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Abstract

Sensorimotor gating measured by prepulse inhibition (PPI) of the acoustic startle response
(ASR) has been proposed as one of the most promising electrophysiological endophenotypes of
schizophrenia. During the past decade, a number of publications have reported significant associations
between genetic polymorphisms and PPI in samples of schizophrenia patients and healthy volunteers.
However, an overall evaluation of the robustness of these results has not been published so far.
Therefore, we performed the first meta-analysis of published and unpublished associations between
gene polymorphisms and PPI of ASR. Unpublished associations between genetic polymorphisms and
PPI were derived from three independent samples. In total, 120 single observations from 16
independent samples with 2,660 study participants and 43 polymorphisms were included. After
correction for multiple testing based on false discovery rate and considering the number of analyzed
polymorphisms, significant associations were shown for four variants, even though none of these
associations survived a genome-wide correction (P < 5*10°®). These results imply that PPI might be
modulated by four genotypes — COMT rs4680 (primarily in males), GRIK3 rs1027599, TCF4
1s9960767, and PRODH 13385440 — indicating a role of these gene variations in the development of
early information processing deficits in schizophrenia. However, the overall impact of single genes on
PPI is still rather small suggesting that PPI is — like the disease phenotype — highly polygenic. Future
genome-wide analyses studies with large sample sizes will enhance our understanding on the genetic

architecture of PPI.
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Introduction

Prepulse inhibition (PPI) of the acoustic startle response (ASR) is defined as a substantial
reduction of the startle amplitude that occurs when a startling stimulus is preceded within a timeframe
of 20-500 ms by a stimulus of lower intensity than the startling stimulus (Graham, 1975). PPI has been
shown to occur across species ranging from mollusks and fishes to mammals including non-human
and human primates (Burgess and Granato, 2007; Frost et al., 2003; Hoffman and Searle, 1965; Ison
and Leonhard, 1970; Krauter et al., 1973; Linn and Javitt, 2001). Animal studies carried out
predominantly in rodents suggested that PPI is regulated by a cortico-striato-pallido-pontine (CSPP)
circuitry including frontal and mediotemporal regions, ventral striatum, ventral pallidum, and pontine
regions of the brainstem (Fendt et al., 2001; Swerdlow et al., 2001). Within the CSPP circuit, several
neurotransmitters have been demonstrated to play a major role in the mediation of PPI such as
dopamine, noradrenaline, serotonin, acetylcholine, glutamate, and y-aminobutyric acid (GABA)
(Geyer et al., 2001; Koch, 1999). Consequently, PPI has been proposed as a “window” into brain
chemistry potentially allowing the identification of neuropharmacological alterations in specific
psychiatric disorders with PPI abnormalities (Braff, 2010). In fact, lower PPI levels have been
reported for several neuropsychiatric disorders (Braff et al., 2001; Kohl et al., 2013; Quednow, 2008),
but were replicated best for schizophrenia spectrum disorders (e.g., Braff et al., 1992; Cadenhead et
al., 1993; Kumari et al., 2000; Ludewig et al., 2003; Parwani et al., 2000; Quednow et al., 2006;
Swerdlow et al., 2014). Given that PPI shows such a robust association with schizophrenia and
because it is heritable (Anokhin et al., 2003; Greenwood et al., 2007; 2016; Willott et al., 1994; 2003),
reduced in unaffected relatives of schizophrenia patients (Cadenhead et al., 2000; Kumari et al., 2005),
and already decreased in early (prodromal) stages of the disease (Quednow et al., 2008a; Ziermans et
al., 2011; 2012), PPI was suggested as an promising candidate of an intermediate or endophenotypic
marker in genetic studies of schizophrenia (Braff and Light, 2005; Gottesman and Gould, 2003).
Specifically, the substantial heritability of PPI in humans — ranging from 29% to 50% across a number
studies — suggests PPI as a favorable target for genetic analyses (Anokhin et al., 2003; Greenwood et
al., 2007; Hasenkamp et al., 2010; Seidman et al., 2015). Additionally, it was recently shown that PPI

revealed substantially increased heritability (47%) in 97 families multiply affected by schizophrenia



when compared with a 96 families, in which only a single individual was affected (2%). This finding
further promotes the assumption that a commonality of genes underlies both schizophrenia and PPI
(Greenwood et al., 2016).

The endophenotype concept assumes that an endophenotypic marker is a heritable, quantifiable,
and stable trait, which is determined by a smaller number of genes compared to the respective complex
disease phenotype (Braff et al., 2007). Accordingly, in the last decade several research groups aimed
to identify gene effects on the expression of PPI. The first positive findings were published in 2008,
where associations of PPI with single nucleotide polymorphisms (SNPs) of the neuregulin-1 (NRGI,
rs3924999) (Hong et al., 2008), catechol-O-methyltransferase (COMT, rs4680) (Roussos et al.,
2008b), dopamine D3 receptor (DRD3, rs6280) (Roussos et al., 2008a), and the serotonin-2A receptor
(5-HT2AR, 1s6311/6313) gene (Quednow et al., 2008b) have been reported from hypothesis-driven
single association studies. Since then a number of further single association studies reported
significant associations of PPI with numerous SNPs, which mainly have been identified as
schizophrenia risk genes previously (for a list of studies and SNPs see Table 1 and 2, respectively).
The only SNPs that have been replicated in at least two independent samples so far are CHRNA3
(rs1051730) (Petrovsky et al., 2010), 5-HT2AR (rs6311/6313) (Quednow et al., 2008b; 2009), COMT
(rs4680) (Liu et al., 2013; Quednow et al., 2009; 2010; Roussos et al., 2008b), NRGI (rs3924999)
(Hong et al., 2008), TCF4 (rs9960767) (Quednow et al., 2011), and DRD?2 (rs1800497) (Volter et al.,
2012). However, for most of these SNPs also negative findings have been reported. Most recently, the
first explorative genome-wide association study (GWAS) identified two non-coding loci (rs61810702
and rs4718984) that were co-localized with expression quantitative trait loci related with the gene
expression of nerve growth factor (NGF) and calneuron 1 (CALNI) genes. Additionally, a higher
polygenic risk score for schizophrenia was associated with lower PPI (Roussos et al., 2016).

The heterogeneity of these genetic results implies 1) that there are probably no single genes with
a high impact on PPI and ii) that there are likely also some false positive results considering that —
from today’s perspective — many of the previous studies are strongly underpowered and lack
replication samples (Button et al., 2013). One way to reduce the number of false positive (but also

false negative) results in psychiatric genetics is the application of a meta-analysis, in which all



available data are included (Levinson, 2005; Lohmueller et al., 2003). Therefore, we performed a
systematic meta-analysis of all genotype-SNP associations published so far using a weighted Z-
method approach (Stouffer et al., 1949). We additionally included three independent data sets coming
from samples that have been published before for reporting of genotype-PPI associations but for which
also yet unpublished genotype or GWAS data existed (Petrovsky et al., 2010; Quednow et al., 2008b;
2009; 2010; 2011; Roussos et al., 2016). Genetic variants were included into the analysis if they were
available in at least two independent samples. In order to control for multiple comparisons, a false
discovery rate (FDR) method based on estimation of tail area-based FDR was applied (Strimmer,
2008). The aim of this systematic meta-analysis was the identification of the most robust i.e.,

significant genotype-PPI associations.



Methods
Eligibility criteria

Human association studies (single associations and GWAS) with genetic variants reporting p-
values and direction of effect for PPI-genotype associations in samples of healthy controls or patients
with schizophrenia spectrum disorders. To be included, a gene variant must have been available in at

least two independent samples.

Information sources and search strategy

With the search term (("prepulse inhibition" OR "sensorimotor gating") AND (mutation OR
polymorphism OR polymorphisms OR snp OR snps OR gene OR genotype) NOT (rats OR rat OR
mice OR mouse)) NOT review|[ptyp]), 63 articles have been identified initially by a MEDLINE search
(PubMed.gov). Only studies reporting p-values of genetic effects on PPI in healthy volunteers and
patients with schizophrenia spectrum disorders were included. Studies investigating PPI-gene
associations in pregnant women or individuals with developmental disorders (e.g., with 22ql1
syndrome) were excluded. With this procedure, we identified 19 original articles reporting SNP-PPI
associations (Table 1). After checking, if at least two p-values of a specific genotype-PPI and from
independent samples are available (e.g., in two publications or in a publication and an unpublished
data set), 120 single observations from 16 independent samples with 2,660 study participants and 43

polymorphisms were included in the meta-analysis (Table 2).

Inclusion of unpublished data

The authors included unpublished genotype-PPI association data from three samples that have
been published before: (1) the LOGOS sample recruited in Crete, Greece, consisting of healthy
volunteers (max. n=686) (Roussos et al., 2016), (2) a sample of healthy volunteers (max. n=100) from
London, UK (Petrovsky et al., 2010; Quednow et al., 2009; 2011), and (3) a sample of patients with
schizophrenia spectrum disorders (max. n=107) from Bonn, Germany (Petrovsky et al., 2010;
Quednow et al., 2008b; 2010; 2011). P-values of yet unpublished genotype-PPI associations have been

calculated using the same statistical approach as previously reported, e.g., using the same covariates



such as sex, smoking status, and antipsychotic medication (London and Bonn samples: Quednow et
al., 2011). The final studies, cohorts and number of samples per study included in the meta-analysis is

shown in Table 1 and 2.

Statistical Analysis

We sum the association evidence across studies using a weighted Z-method approach where
every study is weighted by the effective sample size (Stouffer et al., 1949). Briefly, in each study, we
convert P; P-values into Z; signed Z-scores based on the 4; direction of effect using the following

equation:
— P; .
Zi= ¢! (;) * sign(4;).
We then estimate overall Z score by summing Z-scores for each genetic polymorphism using

weights proportional to the square-root of the sample size for each study:

7 = XiZiwi

2
ZiWi

b

where w; = \/ﬁl and A; is the sample size of study i. Finally, the overall Z score is converted

back to overall P-value for a given genotype based on:
P=20(-Z).

For multiple testing correction, we applied FDR at combined P-values estimated based on
fdrTool in R (Strimmer, 2008). The Cohen’s d effect sizes for the strengths of association were
estimated from Z-values according to Rosenthal (1984). For estimation of effect sizes in schizophrenia
GWAS study we used the average odds ratio of 1.1 across all genome-wide significant SNPs and

estimated Cohen’s d based on:

V3
d = LogOddsRatio x -

As sex effects are well-documented for the rs4680 COMT SNP (Tunbridge and Harrison, 2011),
and as strong sex differences in rs4680 COMT effects on PPI were recently reported in a non-trivial
sample of healthy subjects (Swerdlow et al., 2017), we additionally analyzed sex effects for this SNP
only. Based on the existing studies, we are well powered to study the COMT association in males only
as the majority of the included samples with known gender (92% or 870 out of 943) were males.
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Results

In this study, we examined the associations of SNPs and PPI of ASR. We evaluated a total of 43
SNP-PPI associations, while for each SNP two to six samples were available (mean 2.8, standard
deviation 1.1, median 2.0 samples). Statistical significance was defined as an FDR-adjusted p-value of
0.05 or smaller. At this threshold, four index SNPs were significant. The strongest association was
between COMT rs4680 and PPI (P = 5.5%107, FDR = 0.002, Cohen’s d = 0.28) in male samples only
(Table 2). The other three loci with significant association with PPI were: GRIK3 rs1027599 (P =
0.004, FDR = 0.045, Cohen’s d = 0.19), TCF4 1rs9960767 (P = 0.006, FDR = 0.050, Cohen’s d = 0.19)
and PRODH 1s385440 (P = 0.006, FDR = 0.050, Cohen’s d = 0.27). As expected, the detected
Cohen’s d effect sizes are small according to the definition of Cohen (1988) and none of these
associations survived a genome-wide correction (P < 5*10™). Notably, we also found a significant
effect for COMT rs4680 in both males and females, but with smaller effect size that did not survive
multiple testing corrections (P = 0.01, FDR = 0.057, Cohen’s d = 0.15), indicating a putative gender-

specific effect of COMT on PPI.



Discussion

The aim of this meta-analysis was the identification of robust associations between gene
polymorphisms and PPI of the ASR. Given that PPI was repeatedly proposed as an endophenotype of
schizophrenia (Braff et al., 2007), this investigation might elucidate which genes may robustly
contribute to the low PPI levels of schizophrenia patients and presumably to the disease itself. We thus
analyzed published and unpublished data resulting in the inclusion of 120 single observations from 16
independent samples with 2,660 study participants and 43 polymorphisms. After multiple testing
corrections based on an FDR approach, four polymorphisms were significantly associated with PPI. In
males, the COMT rs4680 (Vall58Met) polymorphism showed the strongest association with PPI (P =
5.5%10°, FDR = 0.002, Cohen’s d = 0.28), while the COMT gene effect was barely not significant (P =
0.01, FDR = 0.057, Cohen’s d = 0.15) in the mixed-gender sample. Carriers of the COMT rs4680 G
(valine) allele showed lower PPI levels than carriers of the A (methionine) allele. Moreover, GRIK3
rs1027599 (P = 0.004, FDR = 0.045, Cohen’s d = 0.19), TCF4 1s9960767 (P = 0.006, FDR = 0.050,
Cohen’s d = 0.19), and PRODH 1385440 (P = 0.006, FDR = 0.050, Cohen’s d = 0.27) showed
significant association with PPI. Regarding GRIK3 1s1027599, the T allele carriers showed lower PPI,
while the same was true for TCF4 rs9960767 C and PRODH rs385440 A allele carriers. In fact, when
the widely accepted threshold for genome-wide multiple corrections (P < 5*10°®) is applied, none of
the results is powerful enough to survive. However, it has to be taken into account that the power of
this meta-analysis (sample size range: N=436 to 1224) was much lower, e.g., compared to previously
published mega-analyses in schizophrenia genetics, including ten thousands of participants (Ripke et
al., 2013; Steinberg et al., 2011). Nevertheless, the effect sizes of the significant SNPs in the present
meta-analysis are small (Cohen’s d = 0.19 to 0.28) in the sense of Cohen’s definition (Cohen, 1988)
but relatively strong considering the strengths of genetic associations commonly shown in meta-
analysis of GWAS in schizophrenia (Cohen’s d = 0.05 based on Schizophrenia Working Group of the

Psychiatric Genomics, 2014).

The COMT gene effect on PPI is highly plausible as the COMT enzyme is involved in in the

metabolic inactivation of dopamine and norepinephrine in regions with a low density of dopamine and



noradrenaline transporters specifically in the frontal cortex (Rivett et al., 1982). The rs4680
polymorphism leads to an amino acid substitution of methionine for valine changing the metabolic rate
of the enzyme. Consequently, compared to methionine homozygotes, valine homozygotes have a 3 to
4-fold stronger COMT enzyme activity and, thus, an increased catabolism of catecholamines in the
frontal cortex (Lachman et al., 1996). Animal and human studies suggest that PPI is critically
modulated by dopamine and noradrenaline neurotransmission at several stages of the CSPP circuit
(Geyer et al., 2001; Swerdlow et al., 2001). Moreover, COMT messenger RNA is highly expressed in
the prefrontal cortex and the hippocampus and less in the striatum, the ventral tegmental area, or the
substantia nigra (Tunbridge et al., 2006). Considering that these structures are participating in the
CSPP circuit, it is likely that the COMT polymorphism influences PPI at the prefrontal or hippocampal
level (Swerdlow et al. 2001; Quednow et al, 2010). Specifically, lower prefrontal dopamine
concentrations probably contribute to reduced PPI levels in valine allele carriers as is was shown that
reduced dopamine activity in the prefrontal cortex goes along with a disruption of PPI (Bubser and
Koch, 1994; Ellenbroek et al., 1996; Zavitsanou et al., 1999). In addition, drug-induced inhibition of
the COMT enzyme with tolcapone leads to PPI enhancement only in the COMT Val carriers (Bitsios
and Roussos, 2011; Giakoumaki et al., 2008; Roussos et al., 2009b). In line with these human data, it
was shown that the effects of COMT inhibition by tolcapone on amphetamine-modified PPI were
categorically different in rat strains exhibiting low vs. high levels Comt expression in the forebrain
(Swerdlow et al., 2013). Moreover, genetic associations between COMT and psychiatric phenotypes
frequently display sex differences (Tunbridge and Harrison, 2011). Accordingly, COMT rs4680
genotype effects on PPI have been demonstrated particularly in males, while the gene effects were
absent, less strong, or even reversed in females (Montag et al., 2008; Quednow et al., 2009; 2010;
Roussos et al., 2008b; Swerdlow et al., 2017). Finally, COMT rs4680 has been proposed to be a risk
gene for schizophrenia for a long time but recent meta-analytical results are conflicting (Gonzalez-
Castro et al., 2016; Taylor, 2017). Again, associations between COMT rs4680 and schizophrenia or
schizotypy have been demonstrated primarily in males but not females (for reviews see Tunbridge and
Harrison, 2011). Thus, the sex-specific effect of the COMT rs4680 on PPI shown here is in agreement

with a variety of previous findings.
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The GRIK3 gene encodes the glutamate ionotropic receptor kainate type subunit 3, which is one
of three principal subunits (GRIK1-3) of the tetrameric kainate/AMPA receptors. Two further
auxiliary subunits of these receptors exist (GRIK4-5) (Fernandez et al 2009, Neuron). GRIK3-
containing receptors differ from other kainate/ AMPA receptors as they can only be activated by fast
and strong glutamate releases. Moreover, they have some special electrophysiological properties
suggesting that GRIK3-containing receptors have specialized presynaptic functions (Perrais et al.,
2009). Decreased expression of GRIK3 in the prefrontal cortex and hippocampus of schizophrenia
patients have been shown (Hu et al., 2015): While there are no published positive associations of the
GRIK3 151027599 SNP with psychiatric disorders so far, other GRIK3 SNPs have been associated
with schizophrenia (Begni et al.,, 2002; Kilic et al., 2010) and major depression (Schiffer and
Heinemann, 2007), previously. Moreover, sporadic deletion in chromosome 1p34.3 involving GRIK3
was reported for a girl with developmental delay (Takenouchi et al., 2014). Interestingly, in a recent
twin study, a GRIK3 gene set was associated with overall startle responses (Vaidyanathan et al., 2014),
raising the question if the association with PPI shown here is rather an epiphenomenon of changes in
startle reactivity (Csomor et al., 2008). Moreover, the kainate antagonist LY382884 reduced both
exaggerated ASR and PPI deficits observed in mice with genetically reduced NMDA receptor
expression (Duncan et al., 2010). However, these results might be explained by the changes in ASR
again, as strongly elevated startle responses can result in low PPI levels also in mice (Csomor et al.,

2008).

TCF4 belongs to the superfamily of basic Helix-Loop-Helix (bHLH) transcription factors that
can act as a transcriptional repressor or activator in a context specific fashion. It can be considered as
an integrator (‘hub’) of several bHLH networks controlling critical steps of various developmental and
plasticity related transcriptional programs in neurons (Quednow et al., 2014). Haploinsufficiency of
the TCF4 gene causes the Pitt-Hopkins syndrome — a severe neurodevelopmental disease characterized
by mental retardation, microcephaly, epilepsy, facial dysmorphisms, and intermittent hyperventilation

—, suggesting that TCF4 is critical for the development of the mammalian nervous system (de Pontual
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et al., 2009; Zweier et al., 2007). Three large but also partially overlapping meta-analyses of GWAS
consistently identified that common T7CF4 polymorphisms are associated with the risk of
schizophrenia (Schizophrenia Psychiatric Genome-Wide Association Study, 2011; Stefansson et al.,
2009; Steinberg et al., 2011). In these analyses, two SNPs at the intron located between the internal
exon 4 and internal exon 5 of human TCF4 gene on chromosome 18q21.2 (rs9960767, rs17512836)
and an intragenic SNP near the TCF4 gene (rs4309482) have shown the strongest association with the
disease (Schizophrenia Psychiatric Genome-Wide Association Study, 2011; Stefansson et al., 2009;
Steinberg et al., 2011). Several subsequent studies replicated schizophrenia-7CF4 gene associations in
independent samples: (1) Two studies in Han Chinese (in which the rs9960767 SNP is not
polymorphic) identified TCF4 rs2958182 (Li et al., 2010) as well as rs9320010, rs7235757, and
rs1452787 (Li et al., 2016) to be associated with schizophrenia. (2) In a discovery sample from Ireland
and a replication sample including non-overlapping samples from the Psychiatric GWAS Consortium
(PGC), two intronic TCF4 SNPs (again rs9960767 and rs17594526) passed the genome-wide
significance threshold of p<5*10® (Irish Schizophrenia Genomics and the Wellcome Trust Case
Control, 2012). (3) In a recent family-based linkage meta-analysis a further TCF4 SNP was identified
(rs1261117) as linked to schizophrenia (Aberg et al., 2013). These results have contributed to the view
that TCF4 SNPs belong to the best-replicated schizophrenia susceptibility genes. A potential
disturbance of TCF4 function in schizophrenia would be in line with the assumption that
schizophrenia is a neurodevelopmental disorder (Quednow et al., 2014); however, the exact functional
impact of the discussed TCF4 SNPs has still to be elucidated. Finally, transgenic mice moderately
overexpressing 7Cf4 in the brain as well as 7Cf4 haploinsufficient mice both display profound
reductions in PPI (Brzozka et al., 2010; Kennedy et al., 2016). Beyond PPI, TCF4 SNPS including
rs9960767 have been shown to be associated with another proposed endophenotype of schizophrenia:
P50 suppression also called “sensory gating”; however, this association was only present in smoking
individuals but not in never-smokers (Quednow et al., 2012). Taken together, the significant
association of TCF4 rs9960767 and PPI in human cohorts reported here is neurobiologically and

pathophysiologically plausible as well.
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PRODH encodes the enzyme proline oxidase, which is involved, among other functions, in the
conversion of proline to D-1-pyrroline-5-carboxylate (P5C) in mitochondria. P5C is subsequently
converted to glutamate or GABA, two neurotransmitters critically implicated in the pathophysiology
of schizophrenia (Roussos et al., 2009a). Together with COMT, PRODH is located at 22q11 and, thus,
both genes belong to the ~30 genes affected by the 22q11 deletion syndrome (Velo-Cardio-Facial or
DiGeorge syndrome). Individuals with a 22q11 deletion syndrome show a strongly elevated risk for
schizophrenia symptoms (Prasad et al., 2008) as well as reductions of PPI (Sobin et al., 2005a, b). In
addition, rodent models of the 22q11 syndrome are associated with deficits in PPI (Diamantopoulou et
al., 2017; Didriksen et al., 2017; Gogos et al., 1999). Previous studies suggested a possible role of the
PRODH gene variations, in the pathogenesis of schizophrenia. Specifically, PRODH haplotypes
consisting of rs372055 (1945T>C), rs450046 (1766A>G), and rs385440 (1852G>A) SNPs were
significantly associated with schizophrenia, indicating that the alleles 1945C, 1766G, and 1852A are
overtransmitted in schizophrenia patients (Li et al., 2004; Liu et al., 2002). The haplotypes, which
included rs385440, is associated with PRODH hyperactivity potentially resulting in reduced proline
levels and increased PSC/Glu availability in the central nervous system (Phang et al., 2008) and these
changes might induce changes in the modulation of PPI (Roussos et al., 2009a). As both COMT and
PRODH SNPs seem to have an impact on PPI and given that these genes are within 22ql1 locus,

further studies should investigate gene-gene interactions of both variants with regard to PPI.

Limitations of our meta-analysis include the small number of included studies and sample sizes
making the estimates of effect sizes less reliable. Moreover, for most of the SNPs only two
independent samples were available. It should be noticed, that the PRODH effect on PPI was indeed
similarly strong as the COMT effect in males but that the PRODH sample size was nevertheless the
lowest amongst all analyzed SNPs. Thus, the PRODH effect is likely less reliable than the COMT
effect. Moreover, similar as for PRODH, the GRIK effect was calculated from only two studies, while
three studies were included for 7CF4 and four regarding COMT (in males, and six for COMT
including females). Consequently, the GRIK effects might also be less robust compared to 7CF4 and

COMT (in males). Finally, we used a weighted Z-method approach using reported p-values to
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calculate the meta-analysis and consequently, statistical differences between studies (e.g., regarding
the inclusion of different sets of covariates) have not been considered. Accordingly, as we did not use
the original data sets of previously published work we were not able to adjust the results for the
common confounding factors affecting PPI, such as gender and menstrual cycle, smoking, startle
magnitude, as well as medication (Quednow, 2008). Particularly in patient samples, PPI-gene
associations could have been masked by the potential PPI-enhancing impact of antipsychotic
medication (Quednow et al., 2006; 2008a). However, several previous studies have controlled for such
confounding factors and reported adjusted p-values, but not all. The additional analyses of so far
unpublished data from patients with schizophrenia spectrum disorders reported in the present paper in
fact considered smoking, sex, and antipsychotic medication status as covariates and only the adjusted
p-values were used for the meta-analysis. Nevertheless, the overall strength of the gene effects might
have been biased by confounding factors such as antipsychotic medication. Another limitation is that
the included studies employed a variety of different PPI setups. Given that it has not been investigated
systematically yet, which PPI parameters (e.g., prepulse and pulse intensities, stimulus-onset
asynchrony, number of stimuli, intertrial intervals) might provide an optimal signal-to-noise ratio with
regard to gene effects (or if genes might specifically influence PPI at various conditions), it remains
unclear how the heterogeneity of PPI setups used in the included studies might have affected our

results.

Beyond PPI, several further electrophysiological “gating” or filtering” paradigms have been
proposed as potential endophenotypes and clinical biomarkers of schizophrenia, such as P50
suppression, P300 and P3a, and mismatch negativity (MMN) (Light and Swerdlow, 2015). Many
studies have investigated the associations between polymorphisms and these electroencephalographic
measures but no meta-analysis has been performed for any of these markers yet (Owens et al., 2016).
Specifically, the MMN and the P3a event related potential component might be highly promising
targets for future endophenotype-related genetic meta-analyses given that both are strongly, robustly,
and stably affected in schizophrenia patients and both show considerable heritability (Light and

Swerdlow, 2015; Light et al., 2015). However, a recent well-powered study demonstrated significant
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difficulty in the identification of genetic associations between 108 schizophrenia risk loci, a polygenic
risk score for schizophrenia, and 17 electrophysiological schizophrenia endophenotypes, challenging
the endophenotype concept (Liu et al., 2017) — albeit neither PPI, MMN, nor P3a (but P300) have
been included in this analysis. Thus, future studies have to reveal if these most promising
endophenotype candidates are more useful to decompose the genetic basis of schizophrenia or if they

have at least a clinical relevance (Light and Swerdlow, 2015).

Taken together, the present meta-analysis revealed that four SNPs located on genes that have
been associated with schizophrenia previously, are robustly correlated with the expression of PPI in
humans as well. These associations are neurobiologically plausible as the respective gene products
have been shown to be involved in the CSPP circuit processing PPI (Geyer et al., 2001; Koch, 1999;
Swerdlow et al., 2001). Although the effect sizes of the gene effects on PPI are relatively strong (at
least when compared to the extremely weak gene effects shown in meta-analysis of GWAS in
schizophrenia) none of the results would have survived a strict genome-wide correction of the alpha-
level. This indicates that PPI — like schizophrenia itself — is highly polygenic. Thus, the question that
still has to be answered in the future is whether the hitherto proposed schizophrenia endophenotypes
are in fact less polygenic as the complex disease phenotype, so that endophenotypes can be used to
predict the risk for schizophrenia or if they can be used to discover new neurobiological treatment

targets.

15



References

Aberg, K.A., Liu, Y., Bukszar, J., McClay, J.L., Khachane, A.N., Andreassen, O.A., Blackwood, D., Corvin, A.,
Djurovic, S., Gurling, H., Ophoff, R., Pato, C.N., Pato, M.T., Riley, B., Webb, T., Kendler, K., O'Donovan, M.,
Craddock, N., Kirov, G., Owen, M., Rujescu, D., St Clair, D., Werge, T., Hultman, C.M., Delisi, L.E., Sullivan,
P., van den Oord, E.J., 2013. A comprehensive family-based replication study of schizophrenia genes. JAMA
Psychiatry 70(6), 573-581.

Anokhin, A.P., Heath, A.C., Myers, E., Ralano, A., Wood, S., 2003. Genetic influences on prepulse inhibition of
startle reflex in humans. Neurosci Lett 353(1), 45-48.

Begni, S., Popoli, M., Moraschi, S., Bignotti, S., Tura, G.B., Gennarelli, M., 2002. Association between the
ionotropic glutamate receptor kainate 3 (GRIK3) ser310ala polymorphism and schizophrenia. Mol Psychiatry
7(4),416-418.

Bitsios, P., Roussos, P., 2011. Tolcapone, COMT polymorphisms and pharmacogenomic treatment of
schizophrenia. Pharmacogenomics 12(4), 559-566.

Braff, D.L., Grillon, C., Geyer, M.A., 1992. Gating and habituation of the startle reflex in schizophrenic patients.
Arch Gen Psychiatry 49(3), 206-215.

Braff, D.L., Geyer, M.A., Swerdlow, N.R., 2001. Human studies of prepulse inhibition of startle: normal
subjects, patient groups, and pharmacological studies. Psychopharmacology (Berl) 156(2-3), 234-258.

Braff, D.L., Light, G.A., 2005. The use of neurophysiological endophenotypes to understand the genetic basis of
schizophrenia. Dialogues Clin Neurosci 7(2), 125-135.

Braff, D.L., Freedman, R., Schork, N.J., Gottesman, II, 2007. Deconstructing schizophrenia: an overview of the
use of endophenotypes in order to understand a complex disorder. Schizophr Bull 33(1), 21-32.

Braff, D.L., 2010. Prepulse inhibition of the startle reflex: a window on the brain in schizophrenia. Curr Top
Behav Neurosci 4, 349-371.

Brauer, D., Strobel, A., Hensch, T., Diers, K., Lesch, K.P., Brocke, B., 2009. Genetic variation of serotonin
receptor function affects prepulse inhibition of the startle. J Neural Transm (Vienna) 116(5), 607-613.

Brzozka, M.M., Radyushkin, K., Wichert, S.P., Ehrenreich, H., Rossner, M.J., 2010. Cognitive and sensorimotor
gating impairments in transgenic mice overexpressing the schizophrenia susceptibility gene Tcf4 in the brain.

Biol Psychiatry, In press.

Bubser, M., Koch, M., 1994. Prepulse inhibition of the acoustic startle response of rats is reduced by 6-
hydroxydopamine lesions of the medial prefrontal cortex. Psychopharmacology (Berl) 113(3-4), 487-492.

Burgess, H.A., Granato, M., 2007. Sensorimotor gating in larval zebrafish. J Neurosci 27(18), 4984-4994.

Button, K.S., Ioannidis, J.P., Mokrysz, C., Nosek, B.A., Flint, J., Robinson, E.S., Munafo, M.R., 2013. Power
failure: why small sample size undermines the reliability of neuroscience. Nat Rev Neurosci 14(5), 365-376.

Cadenhead, K.S., Geyer, M.A., Braff, D.L., 1993. Impaired startle prepulse inhibition and habituation in patients
with schizotypal personality disorder. Am J Psychiatry 150(12), 1862-1867.

Cadenhead, K.S., Swerdlow, N.R., Shafer, K.M., Diaz, M., Braff, D.L., 2000. Modulation of the startle response
and startle laterality in relatives of schizophrenic patients and in subjects with schizotypal personality disorder:
evidence of inhibitory deficits. Am J Psychiatry 157(10), 1660-1668.

Cohen, J., 1988. Statistical Power Analysis for the Behavioral Sciences, 2nd ed. Lawrence Erlbaum, Hillsdale.
Csomor, P.A., Yee, B.K., Vollenweider, F.X., Feldon, J., Nicolet, T., Quednow, B.B., 2008. On the influence of

baseline startle reactivity on the indexation of prepulse inhibition. Behav Neurosci 122(4), 885-900.

16



de Pontual, L., Mathieu, Y., Golzio, C., Rio, M., Malan, V., Boddaert, N., Soufflet, C., Picard, C., Durandy, A.,
Dobbie, A., Heron, D., Isidor, B., Motte, J., Newburry-Ecob, R., Pasquier, L., Tardieu, M., Viot, G., Jaubert, F.,
Munnich, A., Colleaux, L., Vekemans, M., Etchevers, H., Lyonnet, S., Amiel, J., 2009. Mutational, functional,
and expression studies of the TCF4 gene in Pitt-Hopkins syndrome. Hum Mutat 30(4), 669-676.

Diamantopoulou, A., Sun, Z., Mukai, J., Xu, B., Fenelon, K., Karayiorgou, M., Gogos, J.A., 2017. Loss-of-
function mutation in Mirta22/Emc10 rescues specific schizophrenia-related phenotypes in a mouse model of the
22q11.2 deletion. Proc Natl Acad Sci U S A 114(30), E6127-E6136.

Didriksen, M., Fejgin, K., Nilsson, S.R., Birknow, M.R., Grayton, H.M., Larsen, P.H., Lauridsen, J.B., Nielsen,
V., Celada, P., Santana, N., Kallunki, P., Christensen, K.V., Werge, T.M., Stensbol, T.B., Egebjerg, J.,
Gastambide, F., Artigas, F., Bastlund, J.F., Nielsen, J., 2017. Persistent gating deficit and increased sensitivity to
NMDA receptor antagonism after puberty in a new mouse model of the human 22ql11.2 microdeletion
syndrome: a study in male mice. J Psychiatry Neurosci 42(1), 48-58.

Duncan, G.E., Inada, K., Koller, B.H., Moy, S.S., 2010. Increased sensitivity to kainic acid in a genetic model of
reduced NMDA receptor function. Brain Res 1307, 166-176.

Ellenbroek, B.A., Budde, S., Cools, A.R., 1996. Prepulse inhibition and latent inhibition: the role of dopamine in
the medial prefrontal cortex. Neuroscience 75(2), 535-542.

Fendt, M., Li, L., Yeomans, J.S., 2001. Brain stem circuits mediating prepulse inhibition of the startle reflex.
Psychopharmacology (Berl) 156(2-3), 216-224.

Frost, W.N., Tian, L.M., Hoppe, T.A., Mongeluzi, D.L., Wang, J., 2003. A cellular mechanism for prepulse
inhibition. Neuron 40(5), 991-1001.

Geyer, M.A., Krebs-Thomson, K., Braff, D.L., Swerdlow, N.R., 2001. Pharmacological studies of prepulse
inhibition models of sensorimotor gating deficits in schizophrenia: a decade in review. Psychopharmacology
(Berl) 156(2-3), 117-154.

Giakoumaki, S.G., Roussos, P., Bitsios, P., 2008. Improvement of prepulse inhibition and executive function by
the COMT inhibitor tolcapone depends on COMT Vall58Met polymorphism. Neuropsychopharmacology
33(13), 3058-3068.

Gogos, J.A., Santha, M., Takacs, Z., Beck, K.D., Luine, V., Lucas, L.R., Nadler, J.V., Karayiorgou, M., 1999.
The gene encoding proline dehydrogenase modulates sensorimotor gating in mice. Nat Genet 21(4), 434-439.

Gonzalez-Castro, T.B., Hernandez-Diaz, Y., Juarez-Rojop, L.E., Lopez-Narvaez, M.L., Tovilla-Zarate, C.A.,
Fresan, A., 2016. The Role of a Catechol-O-Methyltransferase (COMT) Vall58Met Genetic Polymorphism in
Schizophrenia: A Systematic Review and Updated Meta-analysis on 32,816 Subjects. Neuromolecular Med
18(2), 216-231.

Gottesman, I.I, Gould, T.D., 2003. The endophenotype concept in psychiatry: etymology and strategic
intentions. Am J Psychiatry 160(4), 636-645.

Graham, F.K., 1975. Presidential Address, 1974. The more or less startling effects of weak prestimulation.
Psychophysiology 12(3), 238-248.

Greenwood, T.A., Braff, D.L., Light, G.A., Cadenhead, K.S., Calkins, M.E., Dobie, D.J., Freedman, R., Green,
M.F., Gur, R.E., Gur, R.C., Mintz, J., Nuechterlein, K.H., Olincy, A., Radant, A.D., Seidman, L.J., Siever, L.J.,
Silverman, J.M., Stone, W.S., Swerdlow, N.R., Tsuang, D.W., Tsuang, M.T., Turetsky, B.I., Schork, N.J., 2007.
Initial heritability analyses of endophenotypic measures for schizophrenia: the consortium on the genetics of
schizophrenia. Arch Gen Psychiatry 64(11), 1242-1250.

Greenwood, T.A., Light, G.A., Swerdlow, N.R., Radant, A.D., Braff, D.L., 2012. Association analysis of 94
candidate genes and schizophrenia-related endophenotypes. PLoS One 7(1), €29630.

Greenwood, T.A., Light, G.A., Swerdlow, N.R., Calkins, M.E., Green, M.F., Gur, R.E., Gur, R.C., Lazzeroni,

L.C., Nuechterlein, K.H., Olincy, A., Radant, A.D., Seidman, L.J., Siever, L.J., Silverman, J.M., Stone, W.S.,
Sugar, C.A., Tsuang, D.W., Tsuang, M.T., Turetsky, B.I., Freedman, R., Braff, D.L., 2016. Gating Deficit

17



Heritability and Correlation With Increased Clinical Severity in Schizophrenia Patients With Positive Family
History. Am J Psychiatry 173(4), 385-391.

Hasenkamp, W., Epstein, M.P., Green, A., Wilcox, L., Boshoven, W., Lewison, B., Duncan, E., 2010.
Heritability of acoustic startle magnitude, prepulse inhibition, and startle latency in schizophrenia and control
families. Psychiatry Res 178(2), 236-243.

Hoffman, H.S., Searle, J.L., 1965. Acoustic variables in the modification of the startle reaction in the rat. J Comp
Physiol Psychol 60, 53-58.

Hokyo, A., Kanazawa, T., Uenishi, H., Tsutsumi, A., Kawashige, S., Kikuyama, H., Glatt, S.J., Koh, J.,
Nishimoto, Y., Matsumura, H., Motomura, N., Yoneda, H., 2010. Habituation in prepulse inhibition is affected
by a polymorphism on the NMDA receptor 2B subunit gene (GRIN2B). Psychiatr Genet 20(5), 191-198.

Hong, L.E., Wonodi, 1., Stine, O.C., Mitchell, B.D., Thaker, G.K., 2008. Evidence of missense mutations on the
neuregulin 1 gene affecting function of prepulse inhibition. Biol Psychiatry 63(1), 17-23.

Hu, W., MacDonald, M.L., Elswick, D.E., Sweet, R.A., 2015. The glutamate hypothesis of schizophrenia:
evidence from human brain tissue studies. Ann N Y Acad Sci 1338, 38-57.

Irish Schizophrenia Genomics, C., the Wellcome Trust Case Control, C., 2012. Genome-wide association study
implicates HLA-C*01:02 as a risk factor at the major histocompatibility complex locus in schizophrenia. Biol
Psychiatry 72(8), 620-628.

Ison, J.R., Leonhard, D.W., 1970. Effects of autditory stimuli on the amplitude of the nictitaing membrane reflex
of the rabbit (Oryctolagus cuniculus). J] Comp Physiol Psychol 75, 157-164.

Kennedy, A.J., Rahn, E.J., Paulukaitis, B.S., Savell, K.E., Kordasiewicz, H.B., Wang, J., Lewis, J.W., Posey, J.,
Strange, S.K., Guzman-Karlsson, M.C., Phillips, S.E., Decker, K., Motley, S.T., Swayze, E.E., Ecker, D.J.,
Michael, T.P., Day, J.J., Sweatt, J.D., 2016. Tcf4 Regulates Synaptic Plasticity, DNA Methylation, and Memory
Function. Cell Rep 16(10), 2666-2685.

Kilic, G., Ismail Kucukali, C., Orhan, N., Ozkok, E., Zengin, A., Aydin, M., Kara, 1., 2010. Are GRIK3 (T928G)
gene variants in schizophrenia patients different from those in their first-degree relatives? Psychiatry Res 175(1-
2), 43-46.

Koch, M., 1999. The neurobiology of startle. Prog Neurobiol 59(2), 107-128.

Kohl, S., Heekeren, K., Klosterkotter, J., Kuhn, J., 2013. Prepulse inhibition in psychiatric disorders--apart from
schizophrenia. J Psychiatr Res 47(4), 445-452.

Krauter, E.E., Leonhard, D.W., Ison, J.R., 1973. Inhibition of the human eye blink by brief acoustic stimulus. J
Comp Physiol Psychol 84, 246-251.

Kumari, V., Soni, W., Mathew, V.M., Sharma, T., 2000. Prepulse inhibition of the startle response in men with
schizophrenia: effects of age of onset of illness, symptoms, and medication. Arch Gen Psychiatry 57(6), 609-
614.

Kumari, V., Das, M., Zachariah, E., Ettinger, U., Sharma, T., 2005. Reduced prepulse inhibition in unaffected
siblings of schizophrenia patients. Psychophysiology 42(5), 588-594.

Lachman, H.M., Papolos, D.F., Saito, T., Yu, Y.M., Szumlanski, C.L., Weinshilboum, R.M., 1996. Human
catechol-O-methyltransferase pharmacogenetics: description of a functional polymorphism and its potential
application to neuropsychiatric disorders. Pharmacogenetics 6(3), 243-250.

Levinson, D.F., 2005. Meta-analysis in psychiatric genetics. Curr Psychiatry Rep 7(2), 143-151.

Li, J.,, Chen, Z., Wang, F., Ouyang, Y., Zhang, N., Yang, M., Yan, M., Zhu, X., He, X., Yuan, D., Jin, T., 2016.

Polymorphisms of the TCF4 gene are associated with the risk of schizophrenia in the Han Chinese. Am J Med
Genet B Neuropsychiatr Genet 171(8), 1006-1012.

18



Li, T., Ma, X., Sham, P.C., Sun, X., Hu, X., Wang, Q., Meng, H., Deng, W., Liu, X., Murray, R.M., Collier,
D.A., 2004. Evidence for association between novel polymorphisms in the PRODH gene and schizophrenia in a
Chinese population. Am J Med Genet B Neuropsychiatr Genet 129B(1), 13-15.

Li, T., Li, Z., Chen, P., Zhao, Q., Wang, T., Huang, K., Li, J., Li, Y., Liu, J., Zeng, Z., Feng, G., He, L., Shi, Y.,
2010. Common variants in major histocompatibility complex region and TCF4 gene are significantly associated
with schizophrenia in Han Chinese. Biol Psychiatry 68(7), 671-673.

Light, G.A., Swerdlow, N.R., 2015. Future clinical uses of neurophysiological biomarkers to predict and monitor
treatment response for schizophrenia. Ann N'Y Acad Sci 1344, 105-119.

Light, G.A., Swerdlow, N.R., Thomas, M.L., Calkins, M.E., Green, M.F., Greenwood, T.A., Gur, R.E., Gur,
R.C., Lazzeroni, L.C., Nuechterlein, K.H., Pela, M., Radant, A.D., Seidman, L.J., Sharp, R.F., Siever, L.J.,
Silverman, J.M., Sprock, J., Stone, W.S., Sugar, C.A., Tsuang, D.W., Tsuang, M.T., Braff, D.L., Turetsky, B.I.,
2015. Validation of mismatch negativity and P3a for use in multi-site studies of schizophrenia: characterization
of demographic, clinical, cognitive, and functional correlates in COGS-2. Schizophr Res 163(1-3), 63-72.

Linn, G.S., Javitt, D.C., 2001. Phencyclidine (PCP)-induced deficits of prepulse inhibition in monkeys.
Neuroreport 12(1), 117-120.

Liu, H., Heath, S.C., Sobin, C., Roos, J.L., Galke, B.L., Blundell, M.L., Lenane, M., Robertson, B., Wijsman,
E.M., Rapoport, J.L., Gogos, J.A., Karayiorgou, M., 2002. Genetic variation at the 22q11 PRODH2/DGCR6
locus presents an unusual pattern and increases susceptibility to schizophrenia. Proc Natl Acad Sci U S A 99(6),
3717-3722.

Liu, M., Malone, S.M., Vaidyanathan, U., Keller, M.C., Abecasis, G., McGue, M., lacono, W.G., Vrieze, S.I.,
2017. Psychophysiological endophenotypes to characterize mechanisms of known schizophrenia genetic loci.
Psychol Med 47(6), 1116-1125.

Liu, X., Hong, X., Chan, R.C., Kong, F., Peng, Z., Wan, X., Wang, C., Cheng, L., 2013. Association study of
polymorphisms in the alpha 7 nicotinic acetylcholine receptor subunit and catechol-o-methyl transferase genes
with sensory gating in first-episode schizophrenia. Psychiatry Res 209(3), 431-438.

Lohmueller, K.E., Pearce, C.L., Pike, M., Lander, E.S., Hirschhorn, J.N., 2003. Meta-analysis of genetic
association studies supports a contribution of common variants to susceptibility to common disease. Nat Genet
33(2), 177-182.

Ludewig, K., Geyer, M.A., Vollenweider, F.X., 2003. Deficits in prepulse inhibition and habituation in never-
medicated, first-episode schizophrenia. Biol Psychiatry 54(2), 121-128.

Montag, C., Hartmann, P., Merz, M., Burk, C., Reuter, M., 2008. D2 receptor density and prepulse inhibition in
humans: negative findings from a molecular genetic approach. Behav Brain Res 187(2), 428-432.

Owens, E.M., Bachman, P., Glahn, D.C., Bearden, C.E., 2016. Electrophysiological Endophenotypes for
Schizophrenia. Harv Rev Psychiatry 24(2), 129-147.

Parwani, A., Duncan, E.J., Bartlett, E., Madonick, S.H., Efferen, T.R., Rajan, R., Sanfilipo, M., Chappell, P.B.,
Chakravorty, S., Gonzenbach, S., Ko, G.N., Rotrosen, J.P., 2000. Impaired prepulse inhibition of acoustic startle
in schizophrenia. Biol Psychiatry 47(7), 662-669.

Perrais, D., Coussen, F., Mulle, C., 2009. Atypical functional properties of GluK3-containing kainate receptors. J
Neurosci 29(49), 15499-15510.

Petrovsky, N., Quednow, B.B., Ettinger, U., Schmechtig, A., Mossner, R., Collier, D.A., Kuhn, K.U., Maier, W.,
Wagner, M., Kumari, V., 2010. Sensorimotor gating is associated with CHRNA3 polymorphisms in
schizophrenia and healthy volunteers. Neuropsychopharmacology 35(7), 1429-1439.

Petrovsky, N., Ettinger, U., Kessler, H., Mossner, R., Wolfsgruber, S., Dahmen, N., Maier, W., Wagner, M.,

Quednow, B.B., 2013. The effect of nicotine on sensorimotor gating is modulated by a CHRNA3 polymorphism.
Psychopharmacology (Berl) 229(1), 31-40.

19



Phang, J.M., Donald, S.P., Pandhare, J., Liu, Y., 2008. The metabolism of proline, a stress substrate, modulates
carcinogenic pathways. Amino Acids 35(4), 681-690.

Prasad, S.E., Howley, S., Murphy, K.C., 2008. Candidate genes and the behavioral phenotype in 22ql1.2
deletion syndrome. Dev Disabil Res Rev 14(1), 26-34.

Quednow, B.B., Wagner, M., Westheide, J., Beckmann, K., Bliesener, N., Maier, W., Kuhn, K.U., 2006.
Sensorimotor gating and habituation of the startle response in schizophrenic patients randomly treated with
amisulpride or olanzapine. Biol Psychiatry 59(6), 536-545.

Quednow, B.B., 2008. Defizite der sensomotorischen Filterleistung bei psychiatrischen Erkrankungen. Z
Neuropsychol 19(3), 139-163.

Quednow, B.B., Frommann, 1., Berning, J., Kuhn, K.U., Maier, W., Wagner, M., 2008a. Impaired sensorimotor
gating of the acoustic startle response in the prodrome of schizophrenia. Biol Psychiatry 64(9), 766-773.

Quednow, B.B., Kuhn, K.U., Mossner, R., Schwab, S.G., Schuhmacher, A., Maier, W., Wagner, M., 2008b.
Sensorimotor gating of schizophrenia patients is influenced by 5-HT2A receptor polymorphisms. Biol Psychiatry
64(5), 434-437.

Quednow, B.B., Schmechtig, A., Ettinger, U., Petrovsky, N., Collier, D.A., Vollenweider, F.X., Wagner, M.,
Kumari, V., 2009. Sensorimotor gating depends on polymorphisms of the serotonin-2A receptor and catechol-O-
methyltransferase, but not on neuregulin-1 Arg38GlIn genotype: a replication study. Biol Psychiatry 66(6), 614-
620.

Quednow, B.B., Wagner, M., Mossner, R., Maier, W., Kuhn, K.U., 2010. Sensorimotor gating of schizophrenia
patients depends on Catechol O-methyltransferase Vall58Met polymorphism. Schizophr Bull 36(2), 341-346.

Quednow, B.B., Ettinger, U., Mossner, R., Rujescu, D., Giegling, ., Collier, D.A., Schmechtig, A., Kuhn, K.U.,
Moller, H.J., Maier, W., Wagner, M., Kumari, V., 2011. The schizophrenia risk allele C of the TCF4 rs9960767
polymorphism disrupts sensorimotor gating in schizophrenia spectrum and healthy volunteers. J Neurosci
31(18), 6684-6691.

Quednow, B.B., Brinkmeyer, J., Mobascher, A., Nothnagel, M., Musso, F., Grunder, G., Savary, N., Petrovsky,
N., Frommann, I., Lennertz, L., Spreckelmeyer, K.N., Wienker, T.F., Dahmen, N., Thuerauf, N., Clepce, M.,
Kiefer, F., Majic, T., Mossner, R., Maier, W., Gallinat, J., Diaz-Lacava, A., Toliat, M.R., Thiele, H., Nurnberg,
P., Wagner, M., Winterer, G., 2012. Schizophrenia risk polymorphisms in the TCF4 gene interact with smoking
in the modulation of auditory sensory gating. Proc Natl Acad Sci U S A 109(16), 6271-6276.

Quednow, B.B., Brzozka, M.M., Rossner, M.J., 2014. Transcription factor 4 (TCF4) and schizophrenia:
integrating the animal and the human perspective. Cell Mol Life Sci 71(15), 2815-2835.

Ripke, S., O'Dushlaine, C., Chambert, K., Moran, J.L., Kahler, A.K., Akterin, S., Bergen, S.E., Collins, A.L.,
Crowley, J.J., Fromer, M., Kim, Y., Lee, S.H., Magnusson, P.K., Sanchez, N., Stahl, E.A., Williams, S., Wray,
N.R,, Xia, K., Bettella, F., Borglum, A.D., Bulik-Sullivan, B.K., Cormican, P., Craddock, N., de Leeuw, C.,
Durmishi, N., Gill, M., Golimbet, V., Hamshere, M.L., Holmans, P., Hougaard, D.M., Kendler, K.S., Lin, K.,
Morris, D.W., Mors, O., Mortensen, P.B., Neale, B.M., O'Neill, F.A., Owen, M.J., Milovancevic, M.P.,
Posthuma, D., Powell, J., Richards, A.L., Riley, B.P., Ruderfer, D., Rujescu, D., Sigurdsson, E., Silagadze, T.,
Smit, A.B., Stefansson, H., Steinberg, S., Suvisaari, J., Tosato, S., Verhage, M., Walters, J.T., Multicenter
Genetic Studies of Schizophrenia, C., Levinson, D.F., Gejman, P.V., Kendler, K.S., Laurent, C., Mowry, B.J.,
O'Donovan, M.C., Owen, M.J., Pulver, A.E., Riley, B.P., Schwab, S.G., Wildenauer, D.B., Dudbridge, F.,
Holmans, P., Shi, J., Albus, M., Alexander, M., Campion, D., Cohen, D., Dikeos, D., Duan, J., Eichhammer, P.,
Godard, S., Hansen, M., Lerer, F.B., Liang, K.Y., Maier, W., Mallet, J., Nertney, D.A., Nestadt, G., Norton, N.,
O'Neill, F.A., Papadimitriou, G.N., Ribble, R., Sanders, A.R., Silverman, J.M., Walsh, D., Williams, N.M.,
Wormley, B., Psychosis Endophenotypes International, C., Arranz, M.J., Bakker, S., Bender, S., Bramon, E.,
Collier, D., Crespo-Facorro, B., Hall, J., Iyegbe, C., Jablensky, A., Kahn, R.S., Kalaydjieva, L., Lawrie, S.,
Lewis, C.M., Lin, K., Linszen, D.H., Mata, 1., Mclntosh, A., Murray, R.M., Ophoff, R.A., Powell, J., Rujescu,
D., Van Os, J., Walshe, M., Weisbrod, M., Wiersma, D., Wellcome Trust Case Control, C., Donnelly, P.,
Barroso, 1., Blackwell, J.M., Bramon, E., Brown, M.A., Casas, J.P., Corvin, A.P., Deloukas, P., Duncanson, A.,
Jankowski, J., Markus, H.S., Mathew, C.G., Palmer, C.N., Plomin, R., Rautanen, A., Sawcer, S.J., Trembath,
R.C., Viswanathan, A.C., Wood, N.W., Spencer, C.C., Band, G., Bellenguez, C., Freeman, C., Hellenthal, G.,

20



Giannoulatou, E., Pirinen, M., Pearson, R.D., Strange, A., Su, Z., Vukcevic, D., Donnelly, P., Langford, C.,
Hunt, S.E., Edkins, S., Gwilliam, R., Blackburn, H., Bumpstead, S.J., Dronov, S., Gillman, M., Gray, E.,
Hammond, N., Jayakumar, A., McCann, O.T., Liddle, J., Potter, S.C., Ravindrarajah, R., Ricketts, M.,
Tashakkori-Ghanbaria, A., Waller, M.J.,, Weston, P., Widaa, S., Whittaker, P., Barroso, 1., Deloukas, P.,
Mathew, C.G., Blackwell, J.M., Brown, M.A., Corvin, A.P., McCarthy, M.I., Spencer, C.C., Bramon, E., Corvin,
A.P., O'Donovan, M.C., Stefansson, K., Scolnick, E., Purcell, S., McCarroll, S.A., Sklar, P., Hultman, C.M.,
Sullivan, P.F., 2013. Genome-wide association analysis identifies 13 new risk loci for schizophrenia. Nat Genet
45(10), 1150-1159.

Rivett, A.J., Eddy, B.J., Roth, J.A., 1982. Contribution of sulfate conjugation, deamination, and O-methylation to
metabolism of dopamine and norepinephrine in human brain. J Neurochem 39(4), 1009-1016.

Rosenthal, R., 1984. Meta-Analytic Procedures for Social Research. . Sage, Newbury Park.

Roussos, P., Giakoumaki, S.G., Bitsios, P., 2008a. The dopamine D(3) receptor Ser9Gly polymorphism
modulates prepulse inhibition of the acoustic startle reflex. Biol Psychiatry 64(3), 235-240.

Roussos, P., Giakoumaki, S.G., Rogdaki, M., Pavlakis, S., Frangou, S., Bitsios, P., 2008b. Prepulse inhibition of
the startle reflex depends on the catechol O-methyltransferase Vall58Met gene polymorphism. Psychol Med
38(11), 1651-1658.

Roussos, P., Giakoumaki, S.G., Bitsios, P., 2009a. A risk PRODH haplotype affects sensorimotor gating,
memory, schizotypy, and anxiety in healthy male subjects. Biol Psychiatry 65(12), 1063-1070.

Roussos, P., Giakoumaki, S.G., Bitsios, P., 2009b. Tolcapone effects on gating, working memory, and mood
interact with the synonymous catechol-O-methyltransferase rs4818c/g polymorphism. Biol Psychiatry 66(11),
997-1004.

Roussos, P., Giakoumaki, S.G., Adamaki, E., Bitsios, P., 2011. The influence of schizophrenia-related
neuregulin-1 polymorphisms on sensorimotor gating in healthy males. Biol Psychiatry 69(5), 479-486.

Roussos, P., Giakoumaki, S.G., Zouraraki, C., Fullard, J.F., Karagiorga, V.E., Tsapakis, E.M., Petraki, Z.,
Siever, L.J., Lencz, T., Malhotra, A., Spanaki, C., Bitsios, P., 2016. The Relationship of Common Risk Variants
and Polygenic Risk for Schizophrenia to Sensorimotor Gating. Biol Psychiatry 79(12), 988-996.

Schiffer, H.H., Heinemann, S.F., 2007. Association of the human kainate receptor GluR7 gene (GRIK3) with
recurrent major depressive disorder. Am J Med Genet B Neuropsychiatr Genet 144B(1), 20-26.

Schizophrenia Psychiatric Genome-Wide Association Study, C., 2011. Genome-wide association study identifies
five new schizophrenia loci. Nat Genet 43(10), 969-976.

Schizophrenia Working Group of the Psychiatric Genomics, C., 2014. Biological insights from 108
schizophrenia-associated genetic loci. Nature 511(7510), 421-427.

Seidman, L.J., Hellemann, G., Nuechterlein, K.H., Greenwood, T.A., Braff, D.L., Cadenhead, K.S., Calkins,
M.E., Freedman, R., Gur, R.E., Gur, R.C., Lazzeroni, L.C., Light, G.A., Olincy, A., Radant, A.D., Siever, L.J.,
Silverman, J.M., Sprock, J., Stone, W.S., Sugar, C., Swerdlow, N.R., Tsuang, D.W., Tsuang, M.T., Turetsky,
B.L., Green, M.F., 2015. Factor structure and heritability of endophenotypes in schizophrenia: findings from the
Consortium on the Genetics of Schizophrenia (COGS-1). Schizophr Res 163(1-3), 73-79.

Shi, J., Wang, Z., Tan, Y., Fan, H., An, H., Zuo, L., Yang, F., Tan, S., Li, J., Zhang, X., Zhou, D., Luo, X., 2016.
CHRNA4 was associated with prepulse inhibition of schizophrenia in Chinese: a pilot study. Cogn
Neuropsychiatry 21(2), 156-167.

Sobin, C., Kiley-Brabeck, K., Karayiorgou, M., 2005a. Associations between prepulse inhibition and executive
visual attention in children with the 22q11 deletion syndrome. Mol Psychiatry 10(6), 553-562.

Sobin, C., Kiley-Brabeck, K., Karayiorgou, M., 2005b. Lower prepulse inhibition in children with the 22ql1
deletion syndrome. Am J Psychiatry 162(6), 1090-1099.

21



Stefansson, H., Ophoff, R.A., Steinberg, S., Andreassen, O.A., Cichon, S., Rujescu, D., Werge, T., Pietilainen,
O.P., Mors, O., Mortensen, P.B., Sigurdsson, E., Gustafsson, O., Nyegaard, M., Tuulio-Henriksson, A., Ingason,
A., Hansen, T., Suvisaari, J., Lonngvist, J., Paunio, T., Borglum, A.D., Hartmann, A., Fink-Jensen, A.,
Nordentoft, M., Hougaard, D., Norgaard-Pedersen, B., Bottcher, Y., Olesen, J., Breuer, R., Moller, H.J.,
Giegling, 1., Rasmussen, H.B., Timm, S., Mattheisen, M., Bitter, 1., Rethelyi, J.M., Magnusdottir, B.B.,
Sigmundsson, T., Olason, P., Masson, G., Gulcher, J.R., Haraldsson, M., Fossdal, R., Thorgeirsson, T.E.,
Thorsteinsdottir, U., Ruggeri, M., Tosato, S., Franke, B., Strengman, E., Kiemeney, L.A., Melle, 1., Djurovic, S.,
Abramova, L., Kaleda, V., Sanjuan, J., de Frutos, R., Bramon, E., Vassos, E., Fraser, G., Ettinger, U., Picchioni,
M., Walker, N., Toulopoulou, T., Need, A.C., Ge, D., Yoon, J.L., Shianna, K.V., Freimer, N.B., Cantor, R.M.,
Murray, R., Kong, A., Golimbet, V., Carracedo, A., Arango, C., Costas, J., Jonsson, E.G., Terenius, L., Agartz,
L., Petursson, H., Nothen, M.M., Rietschel, M., Matthews, P.M., Muglia, P., Peltonen, L., St Clair, D., Goldstein,
D.B., Stefansson, K., Collier, D.A., 2009. Common variants conferring risk of schizophrenia. Nature 460(7256),
744-747.

Steinberg, S., de Jong, S., Irish Schizophrenia Genomics, C., Andreassen, O.A., Werge, T., Borglum, A.D.,
Mors, O., Mortensen, P.B., Gustafsson, O., Costas, J., Pietilainen, O.P., Demontis, D., Papiol, S., Huttenlocher,
J., Mattheisen, M., Breuer, R., Vassos, E., Giegling, 1., Fraser, G., Walker, N., Tuulio-Henriksson, A., Suvisaari,
J., Lonngvist, J., Paunio, T., Agartz, 1., Melle, 1., Djurovic, S., Strengman, E., Group, Jurgens, G., Glenthoj, B.,
Terenius, L., Hougaard, D.M., Orntoft, T., Wiuf, C., Didriksen, M., Hollegaard, M.V., Nordentoft, M., van
Winkel, R., Kenis, G., Abramova, L., Kaleda, V., Arrojo, M., Sanjuan, J., Arango, C., Sperling, S., Rossner, M.,
Ribolsi, M., Magni, V., Siracusano, A., Christiansen, C., Kiemeney, L.A., Veldink, J., van den Berg, L., Ingason,
A., Muglia, P., Murray, R., Nothen, M.M., Sigurdsson, E., Petursson, H., Thorsteinsdottir, U., Kong, A., Rubino,
I.A., De Hert, M., Rethelyi, J.M., Bitter, 1., Jonsson, E.G., Golimbet, V., Carracedo, A., Ehrenreich, H.,
Craddock, N., Owen, M.J., O'Donovan, M.C., Wellcome Trust Case Control, C., Ruggeri, M., Tosato, S.,
Peltonen, L., Ophoff, R.A., Collier, D.A., St Clair, D., Rietschel, M., Cichon, S., Stefansson, H., Rujescu, D.,
Stefansson, K., 2011. Common variants at VRK2 and TCF4 conferring risk of schizophrenia. Hum Mol Genet
20(20), 4076-4081.

Stouffer, S.A., Suchman, E.A., DeVinney, L.C., Star, S.A., Williams, R.M., 1949. The American Soldier:
Adjustment During Army Life - Volume 1. Princeton University Press, Princeton, NJ.

Strimmer, K., 2008. A unified approach to false discovery rate estimation. BMC Bioinformatics 9, 303.

Swerdlow, N.R., Geyer, M.A., Braff, D.L., 2001. Neural circuit regulation of prepulse inhibition of startle in the
rat: current knowledge and future challenges. Psychopharmacology (Berl) 156(2-3), 194-215.

Swerdlow, N.R., Hines, S.R., Herrera, S.D., Weber, M., Breier, M.R., 2013. Opposite effects of tolcapone on
amphetamine-disrupted startle gating in low vs. high COMT-expressing rat strains. Pharmacol Biochem Behav
106, 128-131.

Swerdlow, N.R., Light, G.A., Sprock, J., Calkins, M.E., Green, M.F., Greenwood, T.A., Gur, R.E., Gur, R.C,,
Lazzeroni, L.C., Nuechterlein, K.H., Radant, A.D., Ray, A., Seidman, L.J., Siever, L.J., Silverman, J.M., Stone,
W.S., Sugar, C.A., Tsuang, D.W., Tsuang, M.T., Turetsky, B.1., Braff, D.L., 2014. Deficient prepulse inhibition
in schizophrenia detected by the multi-site COGS. Schizophr Res 152(2-3), 503-512.

Swerdlow, N.R., Bhakta, S.G., Rana, B.K., Kei, J., Chou, H.H., Talledo, J.A., 2017. Sensorimotor gating in
healthy adults tested over a 15 year period. Biol Psychol 123, 177-186.

Takenouchi, T., Hashida, N., Torii, C., Kosaki, R., Takahashi, T., Kosaki, K., 2014. 1p34.3 deletion involving
GRIK3: Further clinical implication of GRIK family glutamate receptors in the pathogenesis of developmental
delay. Am J Med Genet A 164A(2), 456-460.

Taylor, S., 2017. Association between COMT Vall58Met and psychiatric disorders: A comprehensive meta-
analysis. Am J Med Genet B Neuropsychiatr Genet.

Tunbridge, E.M., Harrison, P.J., Weinberger, D.R., 2006. Catechol-o-methyltransferase, cognition, and
psychosis: Vall58Met and beyond. Biol Psychiatry 60(2), 141-151.

Tunbridge, E.M., Harrison, P.J., 2011. Importance of the COMT gene for sex differences in brain function and
predisposition to psychiatric disorders. Curr Top Behav Neurosci 8, 119-140.

22



Vaidyanathan, U., Malone, S.M., Miller, M.B., McGue, M., lacono, W.G., 2014. Heritability and molecular
genetic basis of acoustic startle eye blink and affectively modulated startle response: a genome-wide association
study. Psychophysiology 51(12), 1285-1299.

Volter, C., Riedel, M., Wostmann, N., Aichert, D.S., Lobo, S., Costa, A., Schmechtig, A., Collier, D.A.,
Hartmann, A.M., Giegling, 1., Moller, H.J., Quednow, B.B., Rujescu, D., Kumari, V., Ettinger, U., 2012.
Sensorimotor gating and D2 receptor signalling: evidence from a molecular genetic approach. Int J
Neuropsychopharmacol 15(10), 1427-1440.

Willott, J.F., Carlson, S., Chen, H., 1994. Prepulse inhibition of the startle response in mice: relationship to
hearing loss and auditory system plasticity. Behav Neurosci 108(703-13).

Willott, J.F., Tanner, L., O'Steen, J., Johnson, K.R., Bogue, M.A., Gagnon, L., 2003. Acoustic startle and
prepulse inhibition in 40 inbred strains of mice. Behav Neurosci 117(4), 716-727.

Zavitsanou, K., Cranney, J., Richardson, R., 1999. Dopamine antagonists in the orbital prefrontal cortex reduce
prepulse inhibition of the acoustic startle reflex in the rat. Pharmacol Biochem Behav 63(1), 55-61.

Ziermans, T., Schothorst, P., Magnee, M., van Engeland, H., Kemner, C., 2011. Reduced prepulse inhibition in
adolescents at risk for psychosis: a 2-year follow-up study. J Psychiatry Neurosci 36(2), 127-134.

Ziermans, T.B., Schothorst, P.F., Sprong, M., Magnee, M.J., van Engeland, H., Kemner, C., 2012. Reduced
prepulse inhibition as an early vulnerability marker of the psychosis prodrome in adolescence. Schizophr Res
134(1), 10-15.

Zweier, C., Peippo, M.M., Hoyer, J., Sousa, S., Bottani, A., Clayton-Smith, J., Reardon, W., Saraiva, J., Cabral,
A., Gohring, I., Devriendt, K., de Ravel, T., Bijlsma, E.K., Hennekam, R.C., Orrico, A., Cohen, M., Dreweke,
A., Reis, A., Nurnberg, P., Rauch, A., 2007. Haploinsufficiency of TCF4 causes syndromal mental retardation
with intermittent hyperventilation (Pitt-Hopkins syndrome). Am J Hum Genet 80(5), 994-1001.

23



Tables

Table 1. Summary list of published and unpublished studies included in meta-analysis. HC = healthy controls, SCZ = patients with schizophrenia.

Reference Sample (location) Sample number | Analyzed N
(Brauer et al., 2009) HC (Giessen) 1 81
(Greenwood et al., 2012) SCZ (San Diego) 2 219
(Hong et al., 2008) HC (Maryland) 3 63
SCZ (Maryland) 4 113
(Hokyo et al., 2010) HC (Osaka) 5 71
SCZ (Osaka) 6 81
(Liu et al., 2013) SCZ (Guangdong) 7 140
(Montag et al., 2008) HC (Bonn-Montag) 8 96
(Petrovsky et al., 2010) HC (London) 9 96
SCZ (Bonn) 10 68
(Petrovsky et al., 2013) HC (Bonn) 11 63
(Quednow, Ettinger, Kumari, unpublished data) HC (London) 9 100
(Quednow and Wagner, unpublished data) SCZ (Bonn) 10 107
(Quednow et al., 2008b) SCZ (Bonn) 10 68
(Quednow et al., 2009) HC (London) 9 99
(Quednow et al., 2010) SCZ (Bonn) 10 71
(Quednow et al., 2011) HC (London) 9 98
SCZ (Bonn) 10 105
(Roussos et al., 2008a) HC (Crete) 12 101
(Roussos et al., 2008b) HC (Crete) 12 93
(Roussos et al., 2009a) HC (Crete) 12 217
(Roussos et al., 2011) HC (LOGOS) 13 445
(Roussos et al., 2016) HC (LOGOS GWAS) 14 686
(Shi et al., 2016) SCZ (Beijing) 15 77
(Volter et al., 2012) HC (London) 9 96
HC (Munich) 16 101

Varying sample sizes among single samples (e.g., sample nr. 10: range n=68-107) are explained by different schizophrenia spectrum
diagnosis included or because genotype was only available in a subsample (e.g., due to genotyping failures).
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Table 2. Combined and Z-scores and P-values across genotypes where data were available at least in two independent samples. The signed Z-score indicates
the direction of association among genotype and PPI. Negative Z-scores indicate decreased PPI in the reference compared to the alternative allele; Positive Z-

scores indicate increased PPI in the reference compared to the alternative allele. Results with false discovery rate (FDR) < 0.05 are in bold.

SNP Gene Number of studies Total sample Reference allele Combined Z-score Cohen’s d Combined P-value FDR
rs4680 (only males) COMT 4 870 4.03 0.28 5.51E-05 0.002
rs1027599 GRIK3 2 905 C 2.87 0.19 0.004 0.045
rs9960767 TCF4 3 889 C -2.77 0.19 0.006 0.050
rs385440 PRODH 2 436 A -2.75 0.27 0.006 0.050
rs533337 GRIK3 2 905 A 2.64 0.18 0.008 0.055
rs4680 COMT 6 1,179 A 2.58 0.15 0.010 0.057
rs13101891 GRID2 2 905 G -2.41 0.16 0.016 0.067
rs1800497 DRD2 5 1,047 A2 -2.40 0.15 0.017 0.067
rs4782262 GRIN2A 2 905 C 2.36 0.16 0.018 0.069
rs876848 GAD2 2 905 T -2.27 0.15 0.023 0.074
rs1044396 CHRNA4 3 863 T -2.26 0.15 0.024 0.075
rs1923292 SLC1A2 2 905 G -2.15 0.14 0.032 0.097
rs40184 SLC6A3 3 998 A 2.14 0.14 0.033 0.100
rs4852550 CTNNA2 2 905 T -2.06 0.14 0.039 0.118
rs308787 GRM5 2 905 G 2.04 0.14 0.041 0.122
rs3924999 NRG1 5 1,180 A -2.03 0.12 0.042 0.126
rs8068673 PAFAH1B1 2 905 C 2.01 0.13 0.045 0.132
1s6277 DRD2 4 905 G -2.00 0.13 0.046 0.135
rs701567 DAOA 2 905 G 1.91 0.13 0.057 0.162
rs1587526 GRIK3 2 905 A 1.90 0.13 0.057 0.163
rs894829 CTNNA2 2 905 G -1.89 0.13 0.059 0.167
rs1266475 PAFAH1B1 2 905 C 1.88 0.13 0.060 0.169
rs6311 S5HT2AR 3 851 A 1.87 0.13 0.062 0.173
rs1051730 CHRNA3 4 902 T -1.79 0.12 0.074 0.200
rs6994992 NRG1 3 1,224 T -1.79 0.10 0.074 0.202
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