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Abstract

Acoustic startle responses have been studied extensively in relation to individual differences and
psychopathology. We examined three indices of the blink response in a picture-viewing paradigm
—overall startle magnitude across all picture types, and aversive and pleasant modulation scores
—in 3,323 twins and parents. Biometric models and molecular genetic analyses showed that half
the variance in overall startle was due to additive genetic effects. No single nucleotide
polymorphism was genome-wide significant, but GRIK3 did produce a significant effect when
examined as part of a candidate gene set. In contrast, emotion modulation scores showed little
evidence of heritability in either biometric or molecular genetic analyses. However, in a genome-
wide scan, PARP14 did produce a significant effect for aversive modulation. We conclude that,
although overall startle retains potential as an endophenotype, emotion-modulated startle does not.
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Presented with a startling stimulus, many animal species will show a whole body response
that facilitates initial orienting and attention, and if necessary, escape and protective
responses. One component of the startle reaction is the eye blink, a reflexive response that
protects this key organ. The startle blink response is one of the most widely used indices of
emotional, especially defensive, reactivity in neurobiology. Extensive work using rodents
has shown that it is mediated by two circuits. One involves a basic reflex response that is
initiated by the nucleus reticularis pontis caudalis after input from a startling stimulus. The
other receives input from the amygdala, and can modulate the basic reflex initiated by the
first circuit. This latter system, in turn, is also divided into a “fear” system that is directly
linked to the central nucleus of the amygdala, and a more tonic system associated with
longer-lasting stressors (presumably anxiety-related responses) that is modulated by the
extended amygdala or the bed nucleus of the stria terminalis (Davis, 1998; Davis, Walker, &
Lee, 1997). These circuits are distinct in that they can be selectively disabled, and
consequently affect different parameters of the blink response (Davis, Walker, Miles, &
Grillon, 2010). They are also interrelated, which permits individual differences in
experiences of stressors to influence the basic reflex via the second circuit. There is also
some evidence that inhibition of startle is linked to the nucleus accumbens (Koch, Schmid,
& Schnitzler, 1996), though the precise mechanism by which this occurs is relatively less
explored.

In psychopathology research, startle blinks are sometimes elicited using air puffs delivered
to the eye or, more commonly, through the abrupt presentation of a loud acoustic stimulus.
The strength of the eye blink response can be indexed from electrodes placed around the eye
to record electromyographic activity from the orbicularis oculi muscle. Of interest are
individual differences in the strength of the basic or general reflexive response and its
modulation. Attentional modulation can be achieved by preceding the startling stimulus with
a less intense auditory stimulus. In healthy subjects using this prepulse inhibition (PPI)
procedure, preservation of attention to the first auditory stimulus (and relative inhibition of
the blink response to the subsequent, startling stimulus) is thought to facilitate attention to
the information represented in the initial stimulus by preventing a strong response to
subsequent, possibly conflicting stimuli. However, the normal reduction in startle responses
to noises preceded by a prepulse may not occur in individuals with mental disorders (e.g.,
schizophrenia, see Braff, 2010, for a review), presumably because they lack the ability to
filter—or “gate”—such stimuli.

Emotional modulation of the startle response can be achieved using various methods, but
one common approach is to present unwarned acoustic probes while subjects view
affectively arousing pictures with neutral, pleasant, or unpleasant content. When startled
against a pleasant picture foreground, healthy individuals show a reduced eye blink response
compared to their response in the presence of a neutral scene. When the picture is
unpleasant, potentiation of the eye blink is observed. These bidirectional effects result in a
linear pattern of startle response modulation across picture valence categories (i.e., pleasant
< neutral < unpleasant startle response magnitude). Deviations from this pattern are
associated with psychopathology, especially internalizing disorders and psychopathy (see
Vaidyanathan, Patrick, & Cuthbert, 2009, for a review).
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In this article, we examine the molecular genetic basis of the general startle response and its
emotional modulation using the affect-picture startle paradigm (cf. Vrana, Spence, & Lang,
1988). Although we did not use the PPI startle procedure, our results as they pertain to the
general startle response are likely relevant at least in part to understanding the genetics of
PPI startle as well.

Psychopathology and the Affect-Picture Startle Paradigm

Numerous studies have found that the blink reflex is altered among individuals with phobic
disorders where potentiation of the response in the presence of an unpleasant emotional
foreground (especially involving fear) is exaggerated (Grillon & Baas, 2003; Lang &
McTeague, 2008; Vaidyanathan et al., 2009). Results have been less consistent for other
anxiety disorders and depression (Vaidyanathan et al., 2009). In a recent study involving a
subset of 515 female twins from the Minnesota Twin Family Study (MTFS) who were also
included in the current report, Vaidyanathan et al. (2014) found that major depression was
associated with an abnormal startle pattern only in those with recurrent depression when
compared to those with single episode depression and nondepressed controls. Those with
multiple episodes showed a potentiated response to both pleasant and unpleasant pictures.

Quite different startle patterns have been observed for psychopathy. Psychopaths have been
found to show a decreased startle response, but only to unpleasant pictures generally (cf.
Patrick, Bradley, & Lang, 1993). A similar finding has been reported in 355 MTFS male
twins who also comprise part of the sample for the present investigation. Twenty-year-old
males with psychopathic dispositions, as reflected in high scores on a scale derived from a
personality questionnaire to predict psychopathic traits, showed a similar pattern of reduced
potentiation of the startle response by unpleasant pictures (Benning, Patrick, & lacono,
2005). These different patterns of startle found for phobia, depression, and psychopathy
presumably indicate the degree to which the functioning of fear circuitry, indexed by the
modulation of the startle response and mediated by the amygdala, is differentially implicated
in these disorders.

In addition to assessing patterns of emotion startle modulation, the general or baseline startle
reflex (referred to as overall startle in the current report) has also been of interest. The
general startle response has been measured in various ways, including during a period
preceding emotional manipulation (Morgan, Grillon, Southwick, Davis, & Charney, 1995),
during intertrial intervals (Cuthbert et al., 2003), or across all trial types in an affect picture
context (Kaviani et al., 2004). The general response thus provides an index of startle
reactivity absent any emotional modification—presumably a direct index of the functioning
of the obligatory circuit mentioned above. However, the general startle response has been
less consistently linked to psychopathology, although there is evidence that heightened
general startle is linked to anxiety disorders (Vaidyanathan et al., 2009), including
posttraumatic stress disorder (Pole, 2007).

Startle as an Endophenotype

As we noted in the introductory paper outlining the rationale and methodology used in the
articles comprising this special issue (lacono, Malone, Vaidyanathan, & Vrieze, 2014), the
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affect picture startle paradigm was added to MTFS in the 1990s because of the well-
developed literature and theory supporting its relevance to understanding fundamental
psychological and neurobiological processes relevant to psychopathology (Lang, Bradley, &
Cuthbert, 1990). At that time, relatively little research had been carried out that could be
used to evaluate the endophenotypic potential of startle. Of particular interest is research
emerging since the adoption of this paradigm by the MTFS that shows that it is heritable and
present in well relatives of those with psychiatric disorder, two fundamental characteristics
of an endophenotype (Gottesman & Gould, 2003; lacono & Malone, 2011).

For the general startle response, substantial heritable individual differences (about .67 across
studies) in overall magnitude have been reported (Anokhin, Golosheykin, & Heath, 2007;
Anokhin, Heath, Myers, Ralano, & Wood, 2003; Carlson, Katsanis, lacono, & McGue,
1997; Hasenkamp et al., 2010). To date, two studies (Anokhin et al., 2007; Carlson et al.,
1997) have examined the heritability of the emotion-modulated blink response in twin
samples using behavior genetic methodology. One found that startle modulation scores were
also heritable (Carlson et al., 1997), whereas the second, larger study did not (Anokhin et al.,
2007). Family studies have indicated that abnormal startle responses appear to be inherited
with anxiety disorders and depression, even if individuals are only at risk for them and do
not show evidence of the disorders themselves. For example, both children and
grandchildren of subjects with anxiety disorders and depression showed varying patterns of
startle abnormality in either threatening context or for overall startle, compared to relatives
of controls who did not have any psychiatric disorders (Grillon, Dierker, & Merikangas,
1998; Grillon et al., 2005). These family findings provide the strongest support available for
startle modulation as an endophenotype, in this case, for anxiety and depression.

Individual differences in PPI startle measures have also been shown to be heritable
(Anokhin et al., 2003; Greenwood et al., 2007). Moreover, reduced PPI is observed in
relatives of schizophrenia probands, and there is a relatively strong body of research
supporting this measure as an endophenotype for schizophrenia (Braff, 2010).

To date, studies of candidate genes in relation to the emotion-modulated startle response
have found that single nucleotide polymorphisms (SNPs) or other variants in several genes
are related to aspects of the blink response: the serotonin transporter (5-hydroxytryptamine
transporter gene-linked region—5-HTTLPR; Brocke et al., 2006), dopamine transporter
(DAT; Pauli et al., 2010), catechol-O-methyltransferase (COMT; Montag et al., 2008), and
monoamine oxidase A (MAOA, Larson, Taubitz, & Robinson, 2010). However, to our
knowledge, successful replications are lacking, and, in general, molecular genetic studies of
the overall startle response and affect modulated startle are few in number. In particular,
there have not been any genome-wide association studies (GWAS) investigating how
genetic variants spread across the genome might be linked to startle.

Aims of the Current Study

The current study was undertaken to fill this gap in the literature. We conducted a GWAS in
a large sample of more than 3,000 individuals, including MTFS twins and their parents,
from the Minnesota Center for Twin and Family Research (MCTFR). We pursued several
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lines of investigation. First, because it is not clear to what extent the emotion-modulated
startle response is heritable, using our large, family-based twin sample, we examined the
biometric heritability of three affect picture startle paradigm measures: general overall
startle, emotion-potentiated startle to aversive picture stimuli, and emotion-inhibited startle
to pleasant picture stimuli. Second, these analyses were complemented by an examination of
SNP heritability using genome-wide complex trait analysis (GCTA; Yang, Lee, Goddard, &
Visscher, 2011). GCTA estimates the proportion of variance in startle due to the aggregate,
additive effect of all SNPS on our genotyping array.

Third, we conducted a GWAS of each of more than 527,000 SNPs on our genotyping array,
followed by a more focused analysis of 1,180 SNPs identified through meta- and “mega-"
analyses of psychiatric disorders and traits that are plausibly relevant to understanding the
molecular genetic basis of endophenotypes generally, including the startle response and
startle modulation. Fourth, we conducted gene-based analyses examining the degree of
association between each of 17,601 autosomal genes available through the versatile gene-
based association study method (VEGAS; Liu et al., 2010), in a genome-wide scan
analogous to our scan of all individual SNPs. This was followed by a more targeted analysis
of 204 candidate genes of potential relevance to psychophysiological endophenotypes
broadly considered, and 92 schizophrenia-endophenotype candidate genes selected by the
Consortium for the Genetics of Schizophrenia (COGS; Greenwood et al., 2011). In an even
more focused gene-based analysis, we examined those specific candidate genes tentatively
linked to the startle response by previous studies. Thus, the present study provides a
particularly comprehensive assessment of the molecular genetic basis of the emotion-
modulated startle response.

Method

Details of the method, including the rationale that guided the development of this project
and information regarding how the three startle indices were related to each other and to the
other 14 endophenotypes assessed in these same participants, can be found in lacono et al.
(2014).

Participants

Subjects for the current study consisted of same-sex male and female twin pairs and their
parents from the older and younger cohorts and the enrichment sample (ES) of the MTFS.
Briefly, the MTFS uses a cohort-sequential longitudinal design, with twins seen at
approximately 3-year intervals. The samples are population based and broadly representative
of the state of Minnesota at the time twins were born, and thus the participants are primarily
Caucasian. Because differences among ethnic and racial groups in allele frequencies can
confound genetic analyses, we limited the present investigation to subjects of European
descent. This was based on self-reported ethnicity corroborated by analysis of the whole
genome (Miller et al., 2012).

As described in lacono et al. (2014), the affective acoustic startle modulation task was not
part of the original MTFS psychophysiology protocol. Unlike the other endophenotypes
examined in this special issue, therefore, twins in the present investigation were not all
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assessed using startle at their age-17 assessment. We nevertheless tried to maximize
uniformity of twin ages as well as sample size. Data from the age-20 assessment were used
for most twins. However, there were two exceptions: data for older-cohort females were
from their age-17 assessment and data for ES twins were from their intake assessment, when
twins were approximately 11 years old, because this was the only age at which startle was
assessed for this sample. Because parents did not accompany twins at age 20, fewer parents
completed this task than the tasks used in the other papers in this special issue. Thus, the
sample comprised data from both parents and twins assessed at different ages. In all, the
sample for this investigation comprised 3,323 subjects, 2,195 of them twins (1,176 females)
and 1,128 parents (496 mothers). Subjects were from 1,473 families, 939 of them
monozygotic (MZ) twin families (63.7%) and 534 of them dizygotic (DZ) twin families.
Twins ranged in age from 10.9 to 24.2, with a mean of 17.8, while parents ranged from 28.4
t0 63.7 (M = 43.7).

Startle Blink Responses

Experimental Paradigm—The experimental paradigm consisted of an affective-picture
startle task in which subjects viewed a series of affective pictures, during which auditory
startle probes were delivered through earphones at varying times, between 2-5 s after the
onset of each picture. Auditory probes were 105 dB bursts of white noise lasting 50 ms, with
near instantaneous rise and fall times. All subjects viewed a series of 27 affective pictures
chosen from the International Affective Picture System (IAPS; Lang, Bradley, & Cuthbert,
1999), which lasted 6 s each; viewing distance was approximately 95 cm. Pictures were
divided into pleasant, neutral, and unpleasant valence categories. Normative ratings of
valence and arousal were matched across valence categories. Probes were delivered during
18 of these pictures (6 of each picture type). Six more probes were heard between intertrial
intervals (1TI) lasting 10-15 s with probes delivered 5-10 s before the following picture’s
onset. Three pictures in each category were associated with no probes either during the
picture or ITI.

Pictures were presented in semirandom order such that no more than two pictures from the
same valence category occurred consecutively. However, given the longitudinal nature of
the study and the fact that we were collecting data from parents, twin adults, and twin
children, counterbalancing pictures across all participants presented logistical constraints.
Thus, all female subjects saw the same gender-appropriate slides in the same
counterbalanced order. Fathers and 11-year-old male subjects also saw the same gender-
appropriate slide set (see online supporting information Table S11 for IAPS pictures used
for each cohort and for valence ordering of pictures). Male twins from the age-20
assessment viewed images that tended to be more intense in nature, including erotic images;
everyone else viewed stimuli that were less intense in nature. Thus, parents, because of
potential concerns about the content of images presented to their children, viewed the same
less intense stimuli as the majority of 11- and 17-year-old children. Overall, 2,135
participants viewed the less intense picture set, while 1,188 viewed the more mature images.
Stimuli were counterbalanced for valence in the identical way for all participants. Hardware
and software constraints present at the time startle data collection was initiated in the early
1990s precluded data collection during ITI trials; to maintain consistency in data collection
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procedures and data file formats, this practice was continued in later waves of data
collection as well.

Data Collection and Processing—Eye blink responses were collected using two
electrodes placed on the orbicularis oculi muscle, one below the right eye and the other right
next to it. Impedances for the sensors were kept below 20 k2. Stimulus delivery and data
collection were performed using custom software. A Grass Neurodata 12 acquisition system
was used for data acquisition, with data filtered at low and high frequency settings of 100
and 1000 Hz (6 dB down), and digitized to 12 bits resolution at 1000 Hz.

Data were processed further using in-house scripts written in MATLAB. We started out with
an initial participant sample of 3,927 Caucasian subjects with genetic data. As a first step,
trials in which the amplifier clipped the recorded signal were identified and excluded (10.5%
of all trials). Next, electromyographic (EMG) data were rectified and smoothed forward and
backward to prevent any phase shift using a third-order low-pass filter with a cutoff
frequency of 40 Hz. At this point, trial epochs were defined from =50 ms to 150 ms with
startle blink magnitude as the highest value of the signal occurring between 20 to 150 ms
after the startle probe, relative to a 50-ms preprobe baseline. As part of the data reduction
process, trials in which the variance of the baseline (-50 ms to stimulus onset) or
poststimulus (stimulus onset to 150 ms) periods exceeded three standard deviations from the
sample mean were also identified and excluded from analyses (3.7% of nonclipped trials). In
addition, subjects who had less than a third of their trials for analyses (i.e., < 7 out of 18
trials) were also excluded. Following this, 254 subjects were eliminated for a variety of
reasons such as hearing problems; falling asleep during the experiment; head trauma that led
to loss of consciousness for more than 24 hours, hospitalization, or residual cognitive
effects; neurological disorders; or being under the influence of medication, alcohol or illicit
substances on the day of testing.

Molecular Genetic Data

Genetic data were primarily obtained via blood draws, with saliva samples collected in a
small minority of cases. Samples were genotyped using the Illumina Human660W-Quad
array (Illumina, Inc., San Diego, CA). The genotyping pipeline and quality control filters are
described thoroughly elsewhere (lacono et al., 2014; Miller et al., 2012). Principal
component analysis (PCA) of genotypes, which was used to confirm self-reported ethnicity,
was also applied using EIGENSTRAT (Price et al., 2006). The first 10 components
identified from this PCA were used in all analyses reported here in order to account for
unknown effects on our endophenotypes of subtle residual ethnic variation (Price et al.,
2006).

The startle blink response was operationalized as follows:

1. Overall (general) startle—the average magnitude of log-transformed startle
response across all 18 trials.
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2. Emotion modulation scores: Because the response to the first trial tended to be
disproportionately large compared with subsequent responses, it was excluded. To
eliminate interindividual differences in general magnitude, responses following the
first trial were transformed to z scores for each subject, yielding a mean of zero
across the 17 probed trials of the task and a standard deviation of 1 (cf. Bradley,
Codispoti, Cuthbert, & Lang, 2001). Following this within-subject score
transformation, trials were averaged for each individual within each valence
category. Emotion modulation difference scores were then computed as follows:

a. Awversive difference modulation = mean (startle to aversive pictures) —
mean (startle to neutral pictures).

b. Pleasant difference modulation = mean (startle to pleasant pictures) —
mean (startle to neutral pictures).

All analyses used the same covariates: age, gender, generation (parent vs. twin), and a
dummy variable coding for the ES sample, which was identified by means of a different
sampling frame than the older and younger cohorts in order to enrich the sample for
substance abuse risk. In addition, as indicated in the previous section, we included the first
10 PCs from EIGENSTRAT to eliminate any remaining sources of ethnic variation in the
data (see supporting information for more details on effect of covariates).

Statistical Analyses

The following analyses were undertaken in a comprehensive evaluation of the heritable and
molecular genetic basis of the different startle indices.

Biometric heritability—We used biometric models to estimate the degree to which the
amount of variance in each startle index was accounted for by genetic and environmental
factors. Biometric approaches model observed data in terms of the influence of three latent
variables: additive genes (A), shared or common environment (C), and unique or unshared
environment (E). Broadly speaking, and given a few assumptions, biometric models
compare observed covariances for MZ and DZ twin families with expected covariances
based on the known magnitude of genetic and environmental correlation within families. For
instance, MZ twins share all of their genes, making the genetic correlation between them
exactly 1, whereas DZ twins and parent-offspring pairs share approximately half of their
genes, although by different mechanisms, making the genetic correlation between them 0.5.
We fit biometric models to data from four-member families as well as to twins only. The
latter allows comparison of our results with published findings derived from twin studies. In
addition to the above, we also fit ADE models using the twin data, with D estimating a
dominance term.

SNP heritability—We used GCTA (Yang et al., 2011) to estimate the total amount of
variance accounted for in each putative endophenotype by the combined effect of all SNPs
simultaneously. GCTA does this by using a linear mixed model, treating the SNPs as
random effects and estimating the total variance due to all SNPs. The covariance matrix of
random effects consists of normalized pairwise genetic relationships among all participants
(the genetic relationship matrix, or GRM). When the sample comprises families, as in the
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present investigation, GCTA estimates of SNP heritability are driven by phenotypic
relationships. Yang and colleagues recommend filtering the sample using different
thresholds of genetic relatedness to produce genetically unrelated subsamples (Yang, Lee,
Goddard, & Visscher, 2013). Ideally, these different subsamples produce relatively stable
estimates. We used thresholds of .025, .05, and .10 for this purpose, with the most stringent
of them corresponding to approximately third or fourth cousins. We repeated these analyses
using GRMs based on SNPs that were weighted to adjust for local linkage disequlibrium
(LD) patterns, which can inflate heritability estimates (Speed, Hemani, Johnson, & Balding,
2012).

Yang and colleagues have recently also recommended an approach whereby one uses the
full sample of closely related subjects while modeling the environmental influence shared by
family members (Yang et al., 2013), which is equivalent to the C latent variable in biometric
models. This constituted our third variant of GCTA. We conducted GCTA on the whole
sample as well but without modeling C, which allowed us to compare estimates from the
two family-based approaches and thus estimate C from the molecular genetic data.

SNP effects: Genome-wide scan—Our GWAS consisted of examining the impact on
the different startle indices of each of the 527,829 genotyped SNPs that survived quality
control. This was done in a generalized least squares (GLS) regression framework in which
each startle index was regressed against the allele count of each SNP (coded 0, 1, or 2),
which constitutes an additive model of inheritance. GLS extends ordinary regression to
account for correlations within clustered units, such as families. We used the R package
rapid feasible generalized least squares (RFGLS; Li, Basu, Miller, lacono, & McGue, 2011),
developed to account for the presence of families in a computationally efficient manner.
RFGLS estimates the variance-covariance matrix separately for each family type (MZ or DZ
twin families or the 39 stepparents in the present investigation, who are treated as families of
one). Each SNP was evaluated for statistical significance at the conventional GWAS
threshold of p<5 x 1078,

SNP effects: Candidate SNPs—We also investigated a specific set of 1,180
endophenotype-general candidate SNPs selected from meta-analyses and related studies of
interest examining the molecular genetic bases of disorders and traits likely related to the
startle response, such as depression, schizophrenia, and antisocial behavior (see notes for
Tables S1-S3 in supporting information for a list of the sources used). SNPs in this
candidate set that were not on the Illumina array were imputed. Those that could be imputed
accurately (imputation r2 > .30) were used in additional RFGLS analyses with the allele
dosage, a count of the minor allele weighted by the posterior probability of each genotype
(0, 1, or 2 minor alleles), as independent variables. A Bonferroni-corrected threshold of p <
4.24 x 107 was used to determine statistical significance.

Gene effects: Genome-wide scan—As a complement to analyses of individual SNPs,
we conducted gene-based tests using VEGAS (Liu et al., 2010) software. Such tests can be
powerful when there are multiple causal variants within a gene, which may essentially
deflate the associated p values, causing them to be indistinguishable from statistical noise.
VEGAS aggregates all SNPs in a particular gene into a single score by converting p values
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Results

for each SNP into a chi-squared statistic and summing them. The resulting test statistic is
adjusted for LD patterns among SNPs in the gene. Because the p values were derived from
RFGLS analyses, they are corrected for family correlations. We examined all autosomal
genes available, which amounted to a total of 17,601, using a Bonferroni-corrected criterion
of p<2.84 x 1075,

Gene effects: Candidate genes—In addition to this genome-wide scan, analogous to
GWAS, we evaluated three sets of candidate genes. First, we examined three startle-specific
candidate genes—the serotonin transporter, dopamine transporter, and COMT genes—that
have been found to be related to the startle blink response in prior studies, at a threshold of p
< .05.1 Next, we examined a list of 204 endophenotype-general candidate genes determined
a priori as of interest to all the endophenotypes examined in this special issue because they
are involved in the major neurotransmitter systems; they code for receptors for nicotine,
cocaine, and alcohol or are involved in metabolizing these substances; or they are part of the
endogeneous cannabinoid and opioid systems. We used a Bonferroni-corrected threshold of
p < 2.45 x 1074, As a final test, we examined 92 autosomal genes identified by COGS
(Greenwood et al., 2011) as related to different endophenotypes for schizophrenia. Genes in
this COGS endophenotype candidate gene set were evaluated a Bonferroni-corrected
threshold of 5.43 x 1074,

Figure 1 depicts the pattern of startle modulation (in microvolts), confirming that the startle
task produced the expected results in the sample as a whole, with subjects startling less to
pleasant and more to unpleasant pictures. Figures S1 through S3 depict the distribution of
scores for overall startle magnitude, aversive modulation, and pleasant modulation scores,
respectively. As can be seen, while overall startle magnitude was somewhat positively
skewed, the z-transformed aversive and pleasant modulation scores tended to be more
normally distributed. Table 2 in lacono et al. (2014) in this issue provides descriptive
statistics for each participant type (male twin, female twin, mothers, and fathers).

Heritability from Biometric Models

Table 1 shows correlations between family members for the various startle indices, adjusted
for model covariates. Correlations for overall startle are consistent with moderate
heritability: the MZ twin correlation (.54) was somewhat less than twice the magnitude of
the DZ twin correlation (.34). For the modulation scores, MZ twin values did not exceed DZ
values, and correlations overall were little different from zero, especially for pleasant
difference scores, suggesting little familial resemblance or heritability for modulated startle
measures.

Results from biometric models were in accordance (see Table 2) and indicated that, while as
much as half of the variance in overall startle was due to genetic factors, modulation scores
were influenced very little or not at all by genetic factors, with the small heritability

1one other study exists that has examined MAOA (Larson et al., 2010) in relation to startle. However, MAOA is on the X
chromosome, which we did not analyze.
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estimates all showing confidence intervals that overlapped with zero. Shared environmental
effects were small for all measures (C in Table 2), although only in twin models and again
with confidence intervals overlapping zero. For modulated startle, effects for nonshared
environmental influences, which include measurement error, approached unity, with the
confidence interval for one effect overlapping 1.0.

SNP Heritability

Estimates from GCTA results generally paralleled those found in the biometric models (see
Table 3). Although standard errors are necessarily large, point estimates were relatively
consistent across three thresholds used for genetic unrelatedness and the two GCTA
methods (using weighted or unweighted SNPs). The median estimate for overall startle was .
49, which almost exactly matched the method modeling shared environment in the family
(Family C in Table 3) and was somewhat less than the biometric heritability estimate. This
pattern suggests that the vast majority of variance in this index is due to additive genes.

By contrast, point estimates for the modulation scores across the three thresholds of genetic
unrelatedness and two methods were essentially 0. Estimates for both aversive and pleasant
difference scores obtained by modeling shared environmental influence within families
(Family C) largely matched estimates using all of the data (i.e., without a threshold),
suggesting that C is essentially 0, an inference supported by the biometric models. That SNP
heritability estimates based on unrelated individuals were largely 0 and those based on an
approach that models shared environmental influences in family data were small but
nonzero (approximately .11 and .05 for aversive and pleasant difference scores,
respectively) raise the possibility that nonadditive genetic effects and rare variants may
contribute to these modulation scores. However, the large standard errors require caution
when interpreting GCTA point estimates.

SNP Effects: Genome-Wide Scan

Q-Q plots for the three startle indices are presented in Figures 2, 3, and 4. These depict the
relationship between observed p values and those expected under the null distribution. They
generally reflect what would be expected—that is, observed and expected p values agreed
closely, falling along a 45-degree line, except for a few SNPs with smaller than expected p
values (larger -log(p values) which might reflect true associations, albeit subthreshold ones).
There is no evidence of non-normality and the genomic inflation statistics are close to 1 (see
figure insets); thus, our results are likely not due to artifacts such as unaccounted-for ethnic
stratification that can produce spuriously small p values. Figures 5, 6, and 7 depict
Manhattan plots, showing the negative log of the observed p values for all SNPs tested in
our GWAS on the y axis ordered by their respective location on each chromosome in the
genome. The red line depicts the conventional statistical threshold for significance of p< 5 x
1078. As can be seen from these, no individual SNP across any of the startle indices
exceeded this threshold.

Tables 4-6 list SNPs with p values less than 107 for each of the indices from these
analyses. While no SNP was quite statistically significant by the genome-wide significance
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threshold, two SNPs on Chromosome 3 came close to the 5 x 1078 threshold for aversive
difference scores (see Table 5 and Figure 4).2

SNP Effects: Candidate SNPs

Examining our list of 1,180 endophenotype-general candidate SNPs revealed a result similar
to the results of the broader RFGLS analyses: no SNP crossed the Bonferroni-corrected
statistical threshold (see supporting information Tables S1-S3).

Gene Effects: Genome-Wide Scan

Analysis of all 17,601 genes available in the VEGAS program revealed that, while no gene
was statistically significant for overall startle or pleasant difference startle scores, one gene
—PARP14 on Chromosome 3—was associated with aversive difference startle scores (p=1
x 1076). The next most significant gene for aversive difference startle (although not
statistically so) was PARP15, approximately 45 kilobases from the 3’ UTR (untranslated
region) of PARP14 on Chromosome 3 (p = 1.4 x 107°). Similar to the GWAS results
discussed above, such findings suggest that an area on Chromosome 3 may be implicated in
fear-potentiated startle responses. Moreover, although no gene was significant for pleasant
differences startle scores, PARP14 had the second smallest p value out of all 17,601 genes
that were tested (p = 5.44 x 1074). This pattern of results is at best suggestive but implies a
common genetic basis to both affective modulated startle responses.

Gene Effects: Candidate Genes

Examination of the three startle-specific candidate genes implicated in prior work on the
startle reflex revealed that none was statistically significant (see Table S4). Indeed, the
smallest p value among all three indices that any of the genes attained was .42. One of the
204 endophenotype-general candidate genes exceeded the Bonferroni-corrected threshold
for significance: GRIK3 on Chromosome 1 was associated with overall startle responses.
Results for all genes and the three startle indices are provided in Tables S5-S7. GRIK3 is
also one of the 92 COGS endophenotype candidate genes that have been related to
schizophrenia endophenotypes in prior work. None of the other genes in this set of candidate
genes approached significance for any of the indices (see Tables S8-S10).

Discussion

The current study comprised an investigation of the behavioral and molecular genetic bases
of three differing parameters of the startle blink reflex—overall startle magnitude, and
pleasant and aversive modulation (difference) scores. The startle reflex represents a
fundamental defensive mechanism of the mammalian nervous system and the neural

2Eurther inspection of Table 5 reveals that 4 out of the top 10 SNPs for aversive difference scores were in the same region of
Chromosome 3. To ensure that we were not missing a stronger signal from another SNP in the region but not on the lllumina array, we
conducted a finer-grained analysis of that area on Chromosome 3 using RFGLS analyses of imputed SNPs. The 1000 Genomes
(2/2012) CEU reference samples were used for imputation. None of the imputed SNPs in the area produced a smaller p value than
rs790110. To test whether these four SNPs were acting in concert or in LD and thus reflect one signal, the SNP with the smallest p
value, rs790110, was entered as a covariate in RFGLS, and the GWAS undertaken again. Doing so increased the p values of the 3
additional SNPs on Chromosome 3 quite substantially (to the point that all were greater than .05), suggesting that they had no effect
on aversive differences scores that was statistically independent of the rs790110 effect.
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circuitry of the startle response and startle modulation has been well characterized (see
Davis et al., 2010, for a recent overview). Understanding molecular genetic influences on
these measures is of broad scientific interest.

To determine whether the indices we examined were heritable, we first examined biometric
model-fitting estimates. Overall startle was clearly heritable, with the biometric analyses
suggesting that perhaps as much as half the variance in this index was due to additive
genetic influences. In contrast, biometric modeling of the emotion modulation scores
provided little support for their heritability, a finding that is consistent with the results from
one other twin study (Anokhin et al., 2007). Our results add to the finding of Anokhin et al.
(2007), who studied only young women, by showing that the same results apply in a large
sample that includes males and extends over a broad age range.

For overall startle, measures of SNP heritability derived from GCTA, which estimated the
heritability in each index from the measured SNPs on our genotyping array (and those in LD
with them), was approximately .49 to .50 whether based on subsamples of largely unrelated
subjects or on the whole sample in an analysis that modeled shared environmental influence.
These estimates largely corroborated the biometric model-fitting results for overall startle
using the family data, which, when considered together with the SNP heritability, find no
support for a shared environmental effect. Thus, the vast majority of the additive genetic
variance in this index (at least judging by point estimates) seems to be accounted for by the
SNPs on the Illumina array. In contrast, SNP heritability of the modulation scores was
effectively 0 in subsamples of unrelated subjects. As these point estimates are necessarily
imprecise, it is unwise to make too much of them, but it seems clear that heritability of the
modulation scores due to measured SNPs was very small, which is consistent with the
biometric estimates, especially those based on twin data.

GWAS results failed to yield a single association that was genome-wide significant, whether
for overall startle response or modulation scores. Examination of endophenotype general
candidate SNPs paralleled the genome-wide results in indicating that there were no SNPs
with statistically significant associations with any of the startle indices.

Gene-based tests, by contrast, produced two significant associations. VEGAS gene-based
tests aggregate the effects of all individual SNPs in a gene and within 50 kilobases of either
end of the gene into a single score. Such tests can be particularly powerful if there are a
number of causal variants in the gene, in which case none of them will likely surpass the
stringent genome-wide significance threshold. In an unbiased analysis of 17,601 genes, we
obtained a significant association between aversive difference scores and PARP14 (poly
[ADP-ribose] polymerase family, member 14) on Chromosome 3. This parallels the GWAS
results, in which a similar region appeared to contain SNPs related to the same index,
although not surpassing the threshold for genome-wide significance. PARP14 codes for a
protein that helps in the survival of injured cells, including histones and other nuclear
proteins (Amé, Spenlehauer, & de Murcia, 2004). However, it has not been implicated in
prior work on the startle response. Tests of 204 endophenotype general candidate genes
yielded evidence that GRIK3 (glutamate receptor, ionotropic, kainate 3) on Chromosome 1
was significantly related to overall startle response. This gene codes for the kainite family of
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glutamate receptors, which function as ligand-gated ion channels and play a role in synaptic
plasticity. Although associations between a polymorphism in GRIK3 and schizophrenia have
been reported (Begni et al., 2002; Djurovic et al., 2009; Kilic et al., 2010), as well as
between the gene and depression (Luciano et al., 2010; Schiffer & Heinemann, 2007), it is
unclear how it might be involved in the startle response. Of course, these findings require
independent replication. We also did not corroborate previous findings concerning a number
of emotion-modulated startle specific candidate genes (serotonin and dopamine transporters
and COMT).

Implications for Startle as an Endophenotype

These results raise an important question regarding the use of startle, especially modulation
scores, and even more so aversive difference scores, as an endophenotype. Overall startle,
which has not received the degree of attention that emotion-modulated startle has received
for the study of individual differences, appears to have potential as an endophenotype. It was
heritable in this sample, and was associated with one of our candidate genes, GRIK3, one of
the genes in the endophenotype schizophrenia-relevant set adopted by COGS. Of interest
would be whether, in studies of schizophrenia, GRIK3 could be confirmed as related to the
overall startle component that is part of PPI.

As we have noted, patterns of modulation are frequently investigated in various disorders.
Aversive modulation is thought to be a reliable indicator of defensive reactivity, individual
variation in which is linked to disorders including psychopathy, depression, and phobias (see
Vaidyanathan et al., 2009; also see NIMH Research Domain Criteria [RDoC]; NIMH,
2011). Itis intriguing then that, even though such disorders appear to be heritable, and these
modulation scores are reliably linked to them, the modulation scores themselves showed no
evidence of additive heritability. Emotion-modulated startle thus appears to fail as an
endophenotype, and it appears reasonable to posit that individual differences in modulated
startle are acquired largely by experience. Were this the case, the biological system
governing startle could be viewed as shaped by learning and environmental exposure over
the course of development that is unique to each individual. A similar conclusion was
reached in the female twin study of Anokhin et al. (2007) who hypothesized that plasticity in
a functional system governing emotion may prove adaptive in evolutionary perspective
when considering ever-changing environmental demands.

However, it is worth noting that our results here and in the exome chip companion article in
this special issue also provide some support for a genetic contribution to modulated startle.
Although point estimates of biometric heritability were small or even 0, confidence intervals
indicated that as much as 17% of the variance in modulated startle could be due to additive
genetic influence. In the present report, PARP14 was associated with the aversive difference
score. Although this could be a false positive result, it could also be contributing to the weak
genetic signal suggested by the GCTA results, which yielded point estimates of O in
genetically unrelated subsamples and small but nonzero estimates in families. This GCTA
pattern suggests that additive influence on modulated startle is virtually nonexistent but that
nonadditive effects or rare variants not well tagged by the Illumina array might account for a
small proportion of variance, as implied by the difference between the two SNP heritability
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Limitations

estimates. In addition, it is worth noting that the absence of strong evidence of heritability
does not preclude finding genetic variants associated with a trait. For example, twin studies
show limited support for genetic influence on Parkinson’s disease, yet molecular genetic
investigation of this medical disorder has proved fruitful (Maraganore et al., 2005; Pankratz
etal., 2009).

Our conclusions are necessarily tempered by the fact that our sample consisted of
approximately 3,000 people—exceptionally large by the average psychophysiology study
standards, but currently considered on the smaller end for GWAS. Our sample also consisted
of a mix of subjects evaluated for startle responses at different ages. In addition, different
but gender-appropriate slide sets were used for males and females, and only twins assessed
at age 20 were exposed to pictorial stimuli that could be considered intense in nature. These
differences in procedure were dictated in part by the inappropriateness of exposing minor
children to unpleasant imagery considered disturbing and pleasant images considered to be
age inappropriate (e.g., erotic nudes). Although we made statistical adjustments designed to
mitigate against the possible effects contributed by the use of these different slides and
different subject age groupings, it is possible our results would have been different had
everyone 17 and older received the intense slide stimuli. Stronger startle probes, such as
electric shocks, might have yielded different (i.e., possibly stronger) results, but the use of
such stimuli with minor children would also raise ethical concerns. Moreover, it can be
argued that aversive and pleasant modulation scores are somewhat crude measures in the
sense that they literally involve subtracting one psychophysiological response from another.
However, this procedure is used widely in the field and has yielded interesting results at the
group level in many studies of psychopathology. In addition, in our own studies using these
slide sets in different subsets of male and female twins, we obtained effects that point to the
construct validity of the procedures we used (Benning et al., 2005; Vaidyanathan, Welo,
Malone, Burwell, & lacono, 2014). Given current practices, the existing literature, and our
own success using difference scores, we elected to use them rather than invent a new way of
refining measurement of modulation scores. Although some of these same concerns apply to
the overall startle measure, the results were comparatively quite different. Overall startle
was heritable, and the MZ twin correlation of .54 supports the measurement reliability of
this index (if you consider MZ twins to, in effect, constitute parallel forms of the same
person). However, that we obtained so few significant findings in relation to the different
facets of startle is striking and raises some intriguing questions about how best to understand
the mechanisms linking startle psychophysiology to psychiatric disorders.

Conclusions

Although we obtained a significant association between the PARP14 gene and aversive
difference scores, this report provides little evidence to suggest that individual differences in
startle modulation are heritable or that it could be an endophenotype. Modulation scores
nevertheless fit RDoC (NIMH, 2011) as an example of a physiological variable related to
negative valence systems that can be used to better understand the neurobiology of
constructs such as fear, anxiety, and loss. As such, it may better be conceptualized as an
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environmentally mediated biological system than one governed primarily by genetic
influences.

Unlike the modulation scores, overall startle resembles the other psychophysiological
indices we examined in this special issue in that approximately half the variance in it is
attributable to genetic factors, a finding supported by SNP heritability estimates as well. In
fact, SNP heritability estimates suggest that the vast majority of genetic influence on the
overall startle response is tagged by SNPs on the Illumina array. Given these biometric and
SNP heritability results, we might have expected that the genetic signal related to overall
startle magnitude would yield more associations with individual SNPs and genes than the
modulation scores, which was not the case. Overall magnitude might be highly polygenic,
reflecting the influence of a large number of variants, each with very small effect. As a
result, we would have been underpowered to detect all but the very largest. The variants
influencing startle modulation, by contrast, may be fewer in number and have larger effects
on average. In the absence of replication studies and meta-analyses based on the work of
large consortia, it is difficult to know. However, it is also possible that the GWAS approach,
which is limited to examining individual variants in isolation, whether SNPs or genes, is not
ideally suited to detect the major sources of genetic influence on complex traits such as the
startle response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Aversive

Startle response in relation to picture valence. Mean response magnitudes in microvolts
(mV) for the entire sample are plotted separately by picture valence condition.
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Q-Q Plot for Log Overall Startle Magnitude
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Prmin = 5.505 x 10°®
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T T T
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Figure2.
Q-Q plot for SNP associations with overall startle. The line bisecting the graph gives the

expected value under the null distribution. The area shaded in gray corresponds to the 95%
acceptance region. Median and mean genomic control values are given in the inset in the
upper left. N refers to the number of SNPs, which is 14 fewer than the number of SNPs on
the array because there was no variation for 14 SNPs in this sample. Q-Q plots in GWAS
give the observed p values against the expected p values under the null distribution of no
association, although the additive inverse of the common log of p values (-log10[p value]) is
used in order to emphasize small p values. Because the vast majority of SNPs are not
expected to be associated with a given phenotype, observed p values should conform closely
to their expected values, falling on or very close to a 45° line, which is plotted in the center.
The gray region in each plot depicts the 95% confidence region (null acceptance region).
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Q-Q Plot for Aversive Difference Scores
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Figure 3.
Q-Q plot for SNP associations with aversive modulation scores. See Figure 2 for further
details.
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Q-Q Plot for Pleasant Different Scores
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Figure4.
Q-Q plot for SNP associations with pleasant modulation scores. See Figure 2 for further
details.
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Manhattan Plot for Log Overall Startle Magnitude

Figurebs.

4 5 6 v 8 9 10 11 12 13 15 17 19 22
Chromosome

Manhattan plot of individual SNP associations with overall startle. Manhattan plots also
depict the distribution of —log10(p values) but are ordered by SNP location on a
chromosome, which provides information about the location of any SNPs associated with
small p values. The horizontal upper line indicates the genome-wide significance level
(5E-08). The horizontal lower line indicates E-05, which is sometimes used to indicate

“suggestive” significance.
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Manhattan Plot for Aversive Difference Scores
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Manhattan plot of individual SNP associations with aversive modulation scores. See Figure
3 for further details.
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Figure7.

Manhattan plot of individual SNP associations with pleasant modulation scores. See Figure
3 for further details.
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Table 1

Correlations for Various Startle Indices Among Family Members

Overall startle  Aversivedifference  Pleasant difference

Mom-dad .053 -.129 .007
Mothers-twins 179 .019 -.007
Fathers-twins .238 .043 -.036
MZ twins .535 101 .096
DZ twins .335 171 .088

Note. All correlations are from RFGLS, and they are therefore adjusted for model covariates: gender, chronological age, generation cohort (adult or
twin), ES (enrichment sample), and the first 10 PCs from EIGENSTRAT.
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Table 2

Biometric Model Estimates for Startle Indices

A

Overall startle

Twin-family  .518 (.420-.567)

Twin 1367 (.158-.570)
Auversive difference

Twin-family  .109 (.000-.172)

Twin .000 (.000-.157)
Pleasant difference

Twin-family ~ .052 (.000-.116)

Twin .014 (.000-.176)

C

.000 (.000-.072)
.164 (.000-.352)

.000 (.000—.063)
.128 (.000-.192)

.000 (.000—.055)
.079 (.000—.156)

482 (.433-535)
467 (.418-526)

891 (.828-.955)
872 (.807-.937)

.947 (.884-1.000)

.907 (.824-.976)

Page 28

Note. Entries are point estimates of the variance components from an ACE biometric model (with 95% confidence intervals). These have been
standardized by the total variance so that they sum to 1 across the three latent variables, A, C, and E. Twin-family models are fit to the whole four-
member families, while twin models are fit only to the twin data. ADE models were also fit using the twin data, but none produced a significant
effect for D. Confidence intervals included 0 and D could be constrained to 0 without significantly degrading model fit (all likelihood ratio test p

values > .05). A = Additive genetic effects; C = Shared environmental effects; E = unique environment/measurement error.
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GCTA Estimates of SNP Heritability for Startle Indices

Table 3

.025
Overall startle
Unweighted  .493 (.223)
Weighted 493 (.283)
Family C —
Auversive difference
Unweighted .000 (.213)
Weighted .008 (.278)
Family C —
Pleasant difference
Unweighted .001 (.213)
Weighted .062 (.274)
Family C —

Threshold
.050 .100
429 (.219) .373(.218)
526 (.279)  .505 (.279)
.000 (.208)  .000 (.207)
.000 (.271)  .000 (.269)
.000 (.209)  .000 (.206)
.000 (.270)  .000 (.267)

None

526 (.025)

1498 (.052)

108 (.031)

118 (.061)

.047 (.031)

048 (.062)

Page 29

Note. Threshold refers to the genetic relatedness threshold used for selecting unrelated individuals. None indicates that no threshold was imposed
and all subjects were included. Unweighted GRM is the raw GRM, whereas Weighted GRM uses weights based on LD patterns to discount those
SNPs in high LD (Speed et al., 2012). This is not used in the full sample, because the method was designed for samples of unrelated individuals or
samples containing a small number of large pedigrees (Doug Speed, e-mail communication, May 4, 2014). Family C uses all subjects while
simultaneously modeling shared environmental influences. Sample sizes for the different GRM cutoffs for unrelated people ranged from 1,640 to

1,677 for the unweighted estimates and from 1,353 to 1,396 for the weighted estimates. For the full sample, it was 3,321 to 3,323. GCTA =

genome-wise complex trait analysis; SNP = single nucleotide polymorphism; GRM = genetic relationship matrix; LD = linkage disequilibrium
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