:198-206. [PubMed: 19175757]

Lueken U, Straube B, Konrad C, Wittchen HU, Strohle A, Wittmann A, Pfleiderer B, Uhlmann C,
Arolt V, Jansen A, Kircher T. Neural substrates of treatment response to cognitive-behavioral
therapy in panic disorder with agoraphobia. Am J Psychiatry. 2013; 170:1345-1355. [PubMed:
23982225]

44. Lueken U, Straube B, Wittchen HU, Konrad C, Stréhle A, Wittmann A, Pfleiderer B, Arolt V,
Kircher T, Deckert J, Reif A. Therapygenetics: anterior cingulate cortex-amygdala coupling is
associated with 5-HTTLPR and treatment response in panic disorder with agoraphobia. J Neural
Transm. 2015; 122:135-144. [PubMed: 25223844]

Lykken DT, Venables PH. Direct measurement of skin conductance: a proposal for standardization.
Psychophysiology. 1971; 8:656-672. [PubMed: 5116830]

Mannisto P, Kaakkola S. Catchol-O-methyltransferase (COMT): biochemistry, molecular biology,
pharmacology, and clinical efficacy of the new selective COMT inhibitors. Pharmacol Rev. 1999;
51:593-628. [PubMed: 10581325]

Manuck SB, Brown SM, Forbes EE, Hariri AR. Temporal stability of individual differences in
amygdala reactivity. Am J Psychiatry. 2007; 164:1613-1614. [PubMed: 17898358]

Maren S. Neurobiology of Pavlovian fear conditioning. Annu Rev Neurosci. 2001; 24:897-931.

[PubMed: 11520922]

45. Meyer-Lindenberg A, Buckholtz JW, Kolachana B, R Hariri A, Pezawas L, Blasi G, Wabnitz A,
Honea R, Verchinski B, Callicott JH, Egan M, Mattay V, Weinberger DR. Neural mechanisms of
genetic risk for impulsivity and violence in humans. Proc Natl Acad Sci USA. 2006; 103:6269—
6274. [PubMed: 16569698]

46. Meyer-Lindenberg A, Kolachana B, Gold B, Olsh A, Nicodemus KK, Mattay V, Dean M,
Weinberger DR. Genetic variants in AVPR1A linked to autism predict amygdala activation and
personality traits in healthy humans. Mol Psychiatry. 2009; 14:968-975. [PubMed: 18490926]

Meyer-Lindenberg A, Weinberger DR. Intermediate phenotypes and genetic mechanisms of
psychiatric disorders. Nat Rev Neurosci. 2006; 7:818-827. [PubMed: 16988657]

Milad MR, Wright CI, Orr SP, Pitman RK, Quirk GJ, Rauch SL. Recall of fear extinction in humans
activates the ventromedial prefrontal cortex and hippocampus in concert. Biol Psychiatry. 2007;
62:446-454. [PubMed: 17217927]

Miskowiak KW, Glerup L, Vestbo C, Harmer CJ, Reinecke A, Macoveanu J, Siebner HR, Kessing
LV, Vinberg M. Different neural and cognitive response to emotional faces in healthy
monozygotic twins at risk of depression. Psychol Med. 2014; 45:1447-1458. [PubMed:
25382193]

47. Montag C, Buckholtz JW, Hartmann P, Merz M, Burk C, Hennig J, Reuter M. COMT genetic

variation affects fear processing: psychophysiological evidence. Behav Neurosci. 2008; 122:901—
909. [PubMed: 18729643]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al. Page 31

Morris SE, Cuthbert BN. Research Domain Criteria: cognitive systems, neural circuits, and dimensions
of behavior. Dialogues Clin Neurosci. 2012; 14:29-37. [PubMed: 22577302]

48. Mihlberger A, Andreatta M, Ewald H, Glotzbach-Schoon E, Tréger C, Baumann C, Reif A,
Deckert J, Pauli P. The BDNF Val66Met polymorphism modulates the generalization of cued fear
responses to a novel context. Neuropsychopharmacology. 2014; 39:1187-1195. [PubMed:
24247044]

Munafo MR, Brown SM, Hariri AR. Serotonin transporter (5-HTTLPR) genotype and amygdala

activation: a meta-analysis. Biol Psychiatry. 2008; 63:852-857. [PubMed: 17949693]

Munafo MR, Matheson 1J, Flint J. Association of the DRD2 gene TaglA polymorphism and
alcoholism: A meta-analysis of case-control studies and evidence of publication bias. Mol
Psychiatry. 2007; 12:454-461. [PubMed: 17453061]

49. Murphy SE, Norbury R, Godlewska BR, Cowen PJ, Mannie ZM, Harmer CJ, Munaféo MR. The
effect of the serotonin transporter polymorphism (5-HTTLPR) on amygdala function: a meta-
analysis. Mol Psychiatry. 2013; 18:512-520. [PubMed: 22488255]

Norrholm SD, Jovanovic T, Briscione MA, Anderson KM, Kwon CK, Warren VT, Bosshardt L,
Bradley B. Generalization of fear-potentiated startle in the presence of auditory cues: a
parametric analysis. Front Behav Neurosci. 2014; 8:361. [PubMed: 25368559]

Norrholm SD, Jovanovic T, Olin IW, Sands LA, Karapanou |, Bradley B, Ressler KJ. Fear extinction
in traumatized civilians with posttraumatic stress disorder: relation to symptom severity. Biol
Psychiatry. 2011; 69:556-563. [PubMed: 21035787]

50. Norrholm SD, Jovanovic T, Smith AK, Binder E, Klengel T, Conneely K, Mercer KB, Davis JS,
Kerley K, Winkler J, Gillespie CF, Bradley B, Ressler KJ. Differential genetic and epigenetic
regulation of catechol-O-methyltransferase is associated with impaired fear inhibition in
posttraumatic stress disorder. Front Behav Neurosci. 2013; 7:30. [PubMed: 23596403]

Pape HC, Jingling K, Seidenbecher T, Lesting J, Reinscheid RK. Neuropeptide S: a transmitter system
in the brain regulating fear and anxiety. Neuropharmacology. 2010; 58:29-34. [PubMed:
19523478]

51. Pauli P, Conzelmann A, Mucha RF, Weyers P, Baehne CG, Fallgatter AJ, Jacob CP, Lesch KP.
Affect-modulated startle reflex and dopamine D4 receptor gene variation. Psychophysiology.
2010; 47:25-33. [PubMed: 19818050]

Pavlov, IP. Conditioned reflexes: an investigation of the physiological activity of the cerebral cortex.

London: Oxford University Press; 1927.

52. Pezawas L, Meyer-Lindenberg A, Drabant EM, Verchinski BA, Munoz KE, Kolachana BS, Egan
MF, Mattay VS, Hariri AR, Weinberger DR. 5-HTTLPR polymorphism impacts human cingulate-
amygdala interactions: a genetic susceptibility mechanism for depression. Nat Neurosci. 2005;
8:828-834. [PubMed: 15880108]

Pezze MA, Feldon J. Mesolimbic dopaminergic pathways in fear conditioning. Prog Neurobiol. 2004;

74:301-320. [PubMed: 15582224]

53. Pohlack ST, Nees F, Ruttorf M, Witt SH, Nieratschker V, Rietschel M, Flor H. Risk variant for
schizophrenia in the neurogranin gene impacts on hippocampus activation during contextual fear
conditioning. Mol Psychiatry. 2011; 16:1072-1073. [PubMed: 21647148]

Potkin SG, Turner JA, Guffanti G, Lakatos A, Fallon JH, Nguyen DD, Mathalon D, Ford J, Lauriello

J, Macciardi F. FBIRN. A genome-wide association study of schizophrenia using brain activation
as a quantitative phenotype. Schizophr Bull. 2009; 35:96-108. [PubMed: 19023125]

Psychiatric GWAS Consortium Bipolar Disorder Working Group. Large-scale genome-wide
association analysis of bipolar disorder identifies a new susceptibility locus near ODZ4. Nature
Genet. 2011; 43:977-983. [PubMed: 21926972]

54. Raczka KA, Gartmann N, Mechias ML, Reif A, Biichel C, Deckert J, Kalisch R. A neuropeptide S

receptor variant associated with overinterpretation of fear reactions: a potential neurogenetic basis
for catastrophizing. Mol Psychiatry. 2010; 15:1067-1074.

55. Raczka KA, Mechias ML, Gartmann N, Reif A, Deckert J, Pessiglione M, Kalisch R. Empirical
support for an involvement of the mesostriatal dopamine system in human fear extinction. Transl
Psychiatry. 2011; 1:e12. [PubMed: 22832428]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al.

Page 32

56. Reif A, Richter J, Straube B, Hofler M, Lueken U, Gloster AT, Weber H, Domschke K, Fehm L,
Stréhle A, Jansen A, Gerlach A, Pyka M, Reinhardt I, Konrad C, Wittmann A, Pfleiderer B,
Alpers GW, Pauli P, Lang T, Arolt VV, Wittchen HU, Hamm A, Kircher T, Deckert J. MAOA and
mechanisms of panic disorder revisited: from bench to molecular psychotherapy. Mol Psychiatry.
2014; 19:122-128. [PubMed: 23319006]

Reinscheid RK, Xu YL, Okamura N, Zeng J, Chung S, Pai R, Wang Z, Civelli O. Pharmacological
characterization of human and murine neuropeptide S receptor variants. J Pharmacol Exp Ther.
2005; 315:1338-1345. [PubMed: 16144971]

57. Ressler KJ, Mercer KB, Bradley B, Jovanovic T, Mahan A, Kerley K, Norrholm SD, Kilaru V,
Smith AK, Myers AJ, Ramirez M, Engel A, Hammack SE, Toufexis D, Braas KM, Binder EB,
May V. Post-traumatic stress disorder is associated with PACAP and the PACL1 receptor. Nature.
2011; 470:492-497. [PubMed: 21350482]

58. Rodrigues SM, Saslow LR, Garcia N, John OP, Keltner D. Oxytocin receptor genetic variation
relates to empathy and stress reactivity in humans. Proc Natl Acad Sci USA. 2009; 106:21437—
21441. [PubMed: 19934046]

Sabol SZ, Hu S, Hamer D. A functional polymorphism in the monoamine oxidase A gene promoter.
Hum Genet. 1998; 103:273-279. [PubMed: 9799080]

Schiller D, Monfils MH, Raio CM, Johnson DC, Ledoux JE, Phelps EA. Preventing the return of fear
in humans using reconsolidation update mechanisms. Nature. 2010; 463:49-53. [PubMed:
20010606]

Schizophrenia Working Group of the Psychiatric Genomics Consortium. Biological insights from 108
schizophrenia-associated genetic loci. Nature. 2014; 511:421-427. [PubMed: 25056061]

Shen KK, Rose S, Fripp J, McMahon KL, de Zubicaray Gl, Martin NG, Thompson PM, Wright MJ,
Salvado O. Investigating brain connectivity heritability in a twin study using diffusion imaging
data. Neuroimage. 2014; 100:628-641. [PubMed: 24973604]

Shin LM, Liberzon I. The neurocircuitry of fear, stress, and anxiety disorders.
Neuropsychopharmacology. 2010; 35:169-191. [PubMed: 19625997]

59. Smolka MN, Buhler M, Schumann G, Klein S, Hu XZ, Moayer M, Zimmer A, Wrase J, Flor H,
Mann K, Braus DF, Goldman D, Heinz A. Gene-gene effects on central processing of aversive
stimuli. Mol Psychiatry. 2007; 12:307-317. [PubMed: 17211439]

60. Smolka MN, Schumann G, Wrase J, Grisser SM, Flor H, Mann K, Braus DF, Goldman D, Biichel
C, Heinz A. Catechol-O-methyltransferase val158met genotype affects processing of emotional
stimuli in the amygdala and prefrontal cortex. J Neurosci. 2005; 25:836-842. [PubMed:
15673663]

61. Smoller JW, Gallagher PJ, Duncan LE, McGrath LM, Haddad SA, Holmes AJ, Wolf AB, Hilker S,
Block SR, Weill S, Young S, Choi EY, Rosenbaum JF, Biederman J, Faraone SV, Roffman JL,
Manfro GG, Blaya C, Hirshfeld-Becker DR, Stein MB, VVan Ameringen M, Tolin DF, Otto MW,
Pollack MH, Simon NM, Buckner RL, Ongir D, Cohen BM. The human ortholog of acid-sensing
ion channel gene ASICla is associated with panic disorder and amygdala structure and function.
Biol Psychiatry. 2014; 76:902-910. [PubMed: 24529281]

62. Soliman F, Glatt CE, Bath KG, Levita L, Jones RM, Pattwell SS, Jing D, Tottenham N, Amso D,
Somerville LH, Voss HU, Glover G, Ballon DJ, Liston C, Teslovich T, Van Kempen T, Lee FS,
Casey BJ. A genetic variant BDNF polymorphism alters extinction learning in both mouse and
human. Science. 2010; 327:863-866. [PubMed: 20075215]

Sotres-Bayon F, Quirk GJ. Prefrontal control of fear: more than just extinction. Curr Opin Neurobiol.
2010; 20:231-235. [PubMed: 20303254]

Spradley JM, Guindon J, Hohmann AG. Inhibitiors of monoacylglycerol lipase, fatty-acid amide
hydrolase and endocannabinoid transport differentially suppress capsaicin-induced behavioral
sensitization through peripheral endocannabinoid mechanisms. Pharmacol Res. 2010; 62:249—
258. [PubMed: 20416378]

Stein JL, Medland SE, Vasquez AA, Hibar DP, Senstad RE, Winkler AM, Toro R, Appel K, Bartecek
R, Bergmann @, Bernard M, Brown AA, Cannon DM, Chakravarty MM, Christoforou A, Domin
M, Grimm O, Hollinshead M, Holmes AJ, Homuth G, Hottenga JJ, Langan C, Lopez LM,
Hansell NK, Hwang KS, Kim S, Laje G, Lee PH, Liu X, Loth E, Lourdusamy A, Mattingsdal M,
Mohnke S, Maniega SM, Nho K, Nugent AC, O'Brien C, Papmeyer M, Putz B, Ramasamy A,

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al. Page 33

Rasmussen J, Rijpkema M, Risacher SL, Roddey JC, Rose EJ, Ryten M, Shen L, Sprooten E,
Strengman E, Teumer A, Trabzuni D, Turner J, van Eijk K, van Erp TG, van Tol MJ, Wittfeld K,
Wolf C, Woudstra S, Aleman A, Alhusaini S, Almasy L, Binder EB, Brohawn DG, Cantor RM,
Carless MA, Corvin A, Czisch M, Curran JE, Davies G, de Almeida MA, Delanty N, Depondt C,
Duggirala R, Dyer TD, Erk S, Fagerness J, Fox PT, Freimer NB, Gill M, Géring HH, Hagler DJ,
Hoehn D, Holshoer F, Hoogman M, Hosten N, Jahanshad N, Johnson MP, Kasperaviciute D,
Kent JW Jr, Kochunov P, Lancaster JL, Lawrie SM, Liewald DC, Mandl R, Matarin M,
Mattheisen M, Meisenzahl E, Melle I, Moses EK, Miihleisen TW, Nauck M, Néthen MM,
Olvera RL, Pandolfo M, Pike GB, Puls R, Reinvang I, Renteria ME, Rietschel M, Roffman JL,
Royle NA, Rujescu D, Savitz J, Schnack HG, Schnell K, Seiferth N, Smith C, Steen VM, Valdés
Hernandez MC, Van den Heuvel M, van der Wee NJ, Van Haren NE, Veltman JA, Volzke H,
Walker R, Westlye LT, Whelan CD, Agartz |, Boomsma DI, Cavalleri GL, Dale AM, Djurovic
S, Drevets WC, Hagoort P, Hall J, Heinz A, Jack CR Jr, Foroud TM, Le Hellard S, Macciardi F,
Montgomery GW, Poline JB, Porteous DJ, Sisodiya SM, Starr JM, Sussmann J, Toga AW,
Veltman DJ, Walter H, Weiner MW, Alzheimer's Disease Neuroimaging Initiative; EPIGEN
Consortium; IMAGEN Consortium; Saguenay Youth Study Group; Bis JC, Ikram MA, Smith
AV, Gudnason V, Tzourio C, Vernooij MW, Launer LJ, DeCarli C, Seshadri S, Cohorts for
Heart and Aging Research in Genomic Epidemiology Consortium; Andreassen OA, Apostolova
LG, Bastin ME, Blangero J, Brunner HG, Buckner RL, Cichon S, Coppola G, de Zubicaray Gl,
Deary 1J, Donohoe G, de Geus EJ, Espeseth T, Fernandez G, Glahn DC, Grabe HJ, Hardy J,
Hulshoff Pol HE, Jenkinson M, Kahn RS, McDonald C, Mcintosh AM, McMahon FJ, McMahon
KL, Meyer-Lindenberg A, Morris DW, Miiller-Myhsok B, Nichols TE, Ophoff RA, Paus T,
Pausova Z, Penninx BW, Potkin SG, Sdmann PG, Saykin AJ, Schumann G, Smoller JW,
Wardlaw JM, Weale ME, Martin NG, Franke B, Wright MJ, Thompson PM, Enhancing Neuro
Imaging Genetics through Meta-Analysis Consortium. Identification of common variants
associated with human hippocampal and intracranial volumes. Nat Genet. 2012; 44:552-561.
[PubMed: 22504417]

63. Stevens JS, Almli LM, Fani N, Gutman DA, Bradley B, Norrholm SD, Reiser E, Ely TD, Dhanani
R, Glover EM, Jovanovic T, Ressler KJ. PACAP receptor gene polymorphism impacts fear
responses in the amygdala and hippocampus. Proc Natl Acad Sci USA. 2014; 111:3158-3163.
[PubMed: 24516127]

Stevens JS, Jovanovic T, Fani N, Ely TD, Glover EM, Bradley B, Ressler KJ. Disrupted amygdala-
prefrontal functional connectivity in civilian women with posttraumatic stress disorder. J
Psychiatr Res. 2013; 47:1469-1478. [PubMed: 23827769]

64. Straube B, Reif A, Richter J, Lueken U, Weber H, Arolt V, Jansen A, Zwanzger P, Domschke K,
Pauli P, Konrad C, Gerlach AL, Lang T, Fydrich T, Alpers GW, Stréhle A, Wittmann A,
Pfleiderer B, Wittchen HU, Hamm A, Deckert J, Kircher T. The functional -1019C/G HTR1A
polymorphism and mechanisms of fear. Transl Psychiatry. 2014; 4:e490. [PubMed: 25514753]

Sullivan PF. Spurious genetic associations. Biol Psychiatry. 2007; 61:1121-1126. [PubMed:
17346679]

Sullivan PF, Daly MJ, O'Donovan M. Genetic architectures of psychiatric disorders: the emerging
picture and its implications. Nat Rev Genet. 2012; 13:537-551. [PubMed: 22777127]

Surguladze SA, Elkin A, Ecker C, Kalidindi S, Corsico A, Giampietro V, Lawrence N, Deeley Q,
Murphy DG, Kucharska-Pietura K, Russell TA, McGuffin P, Murray R, Phillips ML. Genetic
variation in the serotonin transporter modulates neural system-wide response to fearful faces.
Genes Brain Behav. 2008; 7:543-551. [PubMed: 18266983]

Tabbert K, Stark R, Kirsch P, Vaitl D. Dissociation of neural responses and skin conductance reactions
during fear conditioning with and without awareness of stimulus contingencies. Neuroimage.
2006; 32:761-770. [PubMed: 16651009]

65. Thomason ME, Henry ML, Paul Hamilton J, Joormann J, Pine DS, Ernst M, Goldman D, Mogg K,
Bradley BP, Britton JC, Lindstrom KM, Monk CS, Sankin LS, Louro HM, Gotlib IH. Neural and
behavioral responses to threatening emotion faces in children as a function of the short allele of the
serotonin transporter gene. Biol Psychol. 2010; 85:38-44. [PubMed: 20493234]

Thompson PM, Stein JL, Medland SE, Hibar DP, Vasquez AA, Renteria ME, Toro R, Jahanshad N,

Schumann G, Franke B, Wright MJ, Martin NG, Agartz I, Alda M, Alhusaini S, Almasy L,
Almeida J, Alpert K, Andreasen NC, Andreassen OA, Apostolova LG, Appel K, Armstrong NJ,

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sumner et al.

Page 34

Aribisala B, Bastin ME, Bauer M, Bearden CE, Bergmann O, Binder EB, Blangero J, Bockholt
HJ, Bgen E, Bois C, Boomsma DI, Booth T, Bowman 1J, Bralten J, Brouwer RM, Brunner HG,
Brohawn DG, Buckner RL, Buitelaar J, Bulayeva K, Bustillo JR, Calhoun VD, Cannon DM,
Cantor RM, Carless MA, Caseras X, Cavalleri GL, Chakravarty MM, Chang KD, Ching CR,
Christoforou A, Cichon S, Clark VP, Conrod P, Coppola G, Crespo-Facorro B, Curran JE,
Czisch M, Deary 1J, de Geus EJ, den Braber A, Delvecchio G, Depondt C, de Haan L, de
Zubicaray Gl, Dima D, Dimitrova R, Djurovic S, Dong H, Donohoe G, Duggirala R, Dyer TD,
Ehrlich S, Ekman CJ, Elvsashagen T, Emsell L, Erk S, Espeseth T, Fagerness J, Fears S, Fedko I,
Fernandez G, Fisher SE, Foroud T, Fox PT, Francks C, Frangou S, Frey EM, Frodl T, Frouin V,
Garavan H, Giddaluru S, Glahn DC, Godlewska B, Goldstein RZ, Gollub RL, Grabe HJ, Grimm
O, Gruber O, Guadalupe T, Gur RE, Gur RC, Géring HH, Hagenaars S, Hajek T, Hall GB, Hall
J, Hardy J, Hartman CA, Hass J, Hatton SN, Haukvik UK, Hegenscheid K, Heinz A, Hickie IB,
Ho BC, Hoehn D, Hoekstra PJ, Hollinshead M, Holmes AJ, Homuth G, Hoogman M, Hong LE,
Hosten N, Hottenga JJ, Hulshoff Pol HE, Hwang KS, Jack CR Jr, Jenkinson M, Johnston C,
Jonsson EG, Kahn RS, Kasperaviciute D, Kelly S, Kim S, Kochunov P, Koenders L, Krdmer B,
Kwok JB, Lagopoulos J, Laje G, Landen M, Landman BA, Lauriello J, Lawrie SM, Lee PH, Le
Hellard S, Lemaitre H, Leonardo CD, Li CS, Liberg B, Liewald DC, Liu X, Lopez LM, Loth E,
Lourdusamy A, Luciano M, Macciardi F, Machielsen MW, Macqueen GM, Malt UF, MandI R,
Manoach DS, Martinot JL, Matarin M, Mather KA, Mattheisen M, Mattingsdal M, Meyer-
Lindenberg A, McDonald C, Mcintosh AM, McMahon FJ, McMahon KL, Meisenzahl E, Melle
I, Milaneschi Y, Mohnke S, Montgomery GW, Morris DW, Moses EK, Mueller BA, Mufioz
Maniega S, Mihleisen TW, Miiller-Myhsok B, Mwangi B, Nauck M, Nho K, Nichols TE,
Nilsson LG, Nugent AC, Nyberg L, Olvera RL, Oosterlaan J, Ophoff RA, Pandolfo M,
Papalampropoulou-Tsiridou M, Papmeyer M, Paus T, Pausova Z, Pearlson GD, Penninx BW,
Peterson CP, Pfennig A, Phillips M, Pike GB, Poline JB, Potkin SG, Putz B, Ramasamy A,
Rasmussen J, Rietschel M, Rijpkema M, Risacher SL, Roffman JL, Roiz-Santiafiez R,
Romanczuk-Seiferth N, Rose EJ, Royle NA, Rujescu D, Ryten M, Sachdev PS, Salami A,
Satterthwaite TD, Savitz J, Saykin AJ, Scanlon C, Schmaal L, Schnack HG, Schork AJ, Schulz
SC, Schiir R, Seidman L, Shen L, Shoemaker JM, Simmons A, Sisodiya SM, Smith C, Smoller
JW, Soares JC, Sponheim SR, Sprooten E, Starr JM, Steen VM, Strakowski S, Strike L,
Sussmann J, S&mann PG, Teumer A, Toga AW, Tordesillas-Gutierrez D, Trabzuni D, Trost S,
Turner J, Van den Heuvel M, van der Wee NJ, van Eijk K, van Erp TG, van Haren NE, van 't Ent
D, van Tol MJ, Valdés Hernandez MC, Veltman DJ, Versace A, Volzke H, Walker R, Walter H,
Wang L, Wardlaw JM, Weale ME, Weiner MW, Wen W, Westlye LT, Whalley HC, Whelan
CD, White T, Winkler AM, Wittfeld K, Woldehawariat G, Wolf C, Zilles D, Zwiers MP,
Thalamuthu A, Schofield PR, Freimer NB, Lawrence NS, Drevets W, Alzheimer's Disease
Neuroimaging Initiative, EPIGEN Consortium, IMAGEN Consortium, Saguenay Youth Study
(SYS) Group. The ENIGMA Consortium: large-scale collaborative analyses of neuroimaging
and genetic data. Brain Imaging Behav. 2014; 8:153-182. [PubMed: 24399358]
66. Torrents-Rodas D, Fullana MA, Arias B, Bonillo A, Caseras X, Andién O, Mitjans M, Fafianas L,
Torrubia R. Acquisition and generalization of fear conditioning are not modulated by the BDNF-
val66met polymorphism in humans. Psychophysiology. 2012; 49:713-719. [PubMed: 22404164]
67. Tost H, Kolachana B, Hakimi S, Lemaitre H, Verchinski BA, Mattay VS, Weinberger DR, Meyer-
Lindenberg A. A common allele in the oxytocin receptor gene (OXTR) impacts prosocial
temperament and human hypothalamic-limbic structure and function. Proc Natl Acad Sci USA.
2010; 107:13936-13941. [PubMed: 20647384]
68. Tupak SV, Reif A, Pauli P, Dresler T, Herrmann MJ, Domschke K, Jochum C, Haas E, Baumann
C, Weber H, Fallgatter AJ, Deckert J, Ehlis AC. Neuropeptide S receptor gene: fear-specific
modulations of prefrontal activation. Neuroimage. 2013; 66:353-360. [PubMed: 23103692]
Vaidyanathan U, Malone SM, Miller MB, McGue M, lacono WG. Heritability and molecular genetic
basis of acoustic startle eye blink and affectively modulated startle response: a genome-wide
association study. Psychophysiology. 2014; 51:1285-1299. [PubMed: 25387708]

Varnas K, Halldin C, Hall H. Autoradiographic distribution of serotonin transporters and receptor
subtypes in human brain. Hum Brain Mapp. 2004; 22:246-260. [PubMed: 15195291]

Walther DJ, Peter JU, Bashammakh S, Hortnagl H, Voits M, Fink H, BaderM. Synthesis of serotonin
by a second tryptophan hydroxylase isoform. Science. 2003; 299:76. [PubMed: 12511643]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sumner et al.

Page 35

69. Wendt J, Neubert J, Lindner K, Ernst FD, Homuth G, Weike Al, Hamm AO. Genetic influences on
the acquisition and inhibition of fear. Int J Psychophysiol. 2014 Advance online publication.
10.1016/j.ijpsycho.2014.10.007

Whalen PJ, Shin LM, Mclnerney SC, Fischer H, Wright CI, Rauch SL. A functional MRI study of
human amygdala responses to facial expressions of fear versus anger. Emotion. 2001; 1:70-83.
[PubMed: 12894812]

70. Williams LM, Gatt JM, Grieve SM, Dobson-Stone C, Paul RH, Gordon E, Schofield PR. COMT
Val(108/158)Met polymorphism effects on emotional brain function and negativity bias.
Neuroimage. 2010; 53:918-925. [PubMed: 20139013]

71. Williams LM, Gatt JM, Schofield PR, Olivieri G, Peduto A, Gordon E. ‘Negativity bias’ in risk for
depression and anxiety: brain-body fear circuitry correlates, 5-HTT-LPR and early life stress.
Neuroimage. 2009; 47:804-814. [PubMed: 19446647]

Williams LM, Phillips ML, Brammer MJ, Skerrett D, Lagopoulos J, Rennie C, Bahramali H, Olivieri
G, David AS, Peduto A, Gordon E. Arousal dissociates amygdala and hippocampal fear
responses: evidence from simultaneous fMRI and skin conductance recording. Neuroimage.
2001; 14:1070-1079. [PubMed: 11697938]

Wolfensberger SP1, Veltman DJ, Hoogendijk WJ, Boomsma DI, de Geus EJ. Amygdala responses to
emotional faces in twins discordant or concordant for the risk for anxiety and depression.
Neuroimage. 2008; 41:544-552. [PubMed: 18396414]

72. Zhou Z, Zhu G, Hariri AR, Enoch MA, Scott D, Sinha R, Virkkunen M, Mash DC, Lipsky RH, Hu
XZ, Hodgkinson CA, Xu K, Buzas B, Yuan Q, Shen PH, Ferrell RE, Manuck SB, Brown SM,
Hauger RL, Stohler CS, Zubieta JK, Goldman D. Genetic variation in human NPY expression
affects stress response and emotion. Nature. 2008; 452:997-1001. [PubMed: 18385673]

Zill P, Buttner A, Eisenmenger W, Bondy B, Ackenheil M. Regional mRNA expression of a second

tryptophan hydroxylase isoform in postmortem tissue samples of two human brains. Eur
Neuropsychopharmacol. 2004; 14:282-284. [PubMed: 15163437]

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



Page 36

Sumner et al.

€5T 0 T 0 €St T vZbtt uluesfonsN NOAN
0 0 2T T T'51d2 A apndadoinaN AdN
¥ST ze'sTe € 0 89'7S'ST'ETY 4 €yrdL T J0ydedas s spndadoinaN TSN
6T 0 T 0 6T T TETA9T W Slemedsy-a IAyBIN-N ‘o1doJjouot ‘1oydaoas srewen o VNI
0 0 se'eze [4 ved-gedt ase|0IpAy apiue proe-Aes Hvvd
0 12T 1 0 zeb-z1hsT T J01d8231 (HYD) auowuoy Buises|as-uidosooniod THHYD
0 8eT T 0 GTb-yTbg T Joydadas proulqeuue) (MND 'T90) TINO
99'THe 29'8Y'2y've' 12°029 8 0 29'TY'6€'02y v e1dTT 101084 o1ydoioinau paaLIsp-urelg diNag
0 0 YT T GTb-yTbZT /T 101da2a1 u1ssaidoseA auiuibiy eTddAY
11'0€2 0 2z 0 2eZb1T T BuILIEIUOD UreWOp aseuny pue Jeadal ULAYUY o(VTbeL) THMNY
0 1S'T€2 4 0 €971 T y1dL T 9pndadAjod Burennoe-asejoAo syejAuspe Joj 101daday TATdVAOQY
0 0 191 T zibzt Z [SUUEYD UOIEI 9ANISUSS-9PLIOJIWY (¢osv) 2nOOV
SOURD [eUONIPPY
0 16'6T¢C 14 0 G'STdTT @ J03dada1 aulwedoq (&ava) vada
0 0T T 0 €ebTT 2 J0jdaoas suwedog (Maea "¥ea) zaya
16T 0 T 0 GGT T €'g1dg Japodsued suiwedod (ev90B) TLvA
16T 69'05'LY'€V'0V'€E'TL 8 0 0'09'65'0%'2€'9T V1L L Tz TThZe asesdjsue|AyIB-O-10Yd31eD 1NOD
wesAs 216 BUILRdoqg
0 TeT T 0 T'€ehTT V€ 10)d8231 UIU0}0I8S VEdL1H
0 T T 0 ¥9'8TC [ €Tb-z'T1dg VT 10108281 UIUOJ0IES VTH1H
61T 95'8€C € 0 95'5t¢ z €TTdX \/ 9SepIX0 SUIUEOUOIN VOVIN
0 621 T 0 62'TT'0T'8Y 14 T'Tehzt ¢ ase|AxoupAy ueydoydAiL ZHdL

0 9Z1 T 0 wsiydiowAjod uonejAuspeAjod Jariodsuel) UlLOI0IBS ddlis

T6'8€'GE22'9Z'029  TL'69'EY 0V’ L€'9€'62'22'6T'2T'9'E TET 61 6'025T T1'59'65'25'6V' V' 0V' L€ 'SE'VE'62'LTZT 3 pustydiowAjod sarowoid Japodsuen ujuolosss HUdTLLH-G
N.HHUNH \_wtoawcm‘: uluololss A0 S
WRSAS 216 U010 oS

sbuipui4 s1iodey sBuipui4 s1lodey
sBuipuid |INN Wweoubis peusiiand  sBuipuid [INN pausiignd  oUOEA0T auUeN UoWWoD sl
n>mo_o.m>cn_ f11N0 11D [eINBN 21qU1j0IU0 I

Author Manuscript

Author Manuscript

| 31geL

Author Manuscript

Te01y1a1nde Jo ABojoisAyd pue A111n0110 [eneu ay] Jojsbulpul)ausb arepipue)d

Author Manuscript

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



Page 37

Sumner et al.

TNV Ul paiedo| usaq aouis sey wsiydiowAjod yibus| uswbely uonouisal Tbe ayl ‘zay@ ul paedo| ag 0} paAaljaq Aj| _u_c_w

'sisAeue-e1aW 6y’ |e 18 AYdIn|Al 8U U1 pamalnal a1e HdT1LH-G UO S3IpMs au} JO aAl-Aluam .r_o

"aseqerep aus9 zaNu3 uo paseq uoneooT
"S3W02IN0 )k Ly pue ‘aourIoNPUOD UIXS ‘a1els mw_o:_cc_n
"X81109 [euoJya.id [eIPBWIOAIUSA pUR ‘BINSUl ‘Xa1100 are|nbuild Jouaiue ‘sndwesoddiy “ejepbAure ayy Ul uoireAnoe mwn:_oc_m

1S1] S30UB1343Y B} U SUOITEIID JUBAS[3I B} 01 Jajal slaquinu 1d11osiadng 810N

0 LT T 0 TT°9edT T unyrels INWIS
0 G1 T 0 GT 1 etdoz uiydiouApold NAQd
0 85T T 0 19T 1 Gede 103d9231 UIOAXO d1X0
0 14 T 0 14 1 €e'eTbog T 9¥j1]-10)d90a1 s1eldo TTddO
sBuipui4 s1iodey sBuipui4 s1lodey
sBuipuld |INN e ubis peusiiand  sBuipuid |INN e IubIS peusiigng  oUOIEd0T slWeN Uowwo) a9
Q>mo_o_m>:n_ /1IN0 11D [enaN 21quijoIu0 I

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

AmJ Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 January 01.



